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Abstract

Optical Properties of Laboratory-Generated
Polar Stratospheric Cloud Particles

Stephen Frank Bass
Linacre College
Atmospheric, Oceanic and Planetary Physics

Thesis submitted for the degree of Doctor of Philosophy in the University of Oxford.
Hilary Term, 2003

Laboratory experiments were conducted to generate mimic polar stratospheric cloud
aerosol particles in a chamber under stratospheric conditions. Infrared extinction spectra
were measured at various resolutions with a Fourier transform spectrometer, permitting
characterisation of both gas spectral lines and broad aerosol absorption features.

A novel band absorption model was coupled with a Mie extinction model in order to
simultaneously retrieve wavenumber-dependent complex refractive indices and aerosol size
parameters from low resolution spectra. A relationship was established to relate absorption
band areas, produced in the retrieval of refractive indices, to chemical speciation of solutions
using published binary thin-film and aerosol indices for calibration. This relationship was
employed for determination of composition for binary and ternary aerosol refractive indices
derived in this work, and was independently validated from gas concentrations calculated
from high resolution spectra of gas absorption lines.

The first set of refractive indices derived from direct measurements of ternary solution
aerosol are presented in this thesis. These indices are provided with comprehensive esti-
mates of wavenumber-dependant uncertainties, and span a composition and temperature
range of relevance to stratospheric aerosol. Comparison with published indices of directly-
measured binary solutions, and ternary solutions calculated from combination of binary
data, revealed findings of major significance for the use of these indices in remote sensing of
stratospheric aerosol. It is found that certain sulphate absorption features exhibit consistent
differences between thin-film and aerosol measurements, and that some sulphate features
possess a pronounced temperature dependence; these findings support the rigorous efforts
to ensure experimental conditions of relevance to this stratosphere in this work. Significant
qualitative differences between absorption features are also detected at some compositions
between published calculated indices of ternary solutions and those derived here. Critically,
different sets of refractive indices exhibit pronounced variations in scaling. This impedes
determination of PSC surface area density from remote spectral measurements.

Refractive indices calculated for this thesis advance scientific knowledge of the infrared
characteristics of ternary solutions under stratospheric conditions, although further work is
required to span the entire composition range of relevance to stratospheric ternary solution
aerosol, and to resolve the issue of refractive index scaling.
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Chapter 1

Ozone and Polar Stratospheric

Clouds

The stratospheric ozone layer, which occurs as a result of oxygen-related chemistry in the
atmosphere, exists in the lower stratosphere over an altitude range of 15 to 50 km. The alti-
tude of peak ozone concentration decreases with increasing latitude. Ozone concentrations
are variable (by approximately 10% — 1 o) with season. Even at peak concentrations, the
ozone mixing ratio is only about 10 ppmv (parts per million by volume). Although ozone

is a trace atmospheric constituent, the ozone layer is of paramount important because it:

1. Moderates the flux of biologically damaging ultraviolet (UV) solar radiation by ab-

sorption;

2. Determines the temperature structure of the atmosphere because absorption of solar
radiation in both the formation and destruction of ozone heats the stratosphere,

causing the temperature to rise from the tropopause to about 50 km;

3. Affects surface temperature due to modulation of the solar flux reaching the lower

atmosphere and surface.

All three factors are directly and indirectly of fundamental importance to the surface con-

ditions that allow life to exist on the Earth’s surface.
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Molina and Rowland (1974) suggested that the decomposition products of man-made
chlorofluorocarbons (CFCs) could potentially deplete the ozone layer. It was subsequently
discovered in the mid-1980s that the ozone layer over Antarctica was being almost totally
depleted during the early Austral spring period, leading to the Ozone Hole (Farman et al.,
1985). The annual ozone loss over Antarctica has resulted in a statistically significant
global reduction in ozone in the southern hemisphere (Stolarski et al., 1991). More recently,
significant springtime ozone depletion has also been observed over the Arctic (Miiller et al.,
1997). This loss of ozone is of great concern, since not only does it indicate an increase of
biologically damaging solar UV flux at the surface (leading to reduced crop yields, higher
rates of skin cancer etc.), but also a change in both the temperature of the lower stratosphere
and of the surface (Houghton et al., 2001).

The principle driver of current research in stratospheric ozone is the prediction of
future ozone loss and recovery, and consequent changes in solar UV flux at the surface.
Following international action, man-made emissions of ozone depleting substances have
fallen since the late 1980s. However, stratospheric concentrations of chlorine have only
recently stabilised, and stratospheric bromine is still increasing (Staehelin et al., 2001).
Recent modelling studies (Shindell et al., 1998; Waibel et al., 1999; Tabazadeh et al., 2000b)
have raised concerns that the ozone depletion may increase in severity, particularly over
the Arctic, despite a predicted downturn in stratospheric concentrations of chlorine and
bromine over coming decades. These predictions of greater ozone depletion arise from
the fact that increasing concentrations of greenhouse gases are likely to further cool the
stratosphere (Fels et al., 1980; Mahfouf et al., 1994), which is favourable to the polar ozone

depletion processes described in this chapter.

1.1 The ozone layer

The ozone layer is naturally in a continuous state of destruction and re-generation as a

result of oxygen and catalytic chemistry in the stratosphere. Additional inputs to the
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catalytic chemistry arise from man-made emissions through homogeneous (not involving a
surface) gas phase reactions, and heterogeneous (surface initiated) gas phase chemistry in

polar regions or volcanically perturbed conditions.

1.1.1 Oxygen-only chemistry

Ozone is formed in the atmosphere through dissociation of Oy molecules by solar ultraviolet
(UV) radiation followed by a three-body process which rapidly attaches released oxygen

atoms to oxygen molecules:

O2 + ho(< 242nm) — O+ 0 (1.1)

0+0,+M — O3+M (1.2)

where M can be any molecule. In classical Chapman theory, loss of ozone occurs by a number

of processes, the most important being the dissociation of ozone by solar UV radiation:
O3+ hv— 024+ 0 (1.3)
Ozone is also lost by reaction with excited oxygen atoms:
O(*P) + 03 = O + Oy (1.4)
This leads to a quasi-steady-state balance of ozone in the upper atmosphere, with maximum
concentration between 15 and 30 km altitude.’

1.1.2 Homogeneous chemistry: Catalytic reactions and reservoir species

It was recognised at the start of the 1950s that catalytic reactions of ozone were possible
through the action of hydroxyl radicals (Bates and Nicolet, 1950). It was subsequently pro-
posed in the 1970s that nitric oxides (Crutzen, 1970) and halogenated hydrocarbons (Molina

and Rowland, 1974) could destroy ozone in the upper atmosphere. Ozone destruction can

1Al'chough maximum O3z production occurs at an altitude of about 40km.
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take place through the following catalytic cycles, which can be simplified by:

X+03 — XO+ 09 (1.5)
2(C1+05) — 2(CIO +Oy) (1.6)
XO0+0 — X+4+0, (1.7)

with the net result:
O+ 03 — 204

where X could be nitric oxide (NO) or the hydroxyl radical (OH). In the case of chlorine,

the Cl radical is liberated from ClO in the presence of sunlight:

ClO+ClIO+M — Clh0O9+M (1.8)
ClbOs + hv — Cl+ ClO, (1.9)
ClOg+M — Cl4+02+M (1.10)

And BrO can act in a similar manner:

ClIO+BrO — BrO+Cl+0Oq (1.11)
Cl+ 03 — CIO+ 09 (1.12)
Br+03 — BrO+ 0, (1.13)

Both processes yield the net result:

203 — 309

The pivotal difference between these processes is that reactions 1.8 and 1.11 do not require
atomic oxygen, unlike reaction 1.7. Thus, the ClO and BrO catalytic processes can take
place efficiently in the lower stratosphere, where the concentration of photo-dissociated

atomic oxygen for reaction 1.7 is limited.
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It can be seen from reaction 1.9 that sunlight drives the daytime chlorine reactions
through the production of Cl radicals. During nighttime, ClaO2 (which is also thermally un-
stable) dominates over ClO, but daytime photolysis leads to a prevalence of Cl1O. Chlorine-
catalysed depletion of ozone therefore requires sunlight, and is dominant in the colder winter
regions of the stratosphere (UK Stratospheric Ozone Review Group, 1996).

Active forms of chlorine and bromine originate from predominantly man-made sources,
particularly chlorofluorocarbons (CFCs). Although heavier than air, these molecules are
transported to the stratosphere over a period of years by diffusion and mixing processes.
Once in the stratosphere, they are photo-dissociated by solar UV radiation, where gas phase
reactions involving chlorine monoxide and chlorine dioxide occur. Most of the chlorine in
the stratosphere then becomes bound in the less reactive molecules of CIONOs and HCI,
which are not directly involved in the catalytic loss of ozone. These are known as reservoir

species (Solomon et al., 1986); bromine counterparts also exist.

1.1.3 Summary

The catalytic homogeneous reactions detailed here are representative of in situ chemistry
in a clean mid-latitude stratosphere; stratospheric aerosol perturbs chemistry from the
homogeneous process scenario. Homogeneous ozone depletion is constrained since most
chlorine and bromine is bound in less-reactive reservoir species, limiting the depletion of
ozone in the ClO and BrO reactions. In order to explain the severe localised ozone depletion
responsible for what became known as the Antarctic ozone hole, it was necessary to recognise

the role of heterogeneous chemistry in the polar stratosphere.

1.2 The ozone hole

1.2.1 Discovery of the ozone hole

In 1985, Farman et al. (1985) reported considerable reductions in springtime column densi-

ties of ozone over two sites in Antarctica. They used ground based spectrophotometers to
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measure ozone in a vertical column at each site. It was found that October (Austral spring)
daily low ozone column densities over Halley Bay (the most southerly site at 76°S) had been
steadily decreasing since 1968 when values were greater than 300 Dobson units (DU), to
below 200 DU by 1984.2 This figure can be compared with the annual polar maximum
in column density which occurs later in spring as ozone rich stratospheric air from lower
latitudes mixes into polar regions (as the polar vortex breaks up); values of greater than
450 DU were recorded historically at Halley. The existence of low levels of ozone over the
Antarctica region was later confirmed by re-analysis of satellite data.

Depletion of stratospheric ozone is observed to occur when the sun returns after polar
night, and takes place over roughly six weeks. Between altitudes of 13-22 km almost all
the ozone is destroyed (Hamill and Toon, 1991) annually over Antarctica, forming what is
commonly termed the ozone hole. Figure 1.1 shows the ozone hole over Antarctica in 2001
as observed with the Total Ozone Mapping Spectrometer (TOMS; on board the Nimbus 7
satellite). Following the period of springtime ozone destruction, levels are seen to recover
towards normal. However, since 1984 the magnitude of depletion has become progressively
more severe, and the recovery less complete and more delayed. Indeed, the 1998-99 season
at Halley Bay was one of the most severe so far with an ozone column density low of 120 DU
in early October, and peak ozone values of 290 DU occurring in late December, which is
over a month later and 25 % less than the historical maximum (BAS Ozone Bulletin July
98, 1999). Autumn values were still some 15 % below normal, so complete recovery of the
ozone layer no longer appears to occur after the depletion phase. The annual depletion of
ozone over Antarctica represents a loss of over 3 % of total global ozone (Hamill and Toon,
1991).

The region of ozone depletion over Antarctica corresponds closely to the position of
the winter polar vortex. This is a region of low pressure which forms during the polar

night in the stratosphere as air cools and descends. The Antarctic vortex is stable and

2A measurement in Dobson units (DU) expresses equivalent thickness of ozone at the ground; 100 DU
represents a column of 1 mm when reduced to standard temperature and pressure throughout the layer.
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EP/TOMS Total Ozaone for Sep &, 2001
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Figure 1.1: The ozone hole over Antarctica in 2001 from TOMS data (NASA).

lasts until spring. Air is essentially isolated inside the strong circulation and cools to very
low temperatures, frequently below 185 K. In the Arctic, the polar vortex is weaker and
tends to be disturbed more than once during the winter during stratospheric warmings.
These are primarily caused by planetary waves of number one or two (Shindell et al., 1998),
which are related to the varied topography around the Arctic region. Hence, synoptic
temperatures in the Arctic winter stratosphere tend to be about 10 K higher than over
Antarctica. Ozone depletion has been observed during the last decade over the Arctic,
particularly during the winters of 1994/95 and 1995/96 (UK Stratospheric Ozone Review
Group, 1996; Miiller et al., 1997), and the 1999/00 season which was the coldest winter to
that date (from over 40 years of stratospheric analysis) in the Arctic vortex. At around
18 km altitude over 60 % ozone loss occurred between January and March (Carslaw et al.,
1999b). Over limited areas, the magnitude of Arctic ozone depletion was similar to that
experienced in the Austral spring of 1985. When the polar vortex breaks up during the

spring, ozone poor air is mixed to lower latitudes, potentially contributing to a reduction
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in ozone column density over mid-latitudes.

The annual springtime depletion of stratospheric ozone in polar regions has been as-
sociated with downwards trends in midlatitude ozone concentrations. Figure 1.2 illustrates
global depletion trends as deduced from TOMS (Stolarski et al., 1991). It can be seen that
trends are greatest towards polar regions, and near zero towards the equator. More recent
analysis of stratospheric ozone trends (from ground-based and satellite observations) by
Staehelin et al. (2001) has identified no significant trend over the tropics, but significant
downward trends in the northern and southern midlatitudes of the order 2 to 4 % per
decade over the period from 1970 to 1996 (with an acceleration in ozone depletion in the
late 1980s). Large midlatitude trends are discerned by Staehelin et al. (2001) in the lower
stratosphere, of -5.1 +1.8 % per decade at 20 km and -7.4 £2.0 % per decade at 15 km,

where most of the stratospheric ozone resides.

\ \ T3,

N7/M3TOMSV7 Total Ozone Trend 11/78-10/94 (% /Decade)

Latitude
N
o o
\ \
| |

.
8

o
=]

Month

Figure 1.2: Ozone trends as a function of latitude and season calculated from TOMS data. The
white area indicates where trends are not statistically different from zero at the 2o level. The black
area indicates polar night where no TOMS measurements were possible (Stolarski et al., 1991).



Chapter 1: Ozone and Polar Stratospheric Clouds 9

1.2.2 Heterogeneous chemistry and PSCs

The cold temperatures that exist within the Antarctic polar vortex during winter, and the
consequent formation of cloud particles, were pivotal to understanding the formation of
the ozone hole over Antarctica. Cloud particles were known (Stanford, 1977; Stanford and
Davis, 1974) to form from the condensation of volatiles, removing potentially HNO3 and
H50O from gas phase at very low temperatures (required for condensation in the strato-
sphere).

Since the observed severe ozone depletion occurred in the only place in the strato-
sphere cold enough for PSCs to form widely during the polar winter, it was postulated
(Solomon et al., 1986) that chlorine was converted from inert reservoir species into active
species through heterogeneous reactions on PSCs. The active chlorine (and other active
halogen species) would then react catalytically with ozone in the presence of sunlight. The
rates of heterogeneous reactions were determined in subsequent laboratory experiments
(Molina et al., 1987), and airborne measurements confirmed the presence of high concen-
trations of active halogens in areas of high ozone depletion (Brune et al., 1989a,b). The
activation of reservoir species by heterogeneous chemistry was found to account for approx-
imately 95 % of catalysed ozone destruction (Anderson et al., 1991), with Cl10 and BrO
acting as the catalyst in 75 % and 20 % (respectively) of catalysed ozone loss in the lower
stratosphere (UK Stratospheric Ozone Review Group, 1996).

Research also indicated that condensed HNOg was an important component of PSCs
(Toon et al., 1986; Crutzen and Arnold, 1986), and detection of HNOj3 in clouds followed
(Fahey et al., 1989; Pueschel et al., 1989). This is significant since the removal of HNOj3
from the stratosphere delays the conversion of active species back into reservoir species,
permitting much greater levels of ozone destruction, as detailed in terms of the chemistry

in the following section.
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1.2.3 Heterogeneous reactions on PSCs

The main heterogeneous reactions that occur on the surface of PSC particles are:

HCI(1) + CIONOy(g) — HNO3(1) + Cly(g) (1.14)
CIONOy(g) + H,0(1) — HNO3(1) + HOCI(g) (1.15)
HCI(l) + HOCl(g) — H,0(1) 4 Cly(g) (1.16)
N,Os(g) + HCI(1) — HNOs(1) + CIONO(g) (1.17)
N,Os(g) + H,O() — 2HNOs(1) (1.18)

where (g) and (1) indicate gas and liquid phases respectively; for solid PSCs change liquid
to solid. These reactions occur very fast and convert the reservoir species into active forms
(Cly and HOCI) which can take part in the catalytic destruction of ozone when sunlight
returns after polar night. Moreover, it can be seen that all reactions apart from reaction 1.16
produce HNOj3, which is absorbed into PSC particles. The direct effect of reactions 1.17
and 1.18, through the condensation of HNO3 on PSCs, is to denozify the stratosphere. This
is very important for the ozone depletion process as the C1O dimer, in the presence of NOa,
would undergo a gas-phase reaction converting the chlorine back into a reservoir species (a

similar process would take place with bromine):
ClO(g) + NOo(g) + M(g) — CIONO9(g) + M(g) (1.19)

thus limiting the catalytic destruction potential of the chlorine. When present, PSCs can
therefore act as a temporary sink of nitrogen (denoxifying the stratosphere) with the NOy
being returned when the cloud evaporates.

Nitrogen oxide can also be permanently removed from layers of the polar stratosphere
through the process of denitrification. On formation of larger solid PSC particles, with
high fall velocities, sedimentation (descent under gravity) from the stratosphere can occur
within the lifetime of the particles. This has the effect of removing any HNOj3 in the

particles from the stratosphere. In this case, NOs will not return to normal gas phase
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concentrations following evaporation of PSCs, slowing conversion of chlorine radicals back
to reservoir species and prolonging the period during which ozone is catalytically destroyed
when sunlight returns in spring. There is some uncertainty over the relative importance of
denoxification and denitrification in the Antarctic. Portmann et al. (1996) argue that as
temperatures remain cold enough for PSCs to remain after the spring equinox, the stored
nitrogen content of PSCs is at least comparable to that lost through sedimentation of PSCs.
Due to the warmer synoptic temperatures of the Arctic stratosphere in spring, this process
is less likely to take place, and denitrification is probably critical for Arctic ozone depletion.

Over Antarctica, where temperatures rarely rise above the PSC threshold during
polar winter and denitrification is extensive, active chlorine species can accumulate during
the polar night in the presence of PSCs, leading to severe destruction of ozone when the
sun returns. Chlorine and bromine radicals are then recycled in the catalytic depletion of
ozone until the polar vortex breaks down and NOy-rich air is mixed in from lower latitudes

allowing conversion of the radicals back to reservoir species.

1.2.4 Summary

Figure 1.3 is a representation of the main stages in the process of chemical ozone depletion
over polar regions from autumn through to spring. Note the feedback process in which a
reduction in ozone heating of the stratosphere can lead to a colder, and thus more sta-
ble, polar vortex and longer-lived PSCs. The central research question is identification of
the conditions, and resultant PSC types, that lead to denitrification. Therefore, it is of
paramount importance that a thorough understanding of PSCs is obtained in order to pre-
dict future ozone depletion. This requires consideration of the following questions regarding

PSCs:
e Which types of PSC are responsible for denitrification?
e What are the main types of PSC?

e What are the formation pathways for PSCs?



Chapter 1: Ozone and Polar Stratospheric Clouds 12

[ RESERVOIR SPECIES ]

Polar night *

[ Polar Vortex Formation

Temperatures < 195K *

s N

* PSC Formation

- J

Denoxification /

Heterogeneous reactions
Denitrification

ACTIVE SPECIES

- J

I
Sunlight returnsv

Catalytic ozone destruction Prolonged vortex lifetime ]

——————>
Less ozone heating [

Polar night jet weakens *

4 Y
Spring warming -
Vortex breakdown

NOXx reactions *

s N

RESERVOIR SPECIES

'

Ozone recovery

Figure 1.3: Schematic representation of stages in the ozone depletion process.

e What are the rates for heterogeneous activation on different types of PSC?

1.3 Polar Stratospheric Clouds

Polar stratospheric clouds were known to exist prior to the discovery of the ozone hole, and
sporadic references can be found in scientific literature. Most notably nacreous or mother-
of-pearl clouds, being visible to the naked eye, had been observed on many occasions from
high latitudes. These PSCs are usually a type of lenticular cloud formed from mountain lee

waves. From the ground, nacreous clouds are seen due to iridescence caused by diffraction
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Figure 1.4: Nacreous clouds photographed over the U.K. from a train between Chesterfield and
Sheffield during the evening of 16/02/96 (E. Barnett).

of incident light; naked-eye sightings from the U.K. have been documented, see figure 1.4,
and studied through independent satellite observations (Hervig, 1999). Stanford and Davis
(1974) published a study of stratospheric cloud reports over the period 1870-1972, and listed
156 dates when nacreous clouds were reported in the northern hemisphere, and 139 cases
of Antarctic sightings. There are also many observations of a stratospheric haze — a further
study by Stanford (1977) speculated upon the nature of this more extensive PSC veil or
stratospheric cist as it was called at the time. Observations made during 1950-51 from
Antarctica were analysed, and it was deduced that stratospheric cist consisted of HoO ice
clouds in the lower stratosphere, constraining the possible mixing ratio of water to 6-7 ppmv

in the Antarctic stratosphere (Stanford, 1977).

1.3.1 Types of PSC as classified by lidar

At the end of the 1980s it became clear, notably through lidar observations during DC-8
flights (Browell et al., 1990; Toon et al., 1990), that there were several distinct types of
PSC. From the lidar measurements of backscatter and depolarisation, two broad classes
were defined: type I and type II PSCs. Backscatter is the radiation component scattered

back to the lidar. Type II PSCs have a much stronger backscatter signal than type I,
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which implies a considerably larger scattering surface area. Relatively high depolarisation
of backscattered signal indicates the presence of non-spherical crystals.?> Now known to
consist of essentially pure water ice crystals, type Il particles are relatively large with radii
between 10-100 gm (Hamill and Toon, 1991), and form below the ice frost point T'ce, which
is around ~188 K in typical conditions.

Type I PSCs have a much weaker lidar backscatter signal than type II, and therefore
have smaller total surface area. Existing at temperatures above the ice frost point (up to
~196 K) they are known to contain nitric acid, and have different properties to pure water.

Type I PSCs can be further subdivided (Browell et al., 1990; Toon et al., 1990):

e Type Ia PSCs have low scattering and high depolarisation ratios in lidar returns.
Low scattering is indicative of a small population of large non-spherical particles
(r > 1 pm). High depolarisation results from the non-spherical nature of these par-
ticles which suggests that they are solid, probably crystalline, forms of nitric acid
hydrate (NAH, 1:x HNO3/H50, where z is an integer). The most stable form of
NAH under stratospheric conditions is thought to be nitric acid trihydrate (NAT,
1:3 HNO3/H20) (Hanson and Mauersberger, 1988). If these solid particles gain ex-

cess frozen water, they would appear in lidar signals as type IT PSC particles;

e Type Ib PSCs have a higher scattering return and low depolarisation ratios, indi-
cating a larger population density (with a corresponding larger total surface area) of
smaller particles (r = 0.01—+0.4 pym). The low depolarisation ratios suggest a spher-
ical, and therefore liquid form, possibly consisting of supercooled ternary solutions

(STS : HQSO4/HNO3/H20),

e Type Ic PSCs have intermediate properties exhibiting high scattering (thus sim-

3Typically, lidars employ polarising beam splitters (such as a Glan-Foster prism) to separate the aligned
and cross polarised components. The terms aligned and cross refer to the plane of polarisation of the
linear polarised transmitted laser beam. Mathematically, if S = (I,Q,U, V) denotes the Stokes vector of
the backscattered light, the aligned channel detects the intensity (I + Q)/2, the cross channel (I — Q)/2.
Thus, the (linear) depolarisation (ratio) can be identified as § = (I — Q)/(I + @) (G. Beyerle; personal
communication).
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ilar particle size and number density to type Ib) but intermediate depolarisation,
indicating small non-spherical particles. These particles differ from type Ia in their
potentially smaller physical size, and have been suggested as a separate classification

in literature (Tabazadeh and Toon, 1996).

Finally, the presence of sulphate aerosol should be noted. Through photochemical
reactions, sulphur dioxide gas, injected periodically into the stratosphere during large vol-
canic eruptions, is converted into sulphuric acid gas which then reacts with water to form
aqueous sulphuric acid (HoSO4) droplets in a process known as heteromolecular nucleation.
This results in a global sub-visible layer of sulphuric acid aerosol (SAA) (Hamill and Toon,
1991). This background SAA is detected in lidar returns (Beyerle et al., 1994, 1997) and is
important since it may be linked to the formation and development of PSCs, particularly
in the case of type Ib PSCs. In addition, high levels of SAA may perturb ozone directly
through heterogeneous reactions. The number density of this layer is highly variable as
a result of irregular volcanic activity, and it is possible that the density of the SAA layer

could become negligible during volcanically quiet periods.

CIONOs + HCl —> Clo + HNO4
(50 mb, 1ppb HCI)
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Figure 1.5: Reaction rate of CIONO, and HCI on different types of PSC particle. The horizontal

lines show the lifetimes of reaction partners, calculated as the reciprocal of the loss rates (Carslaw
et al., 1999b).
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1.3.2 Chlorine activation rates and PSC composition

The main driver of chlorine activation in the stratosphere is the total PSC surface area.
Chlorine activation rate per unit area is a function of PSC type and temperature, as can be
seen in figure 1.5 (Carslaw et al., 1999b). It is apparent that sensitivity to temperature is
greater than to the type of PSC particle. For example, cooling from a synoptic temperature
of 194 K to 189 K in a mountain lee wave can lead to a shortening of the lifetime of
these reservoir species from one day to less than an hour (in the case of liquid particles).
Nonetheless chemical activation rates are mostly less than one day while meteorological
conditions tend to force PSC existence of a few days or longer. Therefore, the dependence
of chemical activation rates on PSC types (Ravishankara and Hanson, 1996) are likely
to be most important in marginal Arctic winters with low chlorine activation and ozone
destruction. The more important questions for the chemical effects of PSCs concern the

prevalence and triggers for PSC existence and for denitrification:

1. How long are PSC particles present to cause chemical activation during polar winter

and spring?
2. How long does chemical activation extend into spring?

3. What are the conditions that lead to extensive denitrification of the polar stratosphere,

such as that observed over Antarctica?

The critical aspects of the questions, as regards PSCs, are therefore concerned with the

mechanisms for formation and evolution of PSC composition.
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1.3.3 Formation pathways

HNO,/H,S0, (ac)
Type b particles

T TICE

ICE ICE ICE
HNO,/H,S0, (ac) NAT NAT
H,S0, (a0) SAT

Figure 1.6: Formation pathways for PSCs (dashed lines indicate processes involved with liquid
particles). The blue letters A to D refer to the scenarios described in the text. The temperature
axis is not to scale (Carslaw et al., 1999a).

A range of formation pathways for the principle types of PSC have been proposed, but
the observational evidence to conclusively reveal true PSC development pathways has not
yet been realised (Tolbert and Toon, 2001). In particular, there is considerable disagreement

over formation mechanisms for solid, type Ia, PSCs. Although complicated, it is possible
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to distinguish four key aspects of PSC development:
1. The role of sulphate aerosol;
2. Temperature-controlled thermodynamics;
3. Nucleation mechanisms and rates (including cut-off temperatures);
4. Cooling rates yielding non-equilibrium conditions.

The most difficult aspects in modelling PSC formation are probably nucleation mechanisms

and rates. In this brief overview, formation theories are reviewed in terms of PSC type.

Type Ib PSC. The formation of aqueous type Ib PSC is reasonably well understood
(Carslaw et al., 1997). As SAA is cooled, HyO is absorbed from gas phase leading to
dilution — concentrations are ~80 wt% at 230 K, typical of mid-latitudes, and ~45 wt%
at 195 K in the polar vortex (Carslaw et al., 1994). Condensation of HNOj3 in addition
to more HoO takes place upon further cooling, resulting in the transition from SAA to
type Ib PSC (as indicated in indicated in figure 1.6). Type Ib PSCs therefore consist of
liquid ternary (three component) solution particles of HoSO4/HNO3/H50, which are often
supercooled (hence the term supercooled ternary solution — STS) with respect to the main
solid forms of NAH. Thus, STS particles exhibit a range of compositions under stratospheric
conditions, ranging from almost binary HoSO4/H20 solutions at higher temperatures, to
almost binary HNOj3/H2O at temperatures close to T'ice- Figure 1.7 illustrates this variation
in composition of STS aerosol over the relevant temperature range under stratospheric
conditions from the thermodynamic models of two groups (Carslaw et al., 1995; Lin and
Tabazadeh, 2001). It has been noted (Carslaw et al., 1994) that STS solutions approach
~ 1:4.5 HNO3/H20 towards T'ice, but this composition is highly dependant on HNO3 gas
partial pressure (Carslaw et al., 1997).

This model of type Ib PSC growth from the background SAA layer may be somewhat

simplistic. From in situ particle scattering measurements, Dye et al. (1990) found that
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Figure 1.7: A temperature dependent ternary aerosol composition under typical stratospheric
conditions of 10 ppbv total HNO3 gas and 5 ppmv total HoO gas at 55 mb; calculations produced
from the thermodynamic models of Carslaw et al. (1995) and Lin and Tabazadeh (2001).

measurements of PSC number density were consistently an order of magnitude higher than
measurements of condensation nuclei (all particles including SAA, soot, etc.) outside PSCs.
This indicates that type Ib PSCs, as the most likely type of PSC to form upon initial cooling
of the stratosphere, may nucleate on more than just SAA aerosol. However, homogeneous
nucleation of type Ib PSC would require a supersaturation of at least 30 %, which would
provide a considerable barrier to PSC formation which is not borne out from observations.
Alternative sources of PSC formation nuclei include material from meteoric ablation, rocket
exhaust, polluted tropospheric air entering through tropospheric folds, and cosmic rays.
The fate of liquid PSCs is important for understanding the nucleation and develop-
ment of solid PSCs which are capable of growing to much larger sizes, at the expense of
more numerous STS particles (since they have lower vapour pressures), and thereby causing
significant denitrification of the polar stratosphere (due to their higher sedimentation ve-

locities). Since STS particles grow from pre-existing sulphate aerosol, their relatively large
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number density restricts particle radii (due to the limited supply of volatiles) to the range
0.01-0.4 pm (Fahey et al., 2001). Thus, STS particles have sedimentation velocities of less
than a few metres per day, and are not thought to cause significant denitrification (Waibel

et al., 1999). The key questions regarding the fate of liquid PSCs are:

e What are the relative roles of solid particle nucleation within liquid STS aerosol
(homogeneous), spontaneously in the stratosphere (homogeneous) or on other pre-

existing solid particles (heterogeneous)?

e What temperature conditions and ternary compositions are necessary for solid parti-

cles to nucleate from STS aerosol?

Alternatively STS aerosol may simply evaporate, a process that can be detected from areas

of renitrification (nitrogen enrichment) in the stratosphere.

Type IT PSC. Excess water ice particles, or type II PSCs, could form through a number
of different mechanisms leading to pure, coated, and co-existing ice particles (as indicated in
figure 1.6). Laboratory and modelling studies have demonstrated that, in order to overcome
the homogeneous nucleation barrier, cooling of at least 1-4 K below T’ is required to
freeze liquid STS aerosol (Carslaw et al., 1998; Bertram et al., 1996; Koop et al., 1995). At
temperatures below T'ice, STS aerosol becomes more dilute so that ice should precipitate
readily (Koop et al., 1997a). Alternatively, ice aerosol may form through heterogeneous
nucleation on the largest NAT (or possibly solid sulphate) particles after the temperature
drops below Tice (Koop et al., 1997b). Once frozen, rapid uptake of water vapour takes
place due to the lower vapour pressure of H,O above ice compared to liquid. This leads to
the large observed sizes for type II PSCs. Growth is eventually arrested by dehydration of
the stratosphere and sedimentation of the cloud particles, which occurs rapidly relative to
other PSC types due to the large mass of type II particles.

Research into thermodynamic stability of liquid-solid mixtures has revealed that ice

and/or NAH particles can co-exist in thermodynamic equilibrium with a liquid solution
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provided that the HoSO,4 component remains in aqueous form (Koop et al., 1997a; Iraci
et al., 1995); three states of co-existence are illustrated below T'jce in figure 1.6. Biermann
et al. (1998) suggest that once a layer of NAT condenses on ice particles, the lifetime of

these type II particles may be extended to temperatures above T'ice.

The role of solid sulphate hydrates. Laboratory studies have demonstrated that the
most stable form of solid sulphuric acid hydrate under stratospheric conditions is sulphuric
acid tetrahydrate (SAT, 1:4 HoSO4/H20) (Zhang et al., 1993; Middlebrook et al., 1993).
Under stratospheric conditions, it is expected that SAT can exist at temperatures up to
Tsat ~ 214 K (Koop et al., 1997a). However, evidence from other studies (Heathfield
et al., 1999; Koop et al., 1997b, 1998) has demonstrated that it is very difficult to homo-
geneously freeze SAA even at temperatures well below T'sat. Indeed, solid sulphuric acid
hydrates have only been formed heterogeneously in laboratory experiments at stratospheric
temperatures (Anthony et al., 1997).

Assuming solid sulphate aerosol can be formed, it has been suggested (Dye et al.,
1992) that SAT particles could provide a surface for heterogeneous nucleation of NAH par-
ticles (Type Ia PSCs) at temperatures below T'xar (route C in figure 1.6). Laboratory
thin-film experiments (Hamill and Toon, 1991; Iraci et al., 1995) have demonstrated that
large supersaturation ratios (> 60) are required to condense NAT on a SAT layer. These
conditions are unlikely to occur in synoptic scale processes in the stratosphere, although it
is possible that transient cooling events (i.e. lee wave cooling) could lead to the required
supersaturation (Iraci et al., 1995). Iraci et al. (1995) conclude that “if sulphate aerosols
freeze, NAH condensation is hindered”. Zhang et al. (1996) found that once a NAT layer
has formed on SAT and then evaporated, the SAT layer becomes pre-activated facilitating
formation of a NAT layer upon subsequent cooling (route 4 in figure 1.6).* Finally, to

date there is no conclusive evidence that SAT has been observed in the polar stratosphere,

*Temperatures only 2-3K below T'nat are required to form a NAT coating once the SAT layer became
pre-activated.
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although some researchers have inferred the existence of solid sulphate particles from air-
borne and ground-based lidar observations (Gobbi and Adriani, 1993; Beyerle et al., 2001).
Additionally, Larsen et al. (1995) interpret a set of backscatter sonde profiles to infer the
occurrence of SAT. Thus, although the existence of solid sulphuric acid hydrates in the
stratosphere cannot be ruled out, both the laboratory (thermodynamic) and observational

evidence do not support the existence of solid sulphate aerosol in the stratosphere.

Type Ia PSC. Type la PSCs are known to consist of crystalline NAH particles. Thermo-
dynamically, the most stable form of NAH under stratospheric conditions is NAT (Hanson
and Mauersberger, 1988), and during the course of this thesis the first conclusive observa-
tions of NAT particles in the polar stratosphere over the Arctic were obtained (Voigt et al.,
2000). The formation pathways and development of type Ia PSC is the least understood of
the PSC types, which is a strong constraint on the accurate modelling of ozone depletion.

There is little consensus among researchers regarding the nucleation mechanism of
type Ia PSCs from ternary solution aerosol (Remedios et al., 2000; Zondlo et al., 2000;
Martin, 2000). Recent research has demonstrated that the effect on freezing temperature of
HNOj in solution requires further characterisation from laboratory experiments (Tabazadeh
et al., 2000a). Homogeneous nucleation from supercooled liquid particles, at a temperature
below T'naT ~ 196 K, appears unlikely since even small amounts of HoSOy4 in solution has
been observed to prevent NAT formation in the laboratory (Koop et al., 1997b). Direct
NAT particle nucleation from STS proceeds at such a slow rate that Tabazadeh et al. (2001)
conclude that this process is “unimportant to denitrification” in a recent modelling study.
Additionally, the barrier to nucleation in simple binary HNO3/H2O solutions is too high
to facilitate nucleation of NAT on realistic timescales considering the large temperature
variability in the Arctic (Prenni et al., 1998), but slow cooling events in the Antarctic may
lead to significant NAT formation if enough binary HNO3/H3O is available (Zondlo et al.,
2000) — this would require the sulphate component to have been removed from the ternary

solution, probably through freezing, a process which is thermodynamically unlikely.
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One possibility is that type Ia PSCs only nucleate after type II PSCs have formed
through heterogeneous nucleation on a frozen particle (Disselkamp et al., 1996; Biermann
et al., 1998); this process is shown as route A (heterogeneous NAT nucleation on ice) and
route C (heterogeneous NAT nucleation on a solid sulphuric acid hydrate) in figure 1.6. In
the case of route A, the supercooling (of up to 4 K below T’c) required for homogeneous
ice formation (see type II PSC section) implies that this process, although possible in the
cooler Antarctic, cannot explain solid particle nucleation on a synoptic scale in the Arctic.

From observations of nacreous clouds (section 1.3) and other studies (Peter et al.,
1992; Tsias et al., 1997; Voigt et al., 2000), it has been established that processes in moun-
tain lee waves are responsible for some solid PSC formation in both hemispheres. Adiabatic
cooling (Gary, 1989) in mountain lee waves by as much as 12 K (Carslaw, 1998) has been
inferred from observations. Adiabatic cooling increases with altitude and type II PSC
ice clouds are formed from the freezing of practically all background aerosol between 22
and 25 km, at a number density of approximately 10 cm 3 (Deshler et al., 1994; Carslaw
et al., 1998). It has been envisaged that HNO3 may heterogeneously nucleate as NAT in
the presence of ice aerosol during the warming phase (Zondlo et al., 2000). Upon com-
pressional warming in the lee wave, the water-ice evaporates leaving any heterogeneously
formed NAT particles. Lidar observations suggest that NAT nucleates on approximately
2 % of ice particles (Carslaw et al., 1998) in lee waves. Indeed, the first conclusive obser-
vations of NAT particles (Voigt et al., 2000) were obtained from a balloon flight through a
lee wave downstream of the Scandinavian mountains.

Although it is accepted that NAT is the most stable form of NAH in typical strato-
spheric conditions, laboratory experiments have demonstrated that other hydrates have a
lower nucleation barrier. For example, Iraci et al. (1995) found that nitric acid dihydrate
(NAD, 1:2 HNO3/H20) condenses on SAT preferentially to NAT, and that homogeneous
nucleation of NAH particles also favours NAD formation as the interfacial surface energy for
NAD crystallisation from solution is much lower than NAT. However, limited availability of

HNOj; in the stratosphere may favour higher hydrates, especially in denitrified conditions,



Chapter 1: Ozone and Polar Stratospheric Clouds 24

as has been noted by some researchers (Tabazadeh and Toon, 1996; Koop et al., 1997b;
Larsen et al., 2000; Schreiner et al., 1999). Some laboratory observations suggest that the
solid nucleus that forms in aerosol particles consists of NAD (Bertram et al., 2000; Salcedo
et al., 2001; Worsnop et al., 1993). Generally, kinetically favourable solid phases nucleate
first in particles, and then often (but not always) convert to the most stable form (in this
case NAT) with time (Worsnop et al., 1993). Hence, it is likely that NAD readily converts
to NAT in the polar stratosphere (Tabazadeh et al., 2001), and recent observations of NAT
in the stratosphere (Voigt et al., 2000) appear to support this.

It is possible that rapid changes in temperature could lead to non-equilibrium condi-
tions between liquid aerosol and the vapour phase volatiles, promoting homogeneous nucle-
ation (without ice) of the more kinetically favourable (faster nucleating) solid NAH particles
than NAT (route B on figure 1.6) — these could eventually transform to NAT through the
mechanism set out above. Tabazadeh et al. (1996) suggested that small mesoscale temper-
ature fluctuations that occur continuously in the stratosphere expose all air masses to high
cooling rates and convert liquid aerosol into solid forms of NAH aerosol, leading to a large
number density of small, type Ic, PSC particles. These would form after an air parcel has
spent a sufficiently long period at temperatures below T'xar. It has also been postulated
(Tsias et al., 1997) that very rapid warming rates in lee waves could promote homogeneous
nucleation of unstable NAD from non-equilibrium ternary droplets at temperatures above
T'ice, between 190-194 K.

In a recent modelling study (Tabazadeh et al., 2001), it has been proposed that
homogeneous nucleation of NAD can take place in a “nucleation window” of approximately
2 K centred around 191 K in the polar stratosphere; formation of NAD is favoured in
this temperature range due to a favourable composition of HNO3/H5O in the STS aerosol.
Outside this temperature window, the NAD particle production rate is found to fall off
rapidly. This mechanism has much greater effect in air masses which cool slowly since such
air masses are exposed to the appropriate temperature range for a longer period of time.

The result is a collar or a “polar freezing belt” around the polar vortex region in which
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NAD formation takes place. Tabazadeh et al. (2001) conclude that when NAD formed in
the polar freezing belt converts to NAT, the NAT number densities increase by an order of
magnitude in the model compared with values of NAT nucleation directly from STS aerosol.
However, Dhaniyala et al. (2002) are cautious about the possibility of homogeneous NAD
formation since the Tabazadeh et al. (2001) study uses NAD nucleation rates near the high

end of existing laboratory data.

1.3.4 Denitrification

It has been noted previously that ozone loss is significantly enhanced by denitrification,
hence any reliable prediction of future ozone loss requires a detailed understanding of this
process. Denitrification can only take place if a small number density of particles grow
preferentially at the expense of STS aerosol and become relatively large (Dhaniyala et al.,
2002) - such particles would require lower vapour pressure than STS and would thus need
to be of solid phase (Waibel et al., 1999).

Satellite observations have revealed that the Antarctic stratosphere denitrifies before
it dehydrates (Tabazadeh et al., 2000b), implying that the stratosphere is not being deni-
trified initially by type II ice particles, but by type Ia NAH particles. This implication is
supported by theoretical studies which suggest that sedimenting NAT particles can deni-
trify the stratosphere without ice particles playing a role (Salawitch et al., 1989; Toon et al.,
1990). This has important implications for the Arctic stratosphere, where typical synop-
tic temperatures in winter are above T'j.e, but are below T'xar for long periods — if NAH
particles are responsible for denitrification of the Antarctic stratosphere, then the Arctic
may be close to the threshold of much greater denitrification, and by implication, greater
ozone depletion. It is possible that denitrification takes place through the sedimentation of
both ice particles, incorporating some nitric acid, and large NAH particles (Carslaw et al.,
1999a).

In situ observations of the Arctic stratosphere during the record cold winter season

of 1999/2000 (Fahey et al., 2001) revealed, for the first time, a very low number density,
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at about 10~* cm™3, of large (up to 24 pym) solid NAH, probably NAT, particles uniformly
distributed in areas of the stratosphere with a temperature of less than T'xar. These
NAT rocks are ideal candidates for denitrification since, compared to total aerosol number
density of approximately 10 cm 3, they are sparsely distributed and can thus grow at the
expense of the surrounding STS aerosol. Fahey et al. (2001) determined that the observed
size distribution of NAT rocks was bimodal, with peak diameter distributions at 3.5 pm
and 14.5 pm. A 14 pm diameter spherical particle has a sedimentation velocity of about
1.5 km per day at an altitude of 18 to 19 km (Peter et al., 1992). Growth calculations
were undertaken by Fahey et al. (2001) which showed that the largest diameter particles
could attain before falling out of the stratosphere, and thus causing denitrification, would
be about 24 pym — this assumes the particle was initially formed near the uppermost altitude
of PSC existence. The lifetime of a NAT rock depends on the initial formation altitude, the
vapour pressure of HNO3 and HoO along the trajectory of the particle, and the condition
that temperature remains below T'xaT.

Sedimentation trajectory analysis was also undertaken by Fahey et al. (2001) which
indicated that the NAT rocks initially nucleated in regions of temperature between 188-
194 K. Although ice nucleation (in lee waves) could have led to the heterogeneous nucleation
of NAH at these temperatures, the fact that these temperatures are at the upper bounds of
ice existence indicates that the role of lee waves is still an open issue. The same trajectory
analysis also showed that the largest particles, with greatest potential for denitrification,
took about six days to fall through the stratosphere. This implies that, if air parcels in the
Arctic polar vortex remain at temperatures below T'xaT for over six days, there is significant
potential for denitrification — i.e. the Arctic climate could change to one of severe ozone
depletion with a relatively small change in temperature. Indeed, by the end of March
2000, ozone depletion of around 70 % near 20 km was observed in the stratosphere within
the polar vortex (Santee et al., 2000; Sinnhuber et al., 2000), and the significant amount
of denitrification observed is thought to have contributed to this ozone loss (Sinnhuber

et al., 2000). The role of NAT rocks in Arctic denitrification is likely to be critical, and
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models that accurately represent the formation and development of large particles will be
necessary to predict future ozone loss in the Arctic. Indeed, as suggested by Fahey et al.
(2001), NAT rocks may be the principle cause of denitrification in the Arctic stratosphere.
If such particles can grow for a number of days, then sedimentation is likely. The main

outstanding questions regarding this issue are:
e What is the selective nucleation mechanism for NAT?
e Does selective nucleation of NAT occur all over the polar vortex?
o Is selective NAT nucleation a recent phenomenon for the Arctic?

The lee wave induced NAT particles observed by Voigt et al. (2000), at less than 2 ym

in diameter, and of a number density of approximately 0.1-0.5 cm™3

, were too numerous
to selectively grow to large enough sizes (due to limited volatiles in the stratosphere) to
possess fast enough sedimentation velocities to cause significant denitrification of the polar
stratosphere according to Tolbert and Toon (2001). A similar argument is also given by
Tabazadeh et al. (2000b). However, a more recent modelling study (Dhaniyala et al.,
2002), which involves a detailed analysis of the growth and sedimentation of NAT particles
formed in lee wave clouds, found that the “inhomogeneity in growth rate in and below
the nucleation layer results in the temporal (and therefore geographic) redistribution of
particles.” However, this model was unable to conclusively account for NAT rocks, and
Dhaniyala et al. conclude that a much more sophisticated analysis is required to establish

whether lee waves are responsible for NAT rocks and thus the extensive denitrification of

the Arctic stratosphere during extreme cold conditions.

1.3.5 Overview — the current state of knowledge

Laboratory studies, models, and field measurements have failed to enable researchers to
reach a consensus regarding the formation pathways of large, solid, NAH particles that

are responsible for denitrification of the polar stratosphere. Although models predict that



Chapter 1: Ozone and Polar Stratospheric Clouds 28

liquid type Ib PSCs should be prevalent in the initial cooling phase of stratospheric winter,
observations over the Arctic indicate the existence of solid particles within liquid aerosol
clouds widely in both hemispheres at temperatures above T'jce, but below T'xaT during the
early polar winter (Dye et al., 1996, 1990; Hofmann and Deshler, 1991). The formation
mechanisms responsible for type Ia nucleation, and their relative importance, have yet to
be discerned from the theories raised in literature (Tolbert and Toon, 2001; Zondlo et al.,

2000). The central questions relating to type Ia PSC formation are:
e What is the role of solid sulphate aerosol?
e What is the relative importance of homogeneous and heterogeneous nucleation?
e What is the relative importance of synoptic-scale and lee wave processes?

In the final analysis, the fate of type Ib PSCs, liquid STS aerosol, could be important
to understanding the formation of solid NAH, type Ia PSCs. In the absence of a generally-
accepted model for solid particle nucleation, the development of the capacity to predict
denitrification of the stratosphere, and therefore to model future ozone loss, will require

detailed observations of the development of PSCs in the polar stratosphere.

1.4 PSCs and future ozone loss

Although the international community commenced phasing out CFCs and other ozone de-
pleting substances from the late 1980s, as a result of the applications of these chemicals and
their longevity in the atmosphere CFC levels have been slow to stabilise. Figure 1.8 shows
projected lower stratospheric chemical loading for a number of important species (Shindell
et al., 1998) — it can be seen that CFC and Cly, levels are projected to return to 1985 levels
by around 2050. Modelling without climate forcing shows that the catalytic destruction of
ozone should decrease with halogen loading — this is indeed the case regarding mid-latitude
ozone destruction (Chipperfield and Jones, 1999), but PSC-initiated heterogeneous ozone

destruction is far more dependant upon the spatial extent and persistence of PSCs.
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Figure 1.8: Projected trends for CO2, N»O, CHy, CFCs and chlorine (Cly) (Shindell et al., 1998).
IPCC preferred scenario 1S92a (Houghton et al., 2001).

It has been known for some time that the stratosphere is likely to cool due to antic-
ipated changes in greenhouse gas concentrations (Fels et al., 1980). Rising carbon dioxide
and methane levels, in addition to increasing stratospheric water vapour and decreasing
ozone concentrations, are likely to lead to enhanced radiative cooling of the stratosphere
(Fels et al., 1980; Mahfouf et al., 1994). The exact cause of the observed upward trend
(Nedoluha et al., 1998) in stratospheric water vapour is not known (Forster and Shine,
1999). Cooling trends have also been widely observed over Antarctica, principally due to
decreasing ozone concentrations, and also during the last decades over the Arctic (Paw-
son and Naujokat, 1997). Both stratospheric cooling and increasing water vapour in the
stratosphere are favourable for PSC formation. According to modelling by Tabazadeh et al.
(2000b), the effect of a 1 K cooling in promoting denitrification is equivalent to an increase
in water vapour mixing ratio of 1 ppmv.

The cooling and moistening of the polar stratosphere may increase ozone destruction

by (Waibel et al., 1999):

1. Enhancing heterogeneous chlorine activation rates on PSCs;
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2. Increasing the frequency and duration of PSC episodes;
3. Intensifying denitrification.

Using a general circulation model which incorporated the first two points but not the
third, Shindell et al. (1998) predicted that enhanced greenhouse-induced cooling of the
Arctic stratosphere will result in more pronounced ozone loss in both hemispheres despite
decreases in halogen loading. They calculate maximum ozone losses over the Arctic during
the decade 2010 to 2019 as a result of increased PSC incidence, with more ozone destroyed
over Greenland and Northern Europe in this period than anywhere within the Antarctic
ozone hole. This increased incidence of PSCs results from calculated temperature decreases
of 8-10 K over the Arctic, which is primarily a result of changes in stratospheric circulation
(indicated by trends over the last decade (Zurek et al., 1996)) due to 1 to 2 K of direct
radiative cooling. However, other enhanced greenhouse models have shown less cooling of
the lower stratosphere due to changes in stratospheric circulation (Graf et al., 1998), or
even negative feedback resulting in a warming of the Arctic polar vortex (Mahfouf et al.,
1994). Thus, the impact of dynamical feedback in controlling the northern polar vortex,
and thus Arctic ozone depletion, remains an open issue.

Other research has demonstrated the importance of denitrification with regards to
predicting the effects of climate change on ozone depletion. Waibel et al. (1999) conducted
a study into denitrification caused by particle sedimentation and found that this mechanism
could account for up to 35 % of ozone loss in the 1994-95 Arctic winter. The modelling of
Waibel et al. revealed that denitrification increases Arctic cooling-induced ozone loss by
more than a factor of 3, and that the Arctic stratosphere is currently at a threshold of deni-
trification. These findings were supported by Tabazadeh et al. (2000b) who calculated that
severe denitrification could enhance future ozone loss by up to 30 %. Tabazadeh et al. con-
clude that the development of a stable, persistent and cold vortex is not required for Arctic
denitrification to occur — i.e. enhanced radiative cooling (of only 1 K per decade), without

associated dynamical changes, could be enough to trigger widespread denitrification.
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1.5 Conclusions

The oxygen and catalytic chemistry involved in the production and destruction of the
stratospheric ozone layer is now well established (section 1.1). Furthermore, the central
role of PSCs in the activation of reservoir halogen species, which leads to severe polar
ozone destruction, is also qualitatively understood (section 1.2). However, the nucleation
and development of different types and compositions of PSC is complex, and is poorly
characterised from research to-date. This is a major constraint with regards to modelling
future ozone depletion, especially under PSC-marginal Arctic conditions, for two main

reasons:

1. Since chemical composition and the phase of PSC particles determine the rate of halo-
gen activation (Ravishankara and Hanson, 1996), total halogen activation in short-
lived PSC events (where not all reservoir species are activated), and thus ozone de-

pleting potential, is directly controlled by the type of PSC present;

2. Selective nucleation of a low number density of particles with lower surface vapour
pressure than the surrounding ensemble of particles (i.e. nucleation of solid NAT
particles within an STS cloud) can lead to the growth of few large particles (at the
expense of the surrounding cloud), which are capable of falling out (sedimenting) of

the stratosphere under gravity (Fahey et al., 2001), causing permanent denitrification.

Thus, in order to better predict future ozone loss in a potentially colder stratospheric climate
(section 1.4), a better understanding of solid particle nucleation mechanisms is required.
This is particularly important with regards to the Arctic stratosphere, where synoptic
temperatures are currently marginal for PSC formation. These processes are linked to the
fate of liquid PSCs (section 1.3.3). Ideally, daily vortex observations of PSCs, with type
and liquid composition determination, could be linked to stratospheric gas and temperature
conditions to help better determine formation processes (including the relative importance

of synoptic and lee wave processes).



Chapter 2

Optical Properties of PSCs

Since the importance of PSCs for ozone depletion was realised, a variety of techniques
have been developed for PSC observation. These can be divided into two main categories
as recognised in this chapter: (1) in situ measurements involving direct sampling of PSC
particles, and (2) remote sensing observations, including remote detection of PSCs in the
infrared.

Observation of PSCs in the infrared requires prior knowledge of the optical properties
of PSCs. In particular, the spectral fingerprint of PSCs is characterised by the wavenumber-
dependent refractive index. In this chapter, the remote detection of PSCs in the infrared
is discussed, and an assessment of the impact of uncertainties in refractive index data is
presented. The spectroscopic properties of PSCs are described in terms of Mie theory
and the fundamental electromagnetic properties of liquids and solids. Finally, a review
of published laboratory-generated optical data of PSCs provides an overview of current

understanding.

2.1 In situ PSC observations

In situ measurements can provide detailed sampling of PSC properties. The main instru-

ments used for in situ PSC observations are:

32
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e Particle scattering probes;
e Backscatter sondes;

e Mass spectrometers.

2.1.1 Particle scattering probes

Particle scattering probes operate by measuring the intensity of scattered light at various
angles from stratospheric aerosol particles; an appropriate model (e.g. a Mie model for
spherical particles) can then be used to determine particle size. The operational principle
is to entrain a stream of stratospheric air and aerosol for measurement while minimising
the effect of the monitoring equipment on observations.

Some of the earliest particle measurements (Hofmann et al., 1975) of the sulphate
aerosol layer were conducted at Wyoming, USA, using a “dustsond”. An optical parti-
cle counter measured scattered white light at 25 £ 5° from the forward scattering angle.
This enabled measurement of particle density and radius, from balloon observations. An
enhanced version of this instrument was later used to measure PSC properties from balloon-
borne measurements in the Arctic and Antarctic (Hofmann and Deshler, 1989). Further
balloonborne measurements over the Antarctic (Hofmann and Deshler, 1991) confirmed
that PSC aerosol exhibits a bimodal distribution in the cases observed. Hofmann and
Deshler (1991) suggested that the large mode of particles, at number densities 3-4 orders
of magnitude less than the smaller mode, may be the result of selective crystalline nitric
acid trihydrate (NAT, 1:3 HNO3/H50) nucleation from the sulphate layer. This was the
first indication of NAT in the polar stratosphere.

Airborne measurements from NASA’s ER-2, with a Forward Scattering Spectrometer
Probe (FSSP) — another type of particle scattering probe, are reported by Dye et al. (1990).
In addition to PSC particle number density and size, the FSSP also enabled measurement of
condensation nuclei (CN) number density. From data analysis of a flight through the Arctic

stratosphere on January 24, 1989, Dye et al. found that particle number densities within
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PSCs were higher than CN concentrations, suggesting PSC nucleation “on more than just
sulphuric acid particles.” Dye et al. also found indications of a mode of larger particles
near NAT saturation — suggesting selective nucleation of NAT particles and supporting
the findings of Hofmann and Deshler (1991). Further analysis of the January 24 flight
data (Dye et al., 1992) confirmed that type I PSC remains liquid several degrees below
the temperature of NAT stability. Modelling work revealed that the observations of Dye
et al. are best explained if the type I PSCs are primarily composed of supercooled ternary
solution (STS) aerosol (Carslaw et al., 1994; Tabazadeh et al., 1994).

Subsequent flights of the NASA ER-2 in the Antarctic stratosphere, on July 28,
1994, enabled Dye et al. to compare the FSSP results with those from the more advanced
Multiangle Aerosol Spectrometer Probe (MASP). The analysis of Antarctic data (Dye et al.,
1996) supports findings from the earlier Arctic flight — most of the observed type I PSC
consisted of liquid ternary solution droplets, although in some regions the composition was
not clear and impactor results revealed some solid particles within the cloud, indicating
selective nucleation of a larger mode of solid particles.

The refractive index of aerosol in the visible spectral region (m — see section 2.3.4)
can be estimated with the MASP instrument by calculation of the ratio of light scattered
in the forward and backward directions using Mie scattering theory (Baumgardner et al.,
1994); the purpose of this was to determine aerosol composition from the refractive in-
dex using the relations of Steele and Hamill (1981) . Comparison of refractive indices at
12821 cm™! (780 nm), derived from the MASP flight data of July 28 (Baumgardner et al.,
1996), with theoretical indices of Steele and Hamill (1981) revealed lower values than ex-
pected. Baumgardner et al. suggest that this indicates that stratospheric aerosols are more
hydrated than expected or that the relationship between refractive index and composition
of Steele and Hamill is incorrect. However, this discrepancy may be due to the existence of

non-spherical particles or absorption due to contamination (e.g. soot).
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2.1.2 Backscatter sondes

The backscatter sondes described by Rosen and Kjome (1991), which are representative of
this class of instrument, consist of a light source which emits light pulses every 7 seconds
in a horizontal direction. Light scattered back to the balloon from aerosol within a few
metres in front of the sonde is measured by two detectors, one measuring at 940 nm and
the other at 480 nm. A colour indez is calculated as the ratio of the aerosol backscatter at
940 / 480 nm — this is used to discriminate between types (including type I subdivisions)

of PSC.

2.1.3 Mass spectrometers

Advanced mass spectrometers enable separate measurement of volatiles in vapour form and
composition of PSC particles. An example is the Aerosol Composition Mass Spectrometer
(ACMS), described by Schreiner et al. (1999) and Voigt et al. (2000), which uses an aero-
dynamic lens to focus particles into a narrow beam and separates particles from ambient
gases. Particles are then evaporated in a small sphere and a quadruple mass spectrometer
analyses the gas leaving the sphere. The traverse time is minimised (to less than 50 ms) to
ensure minimal evaporation/condensation in the system. The ACMS therefore allows for
separation of particles and ambient air, and for quantitative chemical analysis of condensed

nitric acid and water in PSC particles (Schreiner et al., 1999).

2.1.4 Summary

In situ measurements from single instruments can provide important indications of PSC
characteristics and can be of use in supporting remote sensed data. However, the full
potential of in situ measurements is realised when several instruments are combined to
undertake simultaneous measurements of PSCs, such as the balloonborne combinations of
particle scattering probes, backscatter sondes, a mass spectrometer and environment sen-

sors reported by Schreiner et al. (1999) and Voigt et al. (2000). A subsequent flight in
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January 2000 provided what is surprisingly the first definitive evidence of NAT in the polar
stratosphere, at temperatures well above ice formation temperatures. In situ observations
from the NASA ER-2 aircraft in the Arctic stratosphere between January and March 2000
with three instruments (two measuring gas and aerosol composition, and one measuring par-
ticle size and density), provided definitive evidence of the existence of low number densities
of NAT particles widely dispersed across the Arctic stratosphere, suggesting the selective
nucleation of NAT particles within STS clouds at temperatures above ice frost point (Fahey
et al., 2001).

In situ measurements have provided several keystone observations which have under-

pinned understanding of PSC formation and evolution in the stratosphere, these include:

e The first indication of HNO3 in the stratosphere (Fahey et al., 1989; Pueschel et al.,

1989);
e The first indication of NAT (Hofmann and Deshler, 1989, 1991);

e The first indication of STS particle formation 2-3 K below NAT temperature in the
stratosphere, implying that STS is the dominant form of type I PSCs (Dye et al.,
1996; Schreiner et al., 1999);

e The first indications that a separate mode of larger solid particles exist within a cloud

of smaller STS aerosol (Hofmann and Deshler, 1991; Dye et al., 1990, 1996);

e The first definitive identification of NAT in the polar stratosphere by Voigt et al.

(2000);

e Substantial evidence of widespread selective nucleation of NAT at temperatures above

the ice frost point (Fahey et al., 2001).

In situ observations have provided fundamental insight into PSC particles in particular
locations. The main limitation is the spatial and temporal coverage, given the necessity to

base instruments on balloons and aircraft.
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Further in situ measurements are essential to develop understanding of PSC processes
and to resolve outstanding issues such as discrepancies between derived PSC refractive index
at visible wavelengths (m) and those predicted in theoretical studies (such as Steele and
Hamill (1981) and Krieger et al. (2000b)). The MASP refractive index calculations indicated
lower my, values than expected from theory (Baumgardner et al., 1996), while Larsen et al.
(2000) found that higher m, values than predicted from theory were required to explain
observed backscatter from the Arctic balloon flight of January 25, 1998 (Schreiner et al.,
1999). Larsen et al. conclude by asserting that, in order to resolve this issue, further in situ
measurements need to be combined with simultaneous measurements of optical properties

of PSCs (i.e. remote sensing of PSCs).

2.2 Remote sensing of PSCs

Electromagnetic radiation provides a method for observing PSCs from a distance (remote
sensing). The spatial coverage and resolution of remote sensing instruments is charac-
terised by both the instrument type, and the instrument platform. Although restricted to
a particular spatial region, ground based instruments can be physically larger and hence
more advanced than flight-instruments. The principal ground based instrument types are
spectrometers (including FTIR and SAOZ), which are passive and measure incoming radi-
ation. Lidar, an active technique for probing the atmosphere, developed as a ground-based
instrument, but mobile forms have been flown and satelliteborne lidar is planned. Lidar
provides a considerably better vertical resolution than radiometers/spectrometers, but at
the cost of reduced spatial coverage. Whereas airborne (balloon/aircraft) remote sensing
observations are limited by flight duration, satellite instruments offer cost-effective contin-
uous coverage of the atmosphere, and have potential to dramatically increase the spatial
scale of observations compared with in situ methods. However, the vertical resolution of a
satellite instrument field-of-view is limited to about 1 km at the current time.

Foreknowledge of certain PSC properties are necessary for analysis of remote obser-
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vations, and simultaneous in situ measurements or key assumptions are commonly required
to constrain analysis. Remote sensing is often limited by the difficulty in accounting for a

large number of unknown parameters in analysis of spectral data.

2.2.1 Lidar observations

Lidar observations have played an important role in PSC observation. In the late 1980s,
lidar observations during DC-8 flights (Browell et al., 1990; Toon et al., 1990), indicated
that there were several distinct forms of PSC, and later analysis (Browell et al., 1990;
Hopfner et al., 2002) provided the first PSC type classification (section 1.3.1).

The main operational components of a lidar instrument are the laser and detector. A
collimated laser beam is directed through the atmosphere and the backscattered signal is
recorded by the detector, at a vertical resolution of 75 m at best. The measured parameters
are backscatter and depolarisation at the laser wavelength, typically 353, 532 or 1064 nm
(28329, 18797 or 9399 cm™!), i.e. in the visible spectral region. Ground based measurements
are constrained by the requirement of an optically transparent troposphere and nighttime
conditions. Instrumentation details and data reduction are described in detail elsewhere
(Beyerle and Neuber, 1994). The products of the data analysis include measurements of
aerosol volume density (aerosol volume within a volume of space), indication of visible
refractive index at lidar wavelengths from aerosol scattering, and measurement of depolar-
isation. These data allow discrimination between liquid and solid phase, and estimation of

aerosol particle volume and number density — for further information see section 1.3.1.

2.2.2 Satellite observations

The satellite instruments discussed here are limb sounders which observe tangentially to
Earth’s surface providing vertical profiles of the atmosphere (see section 2.2.3 for further
details). Limb sounders are the principal satellite instruments employed for PSC observa-
tions. Nadir (vertically viewing) sounders have less sensitivity to PSCs owing to the relative

pathways involved.
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The earliest satellite observations of PSCs were those of the SAM IT and SAGE I/II
instruments in the 1980s. These instruments detected UV and visible radiation utilising
scattered sunlight and direct observation of the sun (occultation) respectively. In the 1990s,
a new generation of infrared radiometers observed PSCs in discrete spectral channels. The
wide spectral range of radiometers is significant since these measurements are consequen-
tially sensitive to different aspects of PSCs; absorption and thus PSC particle volume and
composition in the infrared, and scattering and hence PSC mean size and distribution width
in the near-infrared and visible. The surface area density of PSCs, an important parame-
ter for modelling chemical activation, can be determined from spectral measurements but
requires knowledge of PSC refractive index, particle shape, and size distribution (Grainger
et al., 1995; Massie et al., 1998); particle size distribution and shape can be independently
determined by in situ measurements or appropriate assumptions can be made for analysis
of satellite data.

The Upper Atmosphere Research Satellite (UARS) contained several radiometers ca-
pable of providing PSC observations; these included the Improved Stratospheric and Meso-
spheric Sounder (ISAMS) and the Cryogenic Limb Array Etalon Spectrometer (CLAES)
which performed coincident measurements between September 1991 and July 1992. Fig-
ure 2.1 shows channels from UARS instruments superimposed on a representative labora-
tory spectrum of PSC absorption. The Halogen Occultation Experiment (HALOE), also
onboard UARS, observed PSCs infrequently due to the observation mode of this instrument
and the orbital geometry of UARS, and could not provide coincident locations with ISAMS
and CLAES. The capacity of satellite detectors to measure PSCs is illustrated in figure 2.2,
which shows aerosol extinction data from the 12.1 ym channel of the ISAMS radiometer — a
PSC to the north of the United Kingdom is indicated by high extinction values. Coincident
CLAES measurements of gas phase HNO3 were also used as an indicator of PSC activity.

Advances in technology have led the deployment of satelliteborne spectrometers
for measurement of PSC properties. The key advantage of spectrometers over radiometers

is the ability to sample a wide spectral range at high resolution. Although radiometer
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Figure 2.1: Retrieved band absorption and speciation (chapter 7) for a 196.7 K ternary solution
aerosol spectrum in the imaginary dielectric constant, with channel centres for UARS radiometers
indicated.

channels also cover a wide spectral range, individual instruments have limited coverage, the
spectral channels are discrete and different wavelengths are not measured simultaneously.
Thus, by recording extinction at many wavenumber points, spectrometers can potentially
reduce uncertainties in PSC volume calculations (by providing coincident absorption and
scattering measurements), and potentially capture the composition-dependant absorption
fingerprint of PSCs in the infrared.

The ENVISAT satellite, launched in March 2002, contains the first collection of satel-
liteborne spectrometers capable of long-term measurements of PSCs. The MIPAS, SCIA-
MACHY and GOMOS instruments have considerable potential for coincident measurements
of PSC over a wide spectral range; coverage with MIPAS extends from 685 to 2410 cm™ !,
at a resolution of 0.035 cm™! (apodised). Analysis of earlier measurements with the bal-
loonborne MIPAS-B spectrometer, of similar configuration to the satelliteborne version,

by Hopfner et al. (2002) provided indications of the wavenumber-dependant fingerprint of
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Figure 2.2: An image of ISAMS 12.1 um extinction on January 9 1992 showing a PSC event north
of the United Kingdom. Bright (yellow/orange/red) colours indicate high values and dark (blue)
colours represent low values (Remedios et al., 2000).

PSCs. Additionally, a mode of large particles was detected.

The Cryogenic Spectrometers and Telescopes for the Atmosphere (CRISTA) has been
flown on the US Space Shuttle for use during missions. The CRISTA instrument is a limb-
scanning instrument, which measures thermal emission of gases and aerosol in the 2500 to
141 cm™! (4 to 71 pum) region, at a resolution of 2 cm~!. The orbital geometry and instru-
ment specification, for the CRISTA-2 flight during August 1997, resulted in an instrument
field of view of 200 km along and 600 km across the satellite orbit track, with a vertical
resolution of order 2 km. Measurements from CRISTA-2 have been analysed by Spang et al.
(2001). The measurements contain more than a thousand infrared spectra of PSCs in the
Antarctic polar vortex; the presence of PSCs was inferred from enhanced scattering of tro-
pospheric radiation. Indications of PSC type were obtained from gas phase measurements
of HNOj3, however lack of HyO measurements from other instruments and uncertainties in

the temperature structure of the atmosphere impeded definitive confirmation of PSC type
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by Spang et al.. However, in research for the EU MAPSCORE project (Remedios et al.,
2001), the appearance of a characteristic absorption feature in infrared CRISTA spectra
(centred at 820 cm ! and of 20 cm ™! width), as can be seen in figure 2.3, has been cited

as tentative identification of NAT.
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Figure 2.3: CRISTA-2 measurements for clean air and PSCs of varying optical thickness in the
south polar vortex in August 1997 at 20.6 km altitude (Remedios et al., 2001).

2.2.3 Limb sounding in the infrared

Limb sounding is a technique which offers high vertical resolution. The satelliteborne in-
strument observes the atmosphere tangentially, i.e. along a path directed from the satellite
towards the horizon; this is illustrated schematically in figure 2.4 (Stephens, 1994). Radi-
ation measured at the detector consists of signals originating from points along the limb
path. In the infrared, this radiation is dominated by emission, due to the Planck func-
tion and spectroscopy of the atmosphere, and absorption. The spectroscopic behaviour is
determined by the constituents (gases and aerosol particles) which interact with infrared

radiation at the frequencies detected by the instrument. Although every point along the
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tangent path contributes to the observed signal, the field-of-view of aerosol particles is

usually dominated by the region at the tangent point to Earth’s surface.

SATELLITE

Surfoce

Figure 2.4: Limb viewing geometry, with tangent height h, and slab length s (Stephens, 1994).

Radiative transfer. In order to retrieve profiles of PSC properties from satellite mea-
surements, it is necessary to first formulate a model of the observed signal. Such a model of
the radiative transfer along the viewing path is known as the (case specific) forward model
and is usually developed by representing the atmosphere as vertical layers. In the infrared,
each layer of the atmosphere emits radiation which is absorbed by all of the layers above.
The transmission 7(7, z), of a single tangent height z, therefore contains information on a
number of vertical layers and a limb sounder normally observes a set of tangent heights.
The forward representation suggests a number of retrieval methods including, for example,
onion peeling in which the properties of the uppermost layer are retrieved from the upper-
most tangent view, that of the layer below from that of the next lowest tangent view, and
so on. More importantly, this demonstrates the key importance of the spectral properties
of the PSCs and the dependence of the observed signal on other aspects of PSCs such as
aerosol volume.

Consider a layer, of length s, which is a blackbody in local thermodynamic equilib-
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rium. A beam of radiance, L(7) passing through the layer will undergo absorption while
emission for the medium also takes place. The equation of radiation transfer may be ex-

pressed as:

aw) ;
ot (0)ds L(7) + B(T,?) (2.1)

which is known as Schwartzchild’s equation, where B(T', ©) is the Planck function, and 7" the
temperature of the layer. The volume extinction coefficient, 3%t(7), gives the cross sectional
radiance removed from the beam per unit volume, by both scattering and absorption,
and has dimensions of [L=!]. Thus, L(#)3%(7)ds is lost and B(T,7)3%(¥)ds is gained in
the tangent path radiation.

In the case of aerosols, the physical thickness of each layer z is known, so a vertical

transmission profile can be expressed in terms of the volume extinction coefficient 3%*(7, 2):
T(I),Z) = exp(_ﬁext(’)’z)m) (22)

Now, the monochromatic optical path of a medium over length [ is defined:

l l
(0,0 :1) :/0 B (D)ds = /0 k™ p ds (2.3)

where k®* is the mass extinction coefficient, and p the medium density, such that (o) =
k**tp. By definition, d7,/0l = **(0). Equation 2.1 can be solved by integrating along the

path [ to yield:
!
L(p,l) = L(7,0) exp(—p(7,0: 1)) + /0 B(T(s),7) exp(—7p(#,5: 1))k pds  (2.4)

The first term represents attenuation of incoming radiation, which in the limb view case
would be zero since the background is cold space. Thus, the second term, which represents
the emission/absorption contribution from the medium along path 0 to [ is applicable to

the limb sounding case. This equation only accounts for radiation lost by scattering and
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does not include the effects of multiple scattering which can enhance the observed radiation.
This is non-trivial to evaluate and is not the main subject of this thesis. It is important only
to recognise for current purposes that multiple scattering could be more important when
the number density is high enough for a significant number of photons to multiply scatter.
In this case, however, the observed spectrum is usually saturated (i.e. 7(¥) — 0), and the
spectral sensitivity to PSC absorption is no longer observed over wide frequency ranges.
Typically, the critical number density where saturation occurs is a function of mean particle
size and number density, but a typical critical number density for liquid STS particles is
50 cm™ (R. Spang; personal communication) — this number density would be lower for

larger (i.e. solid) particles.

Sensitivity of retrieved PSC parameters to refractive index. In order to determine
the impact of refractive index uncertainties on PSC remote sensing, it is necessary to
establish the relationship between refractive index and the key PSC parameters retrieved
from remote sensing, the PSC volume and surface area.

Assuming spherical aerosol particles, the volume extinction coefficient can be related

to aerosol microphysical properties through:

B () = /0 205 (. 5. () )n(r) dr (2.5)

where Q%" is the extinction efficiency factor (from Mie theory), n(r)dr denotes the number
of particles with radii between r and r + dr, and m(?) is the complex refractive index of the
aerosol, defined as m(7) = n(v) +ik(P). Spectral extinction due to PSC aerosol is governed
by both the scattering properties and the absorption bands of aerosol. Absorption and
scattering are directly related to the imaginary, k(7), and real, n(7), components of the
refractive index respectively.

A sensitivity analysis was developed to calculate extinction spectra (using Mie theory)
from refractive index data, assuming a homogeneous path. A size distribution typical of

STS aerosol observed in the stratosphere (Dye et al., 1992), and refractive indices of binary
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sulphuric acid thin-film (Palmer and Williams, 1975), were used.! It was found that, for
wavenumbers of less than about 3500 cm™!, the relationship between perturbations of k(%)
and extinction is linear. For example, as illustrated in figure 2.5, a 1 % perturbation of
k(D) leads to about 1 % perturbation in extinction in the same direction. However, above
about 3500 cm™!, extinction is less affected by perturbations in the imaginary index since
k(77) tends towards zero. It was also found that, at wavelengths less than about 3500 cm™!,
variation of the real part of the refractive index, n(), had little effect on observed extinc-
tion. At larger mean radii values, perturbation of n(2) was found to have greater effect
at lower wavenumbers. In conclusion, it was determined that, for size distributions rele-

vant to ternary solution PSCs, k(7) is linearly related to observed extinction and n(#) has

considerably less influence over most of the infrared region.
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Figure 2.5: The effect of a 1 % increase in k(¥) on extinction for sulphuric acid refractive indices,
from a Mie model with a representative STS aerosol size distribution.

The relationship between measured extinction, aerosol volume density [L? L=3] and
aerosol surface area density [L.2 L.=3] was fully characterised by Grainger et al. (1995). First,
the analytical solution of equation 2.5 shows that the volume density is linearly related to
extinction. Secondly, analysis of an ensemble of 744 aerosol size distributions from in situ
measurements of the Mt Pinatubo volcanic cloud (using balloonborne particle counters)

supported this relationship. Finally, these measurements were employed to establish the

!The choice of indices employed is arbitrary since this is a sensitivity analysis.
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relationship between aerosol volume density, V', and aerosol surface area, A, determined as:

A = 8.406 V075! (2.6)

where units of A are [pm? cm 3], and V are [pm3 cm™3].

2.3 Spectroscopy of PSCs

Extinction in the mid-infrared spectral region from 750 to 4000 cm~! (13.3 to 2.5 pm)
is dominated by absorption, and in the near-infrared region from 4000 to 8000 cm™' (2.5
to 1.25 pm) extinction primarily results from particle scattering. The typical laboratory-
measured extinction spectrum in figure 2.8 exhibits a series of broad peaks below 4000 cm ™1,
which are due to absorption. Towards the 4000 cm™~! limit, these bands diminish (as k(?)

L results from

tends towards zero) and the upward curve in extinction above 4000 cm™
scattering by aerosol particles. Hence, most of the information regarding k(7) is contained
in the mid-infrared region, and most information pertaining to size distribution and n(7)
is contained in the near-infrared spectral region. Despite the spectral delineation between
scattering and absorption properties of aerosol, knowledge of both is required to accurately

model the spectral regions near to 4000 cm™!

since some scattering may contribute to
absorption below 4000 cm™!, and some absorption may contribute above 4000 cm™!; the
amount of overlap depends upon the relative strength of absorption and scattering.

In order to determine refractive indices and aerosol size distribution parameters from
laboratory spectra, a forward model was developed which evaluates an extinction spectrum
from the refractive indices and scattering parameters of aerosol. This model was based on

fundamental principles of aerosol spectroscopy expressed in a classical damped harmonic

oscillator formulation for the absorption bands.
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2.3.1 Fundamental principles of aerosol spectroscopy

In the following description, we assume homogeneous and spherical particles, with radii
log-normally distributed (Kerker, 1969; Willeke and Baron, 1993), such that the number of

particles, n(r), whose radii lie between r and r + dr is given by:

. No 11 (Inr —In7ry,)?
n(r) = Fowg;exp [—T] (2.7)

where Nj represents the particle concentration (usually in number per cm?), r,,, the median
radius of the distribution and o represents the spread of the particle size distribution.

Mie theory (Mie, 1908) can be used to calculate the extent to which a homogeneous
sphere, such as a particle, extinguishes a beam of light through both scattering and absorp-
tion. Integrating over a distribution of particles gives the volume extinction coefficient as
a function of 7, see equation 2.5, where Q®*' is the extinction efficiency factor (from Mie
theory) and m(?) is the complex refractive index of the aerosol. For a log-normal aerosol
size distribution equation 2.5 becomes:

A (i) = %\/g /O Q™ (r, 5, () exp [—M] dr (2.8)

202

Given Ny, the size distribution, and m(7), 8*(¥) can be calculated and, in the single
scattering case, applied to equation 2.4 for limb sounding of PSCs.

The nature of the complex refractive index, m(2) = n(?)+ik(7), is investigated here in
more detail. Equation 2.8 cannot be used to retrieve refractive index from a single extinction
spectrum if one notes that for a measurement vector composed of N discrete wavenumbers
there are 2N + 3 unknowns; this is an under-constrained problem and cannot be solved. To
solve this problem, Kramers-Kronig based techniques have been used by other researchers,
where two measured spectra are used to increase the number of measured parameters to
more than the number of unknowns, thereby yielding a solvable over-constrained problem.
This technique is described in detail elsewhere (Clapp et al., 1995). Basically, in the case of

thin-films, the absorption of the sample is related to k(7) by a scaling factor, which takes
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into account the optical thickness of the film. Scattering from particles complicates the
calculation of a scaling factor in the case of aerosol spectroscopy. Mie theory (Mie, 1908)
can be used to model the scattering from, and absorption of, spherical droplets (a function
of wavelength, particle size distribution and the refractive index). If an aerosol distribution
has 7ymeq << 0.1 pm, scattering is negligible at 7 > 5000 cm™! (Richwine et al., 1995). An
extinction spectrum of aerosol particles of the small size regime is used as a first estimate of
k(7). Another spectrum of aerosol of the same composition, but with larger size particles,
can then be modelled using a Mie calculation based on this first guess of the imaginary
index. An iterative fitting procedure can be undertaken to determine a self-consistent set
of imaginary refractive indices. A subtractive Kramers-Kronig transform is finally applied
for determination of the real part of the refractive index n(Z) from the unscaled imaginary
component, and thus the scaling factor for k() can be calculated.

Since the results from early settling experiments indicated it was not possible to
reliably produce the necessary range of aerosol distributions while maintaining the same
composition aerosol in this work (section 5.1.2), a different approach was adopted for this
thesis which only requires measurement of a single spectrum for determination of refractive

index.

2.3.2 Refractive index and absorption frequency

The elementary equations of wave motion can be used to prove the existence of electromag-
netic waves propagating with velocity v = c¢/eu, where c is the speed of light in a vacuum,
e the dielectric constant (or permittivity) and p the magnetic permeability of the medium.
The dimensionless (real) refractive index, n, as the ratio of wave phase velocity in a vacuum

to phase velocity in a medium, such that:

1 1
n :E:<£)2:<i>2 (2.9)
v Mo€o €0
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since u = po over optical frequencies. Phase velocity and hence the refractive index of a
medium are not constants with frequency; the frequency dependence of refractive index is
known as dispersion.

Dispersion theory is a complex subject, at the highest level requiring a detailed quan-
tum mechanical description. However, a simplified model of dispersion in a medium can
be formulated by consideration of molecular structure. When a non-conductor is placed in
an electric field, the distribution of electrons in the medium changes to produce an internal
field which opposes the general field. This is known as polarisation, and arises for two main

reasons:

1. Polar media consist of randomly distributed dipoles. When an external electric field
E is applied, the dipoles become aligned parallel to this field direction. This is opposed
by elastic forces in a solid, or the randomising action of thermal Brownian motion in

a gas or liquid, such that an equilibrium condition arises;

2. Polarisation is induced in non-polar molecules by the alteration of electric charge
distribution in the molecule by the applied electric field, resulting in an induced dipole

moment.

A molecule is comprised of a number of atoms, which consist of positive nuclei sur-
rounded by negatively charged electrons. The vector sum of all the dipole moments equals,
to the first approximation, the polarisation vector P. The motion of a nucleus and electrons
resulting from application of an external electric or magnetic field has a quantum mechan-
ical solution. However, classical wave theory can be applied, yielding essentially the same
result. When the electrons are perturbed by an external field, a charge imbalance results
leading to a quasi-elastic restoring force Q = —gs, where s is the displacement vector.? The

force exerted by the effective electric and magnetic field (E’, B’) on a charge e which has

2The nucleus will also be perturbed by the field, but being orders of magnitude heavier than an electron,
its contribution can be neglected.
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velocity v is given by the Lorentz law (based on Maxwell’s fundamental equations):?

F=e (E' + %v A B') (2.10)

If we assume that the electron velocity is small compared with the velocity of light in a
vacuum, the magnetic field term can be ignored. Hence, the equation of motion of an

electron of mass m is given by:

Os | 498

Mo 5 + gs = eE' (2.11)

where d(0s/0t) represents a damping force, which originates physically from the fact that
vibrating electrons emit electromagnetic radiation, carrying energy away. If w represents
the angular frequency of the electric field, then E' = E{jexp(—iwt). Using s = spexp(—iwt)
as the solution to equation 2.11 yields the steady state solution:

eE!

S =
m(wg — w?) —iwd

(2.12)

where wy = \/% is the resonance or absorption frequency. It is clear that the inclusion of
the damping term d leads to the complex nature of polarisation. This is of fundamental
importance, since this imaginary term directly represents the absorption of the medium.
This can be understood on a physical basis since, as damping corresponds to energy emission
of the oscillating electrons, it similarly corresponds to absorption of incident radiation by

electrons in the medium.

2.3.3 The Lorentz-Lorenz formula

The Lorentz-Lorenz formula relates Maxwell’s equations to the atomic theory of matter,

providing an expression linking the refractive index, m, with the dielectric constant, €, and

3The effective electric field E’ is used here as only non-polar molecules, which have no permanent dipole
moment, are considered for simplification.
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polarisability, o (Bertie et al., 1994; Dignam, 1988):*

e—1 m2—1 4
_ — 2oN 2.13
e+2 m2y2 3¢ (2.13)

where N is the number of molecules per unit volume. The Lorentz law (equation 2.10) is
utilised to relate the macroscopic electric field to the local field acting on each molecule in
the liquid; for full treatment see Born and Wolf (1970). This model is only valid for isotropic
media; although no liquid is isotropic at molecular distances, it is the mean orientation of
the molecules per unit volume that is of interest, and to a good approximation we can
assume that the mean polarisability is indeed isotropic. The electric moment P per unit
volume is P = Np = NaE'. The polarisability expresses the polarisation P as a function
of molecular density, and has units of volume.’

As demonstrated in equation 2.12, the polarisation becomes a complex quantity where
(non-resonance) absorption occurs. Hence polarisability, the dielectric constant, and the
refractive index all become complex quantities where the imaginary part represents the

absorption of the oscillators. As this absorption is dispersive (frequency dependent), the

Lorentz-Lorenz equation can be re-stated in wavenumber dependent complex form:

e)—1 m@)?—-1 4 N
@) +2 meprz 3Ne@ (2.14)

The wavenumber dependent complex forms of refractive index, dielectric constant and po-

larisability can be written:

m(D) =n(p) + ik(D) (2.15)
() =€@)+ie (D) (2.16)
a(@) =d (@) +id" () (2.17)

Similarly, Maxwell’s relation (equation 2.9) can be re-stated as () = m(#)2. Since the

4This equation is also known as the Clausius-Mossotti equation.
®Since p and E’ have dimensions [el] and [el~?] respectively, where e is electron charge, and [ length.
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forward model retrieves parameters in dielectric space, it is useful to relate () and m(?)

using this relation:

d(w) = n@)?-k®)? (2.18)
€'@) = 2n(@)k(®) (2.19)
@) = (VG + @R+ ()2 (2.20)
ko) = (VOGP + @) - e())/2 (2.21)

2.3.4 The classical damped harmonic oscillator

Dispersive absorption due to an oscillating molecule covers a finite wavenumber range and
has a specific peak shape due to the fundamental modes of atomic and inter-atomic os-
cillation within the molecule; different molecular species absorb at different wavenumber
centre positions, strengths, and band widths. Hence, the characteristics of absorption bands
typical of aerosol spectra are determined by composition. The classical damped harmonic
oscillator (CDHO) model provides a convenient way of expressing refractive index in terms
of fundamental spectroscopic parameters, and is used in this thesis as part of the forward
model to calculate refractive indices form aerosol extinction spectra. The CDHO model
evaluates the dielectric spectrum from a set of n bands such that j = 0,1,2,...n with each
band expressed by the central wavenumber of the oscillator ©7;, width (damping constant) -y;
and band intensity S;. The extra parameter €'(co) denotes the offset value of the real part
of the dielectric constant at zero frequency (infinite wavenumber) over the summation, such
that €'(00) = m?Z,. The significance of my should be noted. Away from absorption bands,
such as in the visible/UV spectral region, k() = 0 and my, becomes equal to the real part
of the refractive index, n(7). Thus, the value of my, has a direct effect on scattering by
aerosol in the visible/UV spectral regions (the other important parameters being particle
number, size and shape parameters).

The CDHO model relates the complex molar polarisability ., (Z) spectrum directly
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to molecular vibrational quantities through the following expressions (Bertie et al., 1994):

N €o—13N4 Ny pi/3
m(P) = 2.22
an?) = S uN T ime — (77 = 52 — i) (2.22)
o () = o1 3Na . Na (u3/3)(77 — 0°) (2.23)
m €o + 247N 4722 - (73 — D)2 + 02 )
N 2/3)y;v
() = —5 05/ (2.24)

4n2c? r (03 — 02)2 + 32

where N, is Avogadro’s number and p; is the dipole moment derivative with respect to
the normal coordinate for the j** band.® From the Lorentz-Lorenz equation, the complex

molar polarisibility can be related to the complex dielectric constant:

ey 3V (€(0) - D)(€(P) +2) + €"(9)?

@) = T @@) + 22 1 o) (2.25)
I~ _ 9Vm 6”(i))

wm®) = e Tt ) (2.26)

In this expression, N4/N is replaced by the molar volume V,,. The expression indicates
that we cannot determine the molar polarisability from dielectric spectra in this analysis,
since we have no information concerning V,;, to calculate oy, through €, or any knowledge of
pj to calculate oy, directly by the CDHO model. These parameters cannot be distinguished
from scattering due to aerosol in an extinction spectrum.

The CDHO expressions in complex dielectric constant space, as used in the forward
model, can be obtained from the CDHO equations in complex polarisability space from the

Lorentz-Lorenz relation for j bands (Bertie and Zhang, 1992):

)7 -7) (2.21)

(2.28)

5Tn order to account for the random orientation of molecules, u; is divided by 3.
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where the dipole moment derivative p; is replaced by the band intensity S, since assuming
mechanical and electrical harmony S; = (N/3mc?) u? Fj2. The local field correction for a

molecule in a liquid is F’ ]-2. The units of S; are cm 2.

2.3.5 Physical implications of the CDHO model

The molar polarisabilty (equation 2.22) is a direct representation of the molecular vibra-
tional intensity of an oscillating species. Knowledge of this quantity would therefore directly
relate (through an appropriate chemical model) to the concentrations of each oscillating
species in a spectrum — the speciation or composition of a medium. In addition, if the
CDHO expression for the dielectric constant is differentiated and equated to zero, the ab-
sorbance peak location is found to be located at a lower wavenumber than the oscillator

centre 7;, such that the centre in €"(7) space is:

—(72 - 20%) + \/(7;4’ — 202)2 + 120
Do = - (2.29)

i.e. the band centre in dielectric space is a function of the true oscillator centre in polaris-
ability space 7; and the width ;. For example, a single band of arbitrary strength located

at v; =1050 cm ! has a centre in dielectric space 176;/ =1049.7 cm ! where vj =50 cm !,

and ’75;.’ =1045.2 cm~! where v; =200 cm™L.

This raises the prospect of calculating the
dipole moment derivative directly by using the CDHO model, which would yield a value for
the molar polarisabilty. However, this requires the assumption that each band is sufficiently
far apart that the dielectric constant due to oscillators other than the one of interest has no
imaginary absorption (¢” = 0) and the real part is constant over the wavenumber region of
the oscillator of interest. As will be seen later, this is far from the case; typical aerosol spec-
tra are comprised of an overlapping arrangement of bands. Therefore we cannot calculate
the most fundamental physical property of an oscillator, the complex molar polarisability,
a(7), in this analysis.

Fortunately, in a CDHO approach, it is not necessary to directly calculate molecular
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properties in order to determine refractive index data from measured extinction spectra.
The imaginary components of «a(7), €(?) and m(#) all scale and are directly related to
oscillator absorption, so a relative calibration can be performed to determine speciation

in the absence of a direct determination of molecular polarisability.

2.3.6 Overview of the forward model

It is convenient at this point to review the underlying principles and advantages of using
the CDHO model in the forward model for deriving refractive indices. Although this is
the first use of a band model method for refractive index determination in this field, the
CDHO model has previously been used for purposes of modelling dispersive absorption
of solutions at room temperature. The inspiration for the approach here originates, in
part, from the application of the CDHO model by Bertie and Zhang (1992) in simulating
absorption of methanol and acetic acid for comparison with the more computationally
expensive Kramers-Kronig method. This group published other papers on the subject,
notably Bertie et al. (1994), which includes a detailed description of the determination
of molecular band intensities from refractive index, dielectric constant and polarisibility
spectra. Details of other applicable models for band structure in liquids are relatively
sparse (Palamarev and Georgiev, 1994; Libnau et al., 1994) since fundamental knowledge
of the molecular structure of low-temperature solutions, even for pure water, is poor.

The CDHO model is the best representation available for the wavenumber dependent
band shape of each oscillator in the aerosol measured for this thesis. The two major

advantages of this model are that:

1. The band parameters contain fundamental information pertaining to the speciation

(composition) of the aerosol;

2. A single spectrum can be characterised by relatively few variables (three per band)

compared to the number of measurement points in a typical extinction spectrum.

The second point is of major significance to this study, since in a Kramers-Kronig analy-
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sis the retrieval state vector includes every wavenumber element plus the size parameters,
leading to the necessary measurement of two spectra (with distinctly different size distribu-
tions) so that state vector elements do not outnumber measurement points. In the case of
the band model retrieval, the state vector is now composed of N, r,, S, mq, (section 2.5.7)
as well as n sets of S, 7;,j. Therefore, there will be more measurements than unknowns
provided the number of measurements is greater than 4 4+ 3 x n. In this work, there are
typically about 30 separate bands, yielding 94 state vector elements, compared with 1880
spectral points in a typical extinction spectrum. This permits determination of band pa-
rameters, and hence refractive index, from a single spectrum, and lowers computation time

dramatically compared to a Kramers-Kronig transform.

2.3.7 Potential for infrared sensing of PSCs
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Figure 2.6: Imaginary refractive indices of PSC type thin-films (Toon et al., 1994).
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As identified in section 2.3.5, the absorption bands identified through the fitting of
measured spectra theoretically relate to different chemical species in solution. Laboratory
evidence has also revealed that different solid hydrates also have distinct absorption band
fingerprints, as can be seen from the comparison of imaginary refractive index data reviewed
by Toon et al. (1994), in figure 2.6.

Infrared spectroscopy therefore offers considerable scope for the detection and re-
mote sensing of PSCs. Remote sensing of PSCs in the infrared has been undertaken with
some success, as discussed in section 2.2.2, and the dependence of the volume and sur-
face area of PSCs, retrieved from spectral extinction measurements, on the refractive index
was established in section 2.2.3. Thus, the variation of infrared absorption with PSC
type/composition suggests that both an applicable set of refractive index data should be
used for PSC infrared sensing, and that the refractive index data should be an accurate rep-
resentation of PSCs in the stratosphere. Having established the necessity of representative
refractive index data of PSCs for the accurate measurement of PSC volume/surface area,
and potentially determination of PSC type/composition, laboratory-generated refractive

index data are reviewed and assessed in the following section.

2.4 Overview of laboratory measurements

Laboratory experiments have potential to provide information to characterise both the
optical and the microphysical properties of PSCs. Knowledge of microphysical properties is
very important for formulation of accurate microphysical models of PSC climatology, and
thus major issues are highlighted here for completeness. However, since the primary aim
of this work is the generation of refractive indices for ternary solution aerosol, the main
focus of the following review of published data is laboratory measurements of PSC optical
properties, principally refractive indices.

Two broad categories of laboratory experiments can be defined — aerosol particle

experiments and thin-film experiments. Aerosol experiments involve generation of PSC
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type particle(s), usually in a settling chamber or a flowing system. Temperature, pressure
and flow rates (hence particle residence times) of component gases and aerosol can be varied
to achieve desired results. Thin-film experiments involve the deposition of layer(s) on a cold
substrate (usually silicon) from vapour phase, and measurement of the properties of the
mimic-PSC thin-film.

The main groups that have published data in this field are introduced in this sec-
tion. None of the refractive index data has been published with associated wavenumber-
dependant error estimates, although publications commonly give an estimate for wide spec-

tral regions.

The University of North Carolina (UNC). This group published spectral properties

and derived refractive indices for liquid binary solutions and solid forms of PSCs, typically

over a spectral range of approximately 750-5000 cm ™

Water ice 130-210 K (Clapp et al., 1995);

Nitric acid dihydrate 160-190 K (Niedziela et al., 1998a);

Nitric acid trihydrate 150-210 K (Richwine et al., 1995);

Binary H9SOy4 aerosol 200-280 K (Niedziela et al., 1998b, 1999);

Binary HNOj3 aerosol 220 K (Norman et al., 1999).

Max Planck Institute (MPI) and ETH Ziirich. This group determined thermody-
namic and spectral properties of thin-film PSCs and single particles. Refractive indices

were measured as indicated below:

e The measurement of spectra for a wide composition/temperature range of binary
H,S0, and HNOj3 solutions between 500-5000 cm ™', derivation of refractive indices,
and formulation of a ternary calculator to combine binary indices to synthesise ternary

indices (Biermann et al., 2000);
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e The freezing of bulk binary HoSO4 solutions (Koop et al., 1995, 1997a,b);

e The freezing and melting points of single particles of binary HoSO4 solution at com-

positions greater than 20 wt% H,SO4 (Krieger et al., 2000a);

e Temperature dependent visible refractive index (mq,) values (and densities) for ternary
solutions from measurements and theoretical models (Luo et al., 1996; Krieger et al.,

2000Db).
University of Colorado. Published analysis from thin-film experiments:

e Refractive indices of nitric-acid ices (Middlebrook et al., 1994);

e Spectra of binary HoSO4 and HNO3 and ternary solutions, with composition estimates

from areas of absorption features (Anthony et al., 1997);

e Refractive indices of binary H2SO4 solutions (Tisdale et al., 1998).

University of Waterloo. Published analysis from aerosol experiments:

e The freezing point of binary HsSO, solutions between approximately 19-35 wt%

(Bertram et al., 1996);

e Measurement of extinction spectra and determination of freezing point temperature
(glass point) on cooling of binary HNOg3 solutions, and measurements of crystallisa-
tion into nitric acid hydrates (NAHs) upon subsequent warming (annealing), using
solutions of initial composition 50-75 wt% (Bertram and Sloan, 1998b,a; Bertram

et al., 2000).

Other published refractive index data:

e Querry and Tyler (1980) derived refractive indices and absorption band properties for
bulk solutions of HNO3 over the spectral range 310-5000 cm !, at a single temperature

of 300 K;
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e Palmer and Williams (1975) calculated refractive index data sets from bulk measure-
ments of a range of binary HoSO, solutions over the spectral range 400-27778 cm™!,

at a single temperature of 300 K;

e Adams and Downing (1986) determined refractive indices from bulk measurements of
a single ternary solution composition and a single composition solution of HNOj3 over
the spectral range 500-5000 cm ™!, at a temperature of 298 K. This is the only known

publication of refractive indices derived directly from a ternary solution measurement.

2.5 Laboratory measurements of liquid phase PSCs

Laboratory experiments to measure the spectral properties of liquid PSCs have been un-
dertaken using both bulk (including thin-film) solutions and aerosol. Although liquid PSCs
are likely to consist of ternary solutions of aqueous sulphuric and nitric acid, almost all ex-
periments have also studied the properties of binary sulphuric acid and binary nitric acid.
Experiments with binary solutions are both easier to characterise in terms of composition
and real refractive index (as foreknowledge of m, is required for refractive index derivation),
and offer potential for use of mixing rules to model ternary refractive indices (Biermann
et al., 2000). The principal refractive index data and main experimental methods used in

their production are now reviewed.

2.5.1 Binary sulphuric acid solutions

Sulphuric acid experiments have a relatively long history, primarily due to interest in the
radiative forcing due to stratospheric sulphate aerosol on climate, and study of Venus’ at-
mosphere. Early studies of optical constants of sulphuric acid were conducted with bulk
solutions over a limited range of temperatures and compositions (Palmer and Williams,
1975; Pinkley and Williams, 1976). The refractive indices of Palmer and Williams (1975)
have been widely used in atmospheric studies (Wooldridge et al., 1995; Grainger et al.,

1995). The Palmer and Williams data show that refractive indices have a strong compo-
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sition dependence, but are limited by the high-temperature (300 K) of measurements. As
demonstrated by Grainger et al. (1995), although temperature effects can be accounted for
through the Lorentz-Lorenz relationship, this correction is only valid away from absorption
bands (i.e. where k(7) = 0). Through comparison of indices of the same strength sulphuric
acid solutions from the 300 K Palmer and Williams (1975) data and the 250 K Pinkley
and Williams (1976) data, Grainger et al. identify “significant differences” between the
band maxima in k(7); these cannot be attributed to temperature differences alone since the
Lorentz-Lorenz correction from 300 K to stratospheric temperatures changes absorption by
5 % or less — an order of magnitude less than the observed discrepancy. Grainger et al.
concluded that further laboratory experiments are required to provide a consistent set of
sulphuric acid refractive index data.

Recent studies of infrared properties of sulphuric acid have increased the temperature
and composition range of measurements considerably (Niedziela et al., 1998b; Bertram
et al., 1996; Tisdale et al., 1998; Biermann et al., 2000), revealing a strong temperature
dependence of certain absorption features. The UNC group measured sulphuric acid in
aerosol form (Niedziela et al., 1999, 1998b) at temperatures from 200-300 K, with a range
of compositions at each temperature. In a recent publication (Niedziela et al., 1999), the
UNC group compare their aerosol spectra with those produced in thin-film experiments by
Tisdale et al. (1998). Niedziela et al. find that, despite the very different experimental
approaches, the two data sets are on the whole in very good agreement. However, the
thin-film indices of Tisdale et al. (1998) fail to reproduce the extinction profile observed in
the aerosol spectra of Niedziela et al. around 1100 cm~! — Niedziela et al. do not provide
an explanation. Biermann et al. (2000) also compare their thin-film sulphuric indices with
those of Niedziela et al. and Tisdale et al., and note general agreement but also “remarkable
differences” in all three data-sets in absorption around 1100 cm™'. A comparison of UNC
and Biermann et al. imaginary refractive indices can be seen in panels (a) and (b) of

figure 2.7.
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Figure 2.7: Comparison of imaginary refractive indices of Biermann et al. (red) and UNC refractive
indices (blue). Panel (a) shows sulphate solutions of 75 wt%, 293 K (Biermann) and 76 wt% 280 K
(UNC), with the difference UNC-Biermann in (b). Panel (c) shows nitrate solutions of 45 wt%
223 K (Biermann) and 45 wt% 220 K (UNC), with the difference plotted in (d).

2.5.2 Binary nitric acid solutions

Room temperature refractive indices have been determined from bulk solutions of nitric
acid by several groups (Querry and Tyler, 1980; Boone et al., 1980; Adams and Downing,
1986), but only recently have indices of low temperature nitric acid solutions been published.
Data are now available from the 220 K aerosol experiments of the UNC group (Norman
et al., 1999), and the multi-temperature thin-film experiments of Biermann et al. (2000).
Norman et al. compare their indices with bulk data published by Querry and Tyler (1980)
and the amorphous solid films published by Toon et al. (1994), and identify significant

differences in absorption bands. It is also evident through comparison of the Norman
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et al. (1999) and Biermann et al. (2000) indices for close temperature and composition
conditions, see figure 2.7(c) and (d), that significant differences in absorption exist as with
the sulphuric acid measurements. These differences are a key issue, and appear to result
from a constant offset in absorption across the infrared spectral range rather than differences
between specific features, as seen with sulphuric acid spectra — this may be due to differential
scaling of the refractive indices arising from the various approaches used to derive these data.
However, the main point here is that the observed temperature dependence of binary nitric
acid is very weak (Biermann et al., 2000), compared with binary sulphuric acid solutions.
Without detailed knowledge of the analysis conducted by Biermann et al. (2000) and
Norman et al. (1999) to produce refractive indices, it is not possible to positively identify the
origin of the observed differences in refractive index scaling. However, from the information
given by the authors (and personal communication), possible causes for these discrepancies
can be suggested, including: (1) unattributed effects resulting from different experimental
approaches, and (2) variation resulting from different analytical techniques. Indeed, the
different analytical methods used by these groups to derive refractive indices could result
in scaling offsets in the imaginary refractive index. For calibration of thin-film thickness,
Biermann et al. used room-temperature optical constants from tabulated literature sources
(Palmer and Williams, 1975; Querry and Tyler, 1980). The fact that these data are room
temperature and that differences between published experimental data are common may
lead to problems with this assessment of film thickness, and to scaling errors in the refractive
index (Biermann et al., 2000). Moreover, scaling problems may also arise from the analysis
conducted by Norman et al. (1999). Since Norman et al. could not produce the more
dilute nitrate aerosol particles without freezing the particles at radii below about 0.1 pm,
another method was used to produce a better approximation to a non-scattering spectrum
in these cases for Kramers-Kronig analysis. A spectrum of the smallest liquid aerosol was
modified by subtracting a theoretical scattering curve (a function of &) in order to produce
the non-scattering component. This process may introduce refractive index scaling offsets

through simplistic representation of size distribution dependent scattering, and could also
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be responsible for the anomalous zero k() values in some UNC nitrate aerosol data sets.

2.5.3 Ternary solutions

Very little data has been published relating to the optical properties of ternary solutions.
The only set of refractive index data directly measured from a ternary solution is the room
temperature bulk solution measurement of Adams and Downing (1986), with a composition
of 75 % HySO0y4, 10 % HNOg, and 15 % H»O.

Spectra, but not refractive indices, of ternary solutions have been measured in other
laboratory studies (Anthony et al., 1997; Biermann et al., 2000). Anthony et al. (1997)
measured infrared spectra of binary and ternary solution aerosol of compositions of relevance
to the stratosphere. The main emphasis of the work of Anthony et al. was to measure
freezing temperatures of ternary solution aerosol, and refractive indices of the aerosol were
not determined.

The only published source of refractive index data for low-temperature ternary solu-
tions over a range of compositions (published after this work commenced) is that produced
by Biermann et al. (2000); these indices are not directly derived from measured ternary
solution spectra, but are instead calculated from binary thin-film solutions using a ternary
solution calculator. Ternary solution refractive indices are evaluated from the linear summa-
tion of binary HoSO4 and HNOj solution refractive indices, weighted by weight percentage
composition of the ternary solution. The composition and temperature of the binary indices
used in the summation are selected from the Biermann et al. (2000) binary solution mea-
surements for the closest match to the ternary composition and temperature. The ternary
calculator relies on the key assumption that absorption (specifically the imaginary refractive
index, k(7)) of sulphate, nitrate and water ions in a ternary solution is very similar to that
in the corresponding binary solution. This assumption that there are no infrared absorption
features specific to the ternary system is supported by laboratory evidence (Anthony et al.,

1997; Koehler et al., 1992).
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2.5.4 Temperature dependence of sulphuric acid in ternary solutions

During the early experimental stages of this thesis, work was undertaken with project part-
ners at the Rutherford Appleton Laboratory (RAL) within the framework of the European
Union funded POSTCODE project (Remedios et al., 2000). The main task involved com-
paring a composite spectrum of STS aerosol (McPheat et al., 2002), measured in the early
stages of this work, with optical data produced by the ternary calculator of Biermann et al.
(2000). A single composite aerosol extinction spectrum, composed of two spectra measured
with different detectors to extend the spectral range from 750 to 13000 cm™!, was com-
posed.” The temperature of the STS aerosol was identified as 182 + 5 K; the temperature
error improved in later experiments following the system characterisation undertaken for
this thesis. Although this temperature is several degrees below Tice, the STS aerosol re-
mained fully liquid since no spectral features associated with freezing were detected; this
can be accounted for by the fact that up to 4 K of supercooling below Tc, and thus a
temperature below approximately 184 K (within the error of the measured temperature),
may be required to homogeneously freeze liquid aerosol to ice (section 1.3.3).

The Biermann et al. (2000) ternary solution refractive index calculator was employed
to calculate refractive indices at the measurement temperature over a range of composi-
tions. An adapted Mie forward model code was used to determine aerosol size distribution
parameters from the composite spectrum using a log-normal particle distribution over the
cell path-length. The size distribution was determined by fitting the spectral region above
4500 cm~!, where absorption is negligible in this case. The refractive index data output by
the Biermann et al. ternary calculator were used to generate simulated extinction spectra
using the Mie code, which were then compared with the composite spectrum. The best fit to
the composite spectrum was obtained by using indices calculated by the ternary calculator
for a composition of 20.9 wt% HaSOy4, 12.0 wt% HNOj3. The best fit extinction spectrum

matches the composite spectrum to within 10 % between 1300 to 3400 cm~!, and above

"Flow rates of SO3/N» = 400 sccm, H,O/HNO3 /Ny = 200 sccm, and H2O/N» = 400 sccm were used
(1000 sccm total).
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Figure 2.8: Best fit of Biermann et al. (2000) refractive indices to the laboratory STS aerosol
composite spectrum at 182 K. Top panel shows relative extinction (black line is the composite
spectrum, red line is the simulated spectrum), and lower panel shows the percentage residual.
Particle density N =2.4x107 cm ™3, median radius r = 0.18 pm, and log-normal spread o =1.99.
The composition of the best fit Biermann et al. indices is 20.9 wt% H2SOy4, and 12.0 % HNOs;.

4000 cm™!, as can be seen in figure 2.8. The divergence below 1300 cm™!, and principally
the differences in the sulphate feature around 1100 cm ™!, have been reported elsewhere
(McPheat et al., 2002; Bass et al., 2000a,b) — similar differences have also been observed
between other published data (Biermann et al., 2000; Niedziela et al., 1999).

As discussed in section 2.5.1, Niedziela et al. (1999) note differences around 1100 cm ™!
between their aerosol data and thin-film indices of Tisdale et al. (1998), and suggested that
fundamental differences exist between thin-film and aerosol refractive indices. However, in
this case a check of the binary data used for the Biermann et al. ternary index calculation

reveals that the nearest binary HoSO,4 composition measurement is a 20 wt% HsSO4 solution

at 253 K. This emphasises a limitation in the use of binary thin-film data for calculation
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of ternary indices — below freezing temperature, thin-film solutions heterogeneously freeze
on the substrate preventing significant supercooling as may be observed in stratospheric
aerosol, a concern for dilute solutions which have higher freezing temperatures. In ternary
solutions where either the HoSO4 or HNOj3 component is relatively dilute, as is the case
regarding HoSOy4 for the composite spectrum and at low temperatures close to T'i¢e in the
stratosphere (section 1.3.3), the corresponding binary measurement cannot be performed
in thin-film form at temperatures as cold as the polar stratosphere. Additionally, Lorentz-
Lorenz correction cannot account for the temperature dependence of absorption features
(Grainger et al., 1995), so accurate representation of temperature dependence of ternary

solutions is impeded.

2.5.5 Ternary refractive indices from binary measurements
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Figure 2.9: The composition and temperature of refractive indices in (a) the Biermann et al. (2000)
data, and (b) the UNC data.
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In addition to the clear relationship between infrared absorption bands and com-
position for both HySO4 and HNQg features, the temperature dependence of HySO4 has
been identified in the ternary system and from published binary solution data. Conversely,
HNOj3 absorption bands appear to exhibit a much weaker temperature dependence. There-
fore, in order to characterise the infrared absorption features of sulphuric and nitric acids
for use in remote sensing, it is important to undertake measurements at stratospherically-
relevant compositions and temperatures (for HoSO4 solutions in particular). So far, the
most comprehensive sets of binary solution refractive index data that fulfil these criteria
are the binary HoSO4 and HNOQOg indices produced in the aerosol experiments of the UNC
group (Niedziela et al., 1998b, 1999; Norman et al., 1999), and the binary HySO4 and
HNOj indices measured in the thin-film experiments of Biermann et al. (2000). The range
of compositions and temperatures covered by these data is represented in figure 2.9. These
refractive indices are used later in this thesis for the determination of composition from
retrieved band parameters (section 7.1).

Biermann et al. (2000) showed that thin-film binary refractive indices could be com-
bined in their ternary calculator to reproduce direct measurements of ternary solution
refractive indices, although some discrepancies are evident in this comparison. The critical

questions regarding use of the Biermann et al. ternary calculator are:
1. Do the thin-film data reproduce the refractive indices of aerosol in the stratosphere?

2. Does it cover an appropriate composition and temperature range to reproduce data

of relevance to ternary solution PSCs?

3. What are the errors in the binary refractive index data and the what are the combined

errors in the ternary data from (1) binary indices, and (2) and model uncertainties?

In response to the first question, it is not straightforward to assess whether the differences
observed between published data result from experimental approach or thin-film/aerosol

differences. The differences in the temperature dependent sulphuric acid feature around
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1100 cm ! between data sets has been noted (section 2.5.1). Biermann et al. (2000) at-
tribute this variation to unquantified experimental differences. Detailed analysis of pub-
lished low-temperature binary HoSO,4 refractive indices for both thin-film and aerosol forms,
conducted for band parameter calibration against composition later in this thesis (sec-
tion 7.1), revealed a consistent difference between sets of published data in sulphuric acid
absorption bands around 1100 cm™! between thin-film and aerosol measurements. From
the information provided by the authors, it is difficult to assess the likely cause, although it
is speculated here that this may be a result of differences between spectroscopic behaviour

of thin-film and aerosol solutions of HySOj4.
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Figure 2.10: Results from the thermodynamic model of Lin and Tabazadeh (2001) showing the
range of ternary solution compositions in the stratosphere; the equivalent temperature in the
stratosphere used for this calculation is shown on the right axis. The thick black line represents
typical stratospheric HNO3 and HyO vapour concentrations of 5 ppmv and 10 ppbv respectively,
and the dashed lines represent likely variation of £ 50 % in H,O and + 20 % in HNOj3. The
regime inside (to the top right hand side of the lines) the coloured boxes indicates the composition
range measured by Biermann et al., i.e. the lines represent the most dilute measurements at each
temperature.

The second question can be investigated by comparing the range of compositions
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measured by Biermann et al., figure 2.9(a), with the expected range of compositions in the
stratosphere, represented earlier in figure 1.7, but reproduced in a different form here to
compare against the measurements of Biermann et al. in figure 2.10. It can be seen that the
binary refractive index data used for the Biermann et al. ternary calculator encompasses
the entire range of expected compositions for ternary solutions in the stratosphere at 293 K.
However, the critical point is that at the lower end of the Biermann et al. temperature range,
i.e. at temperatures approaching those relevant to ternary aerosol system in the stratosphere
(see right hand axis in figure 2.10), the measured compositions are too concentrated to be
of relevance to the stratosphere. This is only a problem if solutions are found to exhibit a
strong temperature dependence. Although the temperature dependence of HNOj solutions
is weak, a stronger temperature dependence in some absorption features of binary HoSOy4
solutions (and HySO, features in ternary solution) has been identified. It is not known
whether the temperature dependence of absorption features in ternary solution differ from
those in binary solution. This limitation of the Biermann et al. data may explain the
discrepancies observed between the Biermann et al. ternary calculator indices and spectra
produced in this and related work (section 2.5.4), and may constrain the applicability of
Biermann et al. ternary calculator in analysis of ternary solution PSCs in the stratosphere.
Thus, assuming the temperature dependence of HNOj is negligible, the Biermann et al.
ternary calculator may only accurately represent ternary refractive indices with HoSOy
components above 30 wt%, the most dilute HoSO4 concentration measured at 193 K.

The lack of low-temperature measurements in the Biermann et al. data is probably
due to experimental limitations of thin-film experiments. It is not possible to achieve the
supercooling required for the stratosphere for dilute acid concentrations of relevance; at
stratospheric temperatures the substrate surface initiates (heterogeneous) freezing of the
solution below frost temperature. Despite the apparent advantage of aerosol experiments
in this respect, the UNC data simply does not contain HoSO4 measurements in this low
composition/low temperature regime. The only other ternary solution refractive index

data available for comparison with the ternary calculator of Biermann et al. are the bulk
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solution indices of a 75 % HySO4, 10 % HNO3, and 15 % H5O solution, directly measured
by Adams and Downing (1986) at 298 K. However, this composition is outside the range of
validity (total acid concentration must be less than 80 wt%) of the Biermann et al. ternary
calculator, so it is not relevant to compare these data.

Finally, wavenumber-dependant errors for the binary refractive indices of Biermann
et al. (2000) were not published. Without these uncertainties, assessment of whether the
observed differences between output of the ternary calculator and the selected ternary mea-
surements used for testing the ternary calculator by Biermann et al. cannot be attributed to

either errors in the binary data, or uncertainties resulting from use of the ternary calculator.

2.5.6 Determination of composition

One of the most challenging aspects of temperature-dependant experimental studies appears
to be the accurate determination of liquid composition (Niedziela et al., 1999). In thin-film
studies composition is commonly indirectly determined from characterisation of the vapour
deposition process (Toon et al., 1994; Iraci et al., 1998), or film analysis using temperature
programmed desorption methods (Koehler et al., 1992). In the aerosol experiments of the
UNC group, high resolution measurements of gas lines were undertaken with a tuneable
diode laser to characterise vapour pressure of HoO (Niedziela et al., 1999) or H,O and HNOj
(Norman et al., 1999). With knowledge of the temperature, only the vapour pressure of
H5O need be known to calculate the composition of binary HoSO4 or HNOg3 aerosol from
appropriate thermodynamic theory to a quoted accuracy of +1 % (Niedziela et al., 1999),
assuming the aerosol is in thermodynamic equilibrium. However, the vapour pressure of
HNOj3 was also measured in the nitric acid aerosol experiment of Norman et al. (1999)
as a double-check on the accuracy of composition determination and to verify HNOj3 gas
measurement in advance of a planned ternary aerosol measurement where both HoO and

HNOQj3 vapour pressures are required to determine composition.?

8Equilibrium concentrations of HoSO4 gas are so low that this gas can not be practically measured in
laboratory aerosol experiments.
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An alternative approach to aerosol composition determination was adopted by An-
thony et al. (1997). The areas below selected bands from measured absorption spectra,
representative of HoSO4, HNO3 and HsO, were measured by drawing a line across the base
of bands and assessing the absorption band area. The ratio of a single sulphate band area
and two nitrate band areas against a water band area were calibrated against the composi-
tion of binary species, and then used to assess composition of ternary aerosol. This method
is less accurate than the vapour-based technique reported by Niedziela et al. (1999), with

a quoted composition accuracy of + 3 wt% for HNO3 and HySOy, and £+ 6 wt% for H5O.

2.5.7 Experiments to determine the real refractive index for liquid PSCs

Laboratory experiments (Luo et al., 1996; Krieger et al., 2000b) have demonstrated that the
refractive index at high wavenumbers (above approximately 4000 cm™!), mq, by definition,
is a function of solution composition and temperature. The importance of my is that, in
addition to the size distribution of aerosol (or thickness of film), it defines the extinction of
the medium in the scattering dominated spectral region above 4000 cm™! (towards visible
wavelengths). Krieger et al. (2000b) present an empirical fit to measured thin-film binary
data for purposes of modelling the real refractive index at visible wavelengths for the ternary
solution system over a range of compositions and temperatures; temperature-dependant
variation of the refractive index is modelled by the Lorentz-Lorenz relationship. Although
the model of Krieger et al. (2000b) is in agreement with previous laboratory work (Luo
et al., 1996), some field studies have problems relating theoretical values to observations of

the stratosphere as discussed previously in section 2.1.4.
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2.5.8 Band parameters compiled from literature

Table 2.1: Table of published band parameters.

Molecule Band (em Hmax | Y(em ™) | k(7)max
BH2SO4 >T70wt% 564

qQH20 v, 580 500 0.443
BSO42_ 593

sHSO,4~ 613

QHNO3 vg(A") 691 + 2 26 £ 6 0.256
QNOg_ V4(E) 730 + 7

QHNO3 vg(A") 778 £+ 2 15 £+ 2 0.259
QNO3™ vo(As) 820 + 3 35 £ 10 0.198
BSO427 885

BH2SO4 >T70wt% 905

QHNO3 vs(A") 949 + 2 49 + 4 0.361
BH2SO4 >T70wt% 965

BS0,%~ 1030

BSO042~ 1050

BHSO,4~ 1104

BH2SO4 >T0wt% 1170

QH30+ VQ(Al) 1210 + 40

QHNO3 vy(A") 1304 + 2 50 £ 5 0.546
BS04% 1341

QNO3™ v3(E) 1350 £+ 2 157 + 10 0.099
BH2SO4 >T70wt% 1370

QHNO3 v3(A') 1429 + 2 98 + 6 0.294
QH20 vy 1640 110 0.137
QHNO3 ve(A") 1672 + 4 47 + 8 0.292
QH;J,O+ vy(E) 1742 + 15 | 180 £ 20 0.148
QHNO3 A 2633 + 20 0.082
QHNO3 2u3 2935 + 20 0.071
qQH20 v1,V3,2U5 3395 390 0.297

74

qQAfter Querry and Tyler (1980).
pAfter Biermann et al. (2000).

To assist in formulation of a physically-realistic a priori and first guess set of band
parameters for the CDHO model, an extensive literature survey was conducted to identify
physically realistic band parameters for liquid solutions of nitric and sulphuric acid. In spite
of numerous publications concerning thin-film and (fewer) aerosol measurements, little data

exists on the fundamental physical properties of individual oscillators from spectra. Indeed,
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the most comprehensive set of band parameters dates back to Querry and Tyler (1980),
although these measurements were limited to room temperature (300 K) bulk solutions of
HNOj3. Querry and Tyler (1980) present the central frequencies, half-widths and strengths
of infrared absorption bands due to vibrational modes of liquid water and intra-molecular
vibrational modes of NO3, H30" and HNO3. The Querry and Tyler band strength S is
evaluated from S, = pio Jounq £(7) div where pg is the molecular density [molecules/cm?];
this is essentially the area under a band corrected for density in the imaginary refractive
index. Thus, S, values are not directly interchangeable with band intensities S;, as used
in the CDHO model, which are not a representation of area under a peak but maximum
intensity in imaginary dielectric space. Moreover, the refractive index location of band
centres will differ slightly from 2; positions in dielectric space, as demonstrated previously
(equation 2.29); since these differences are small, they can be neglected for purposes of
general comparison.

The Querry and Tyler (1980) bands are presented in order of ascending wavenumber
in table 2.1. The band column in table 2.1 details the modes of vibration of the listed
species as explained by Querry and Tyler. Additionally, a compilation of bands composed
by Biermann et al. (2000) from other literature sources for liquid sulphuric acid are also
included in table 2.1. Only central positions are listed for these bands, no other parameters
or details concerning mode of vibration are given, but this completes the list of main

absorbing species for sulphuric and nitric acid solutions.

2.6 Laboratory measurements of solid phase PSCs

Although the main focus of this thesis is to determine the optical properties of liquid STS
aerosol, a brief review of published laboratory studies of solid PSCs is presented here to

provide a comprehensive context.
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2.6.1 Crystalline solids

The main forms of solid PSC (section 1.3.3) are likely to be comprised of pure water ice,
NAT, and the more unstable nitric acid dihydrate (NAD, 1:2 HNO3/H20). Refractive
indices for pure water ice have been characterised over a range of temperatures, and data
appears to be in broad agreement between groups (Downing and Williams, 1975; Kou et al.,
1993; Clapp et al., 1995). However, a recent review of spectral properties of NAT and NAD
films and aerosol reveals that there may be several spectroscopically different forms of these
hydrates (Tisdale et al., 1999).

Two spectroscopically-distinct types of NAT have been reported in literature. In thin-
film experiments, below a temperature of 185 K in the initial cooling cycle, a-NAT forms.
Upon annealing (warming) above 188 K, or through vapour deposition at temperatures
above 183 K, a-NAT transforms to more stable 5-NAT (Koehler et al., 1992). Koehler
et al. hypothesise that during the NAT conversion from a to 8 forms, the waters of
hydration change from a mixture of random hydrogen bonds to a more regular array of
hydrogen bonds. The refractive indices of both forms of NAT, in addition to NAD and
nitric acid monohydrate (NAM, 1:1 HNO3/H20), and amorphous NAM, NAD and NAT,
were first measured in the thin-film experiments of Toon et al. (1994), and are illustrated in
figure 2.6. In aerosol experiments, NAT has been produced by cooling liquid aerosol below
glass temperature and annealing the resulting amorphous solid to induce crystal formation
(Richwine et al., 1995; Bertram and Sloan, 1998b). At the low glass point temperatures
(around 150-160 K) required for solid particle nucleation in aerosol experiments, the «
form of NAT precipitates from the amorphous solid, and the characteristic features of S-
NAT have not been observed in aerosol experiments. However, it is expected that a-NAT
can convert to -NAT under stratospheric conditions (Koehler et al., 1992), so the thin-
film optical constants of -NAT (Toon et al., 1994) may be more appropriate for remote
detection of NAT aerosol in the stratosphere (Tisdale et al., 1999).

It has been proposed that heterogeneous nucleation on a substrate in thin-film ex-
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Figure 2.11: (a) NAD thin-film (Toon et al., 1994) and aerosol (Niedziela et al., 1998a) imaginary
index comparison, data points have been plotted for the film index to show the resolution of this
data, which is much lower than the aerosol data. (b) A comparison of NAT thin-film (Toon et al.,
1994) and aerosol (Richwine et al., 1995) indices.

periments may lead to different spectral characteristics for crystalline forms resulting from
interactions with the substrate, complicating the application of thin-film derived refractive
indices for application in analyses of stratospheric PSC particles (Anthony et al., 1997;
Richwine et al., 1995; Niedziela et al., 1998a; Bertram and Sloan, 1998a). Niedziela et al.
(1998a) argue that thin-film spectra from other experiments are different to each other and
different to UNC aerosol spectra for crystalline forms. Figure 2.11 illustrates a comparison
of the UNC aerosol indices (Richwine et al., 1995; Niedziela et al., 1998a) with thin-film
indices for NAD and NAT (Toon et al., 1994), at similar temperatures. Although the film
indices are low resolution, clear differences can be seen in the residuals, which are not sim-

ply a result of intensity (or scaling) differences. In their review of optical properties of
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NAH, Tisdale et al. (1999) suggest that optical constants measured using thin-films and
aerosol are both suitable for remote infrared observation of PSCs, asserting that the main
variables that influence spectral characteristics of NAT and NAD are formation conditions
and temperatures. Tisdale et al. (1999) also suggest that NAT could be birefringent, with
its optical signature highly dependant on crystallographic orientation; in this case no single

set of refractive indices would be truly reliable for PSC detection.

2.6.2 Amorphous solids

By definition, amorphous solids have frozen without an organised crystalline lattice form;
homogeneous precipitation takes place when cooled below nucleation temperature or glass
point (Bertram and Sloan, 1998a). Bertram and Sloan observed that liquid aerosol particles
of 1:2 HNO3/H50 stoichiometry remained liquid in a cooling cycle down to their glass
temperature at around 160 K, when they solidified as amorphous 1:2 HNO3/H2O particles.
Upon annealing the aerosol gradually crystallised into NAD, until all particles become
crystalline NAD when the temperature exceeded 168 K. The same group also undertook
the same experiment with 1:3 HNO3/H20O droplets (Bertram and Sloan, 1998b), and found
that similar temperatures were required to solidify the droplets to amorphous form and
anneal them to produce NAT.

Bertram and Sloan conclude that, under stratospheric conditions, homogeneous nu-
cleation into amorphous form occurs on time-scales of one hour to one day at temperatures
of 170-175 K, at stratospheric pressures. These temperatures are too low for these processes

to be important in the polar stratosphere for NAD and NAT formation.

2.6.3 Summary

This review has highlighted significant differences in refractive indices of the same forms
of solid PSC between data published from different research groups. There is some ev-
idence that this may be caused by different experimental methods, i.e. through inter-

action with thin-film substrates, or by dependence on formation conditions. Indeed, as
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concluded by Tisdale et al. (1999), it is clear that further laboratory studies, conducted un-
der stratospherically-relevant conditions, are required to accurately characterise the optical

signatures of NAD and NAT for remote detection of PSCs in the stratosphere.

2.7 Summary: The case for infrared refractive index mea-

surements of PSC particles

The infrared spectroscopy of PSC is characterised by broad-band absorption features which
arise from the chemical speciation of the medium. Laboratory studies have revealed that
different types of PSC have distinct absorption characteristics (Toon et al., 1994). Thus,
the configuration and relative strengths of the absorption bands have potential use in iden-
tification of PSC type and liquid composition from remote sensing in the infrared. Spectral
extinction in the infrared originates from a combination of absorption and scattering, which
can be modelled in the stratosphere with knowledge of the wavelength-dependant complex
refractive index and some assumptions (or in situ measurements) of the size distribution
of PSCs, to yield PSC volume and, more importantly for analysis of chlorine activation,
surface area of PSCs. Knowledge of the radiative properties and stratospheric loading of
aerosol is also necessary to model the effect of aerosol on radiative forcing, and effect on
climate.

Refractive index data can be calculated from laboratory spectroscopy of PSCs, al-
though both the spectral analysis and experimental procedure are non-trivial. Although a
wide range of solid forms of PSC and liquid compositions have been measured, this review

has identified the main problems with published refractive index data:

1. No refractive indices have been derived from direct spectral measurements of the
liquid ternary system over a range of stratospherically-relevant compositions and tem-

peratures in either thin-film or aerosol form;

2. Comprehensive wavenumber-dependent uncertainties have not been provided with
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any published set of refractive indices;

3. Significant discrepancies exist between refractive index data of the same types of PSC

for liquid and solid forms of PSC published by different research groups.

Knowledge of the uncertainty of derived refractive index data is necessary to assess resultant
uncertainty in the measurement of PSC properties through remote sensing (i.e. aerosol
volume/surface area), and to determine the accuracy of combining binary indices to produce
ternary solution refractive indices.

An understanding of the underlying causes of the discrepancies between published
refractive indices for the same forms of PSC is necessary to improve future experiments,
and to provide consistent stratospherically-relevant refractive index data. Explanations

proposed in literature include:

e Differences in solid forms have been attributed to fundamental differences between
thin-film and aerosol experiments (i.e. thin-films may interact with the substrate),

and dependence on formation conditions/crystallographic orientation of crystals;

e Differences in liquid measurements, primarily the temperature-dependant sulphate

1

features around 1100 cm ™', remain unexplained — Biermann et al. (2000) state that

the “differences in data sets are reflecting uncorrelated problems of methods used.”

In the case of liquid PSCs, if the explanation of Biermann et al. (2000) stands (second point
above), then determination of refractive indices representative of stratospheric PSCs can
only be determined from measurements conducted under stratospheric conditions. Indeed,
as identified in this chapter, it is not possible to supercool liquid thin-film solutions, of
binary compositions of relevance to the stratosphere, to PSC-temperatures without freezing
the film; thus any temperature dependence of absorption features of supercooled PSCs
cannot be characterised with thin-films. This implies that, in order to determine indices
of relevance to the stratosphere, it is necessary to derive refractive indices from spectra of

ternary solution aerosol of stratospherically-relevant compositions at temperatures of the
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polar stratosphere (i.e. significantly supercooled).
In order to ensure that the data produced from this thesis address the main gaps in
scientific knowledge by providing a set of refractive indices relevant to stratospheric aerosol,

it is important to:

e Measure ternary solution aerosol at cold temperatures and compositions of relevance

to the stratosphere;
e Establish the accuracy of derived refractive index data for ternary aerosol;

e Characterise the temperature dependence of absorption features in ternary solution

aerosol.



Chapter 3

Fourier Transform Spectrometry

Fourier transform (FT) spectroscopy is utilised for the generation of spectra for this work; as
such, an overview of this technique is necessary but is also important for an understanding
of instrument effects on spectra. Advantages over classical techniques are fundamental
and distinguish this as the foremost technique for modern spectroscopy, particularly in the
infrared region. Many published works exist that explain the techniques and applications
of FT spectroscopy (Gronholz and Herres, 1985; Beer, 1992; Banwell, 1983; James, 1995;
Chamberlain, 1979), and so this discussion will be restricted to the main elements of FT

techniques.

3.1 Introduction

With a conventional dispersive spectrometer, such as a scanning prism or grating spec-
trometer, the voltage output through a detector at each discrete frequency point is directly
related to radiation at that frequency. Fourier transform spectrometers are more sub-
tle since the detector does not measure the output as a function of frequency. Rather,
the interference pattern from re-combined beams of radiation which have travelled differ-
ent distances (path difference) is determined. The detector signal is thus a measurement

of beam interference from which the spectrum can be extracted using the mathematical

82
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Figure 3.1: The Fourier transform of (a) the summed sine waves in the time domain to (b) their
corresponding amplitudes in the frequency domain (Banwell, 1983).

technique of the Fourier transform. The detector measures all spectral frequencies simul-
taneously at each discrete measured path difference point between the beams to construct
the interferogram. Increasing path difference implies increasing orders of interference and
therefore greater measurement resolution. Figures 3.1 and 3.2 help explain what is meant
by this concept. First, consider a single, infinitely thin spectral line (Dirac delta function)
emitting radiation at a precise frequency, v. In the frequency domain it appears as a single
line, but in the time domain is appears as a simple sine wave, oscillating at frequency v.
Next, consider two emission lines at different frequencies, in this case the detector records
the summation of the two sine waves in the time domain (figure 3.1). The detector signal
also shows an overall oscillation at a frequency which is the difference between the two
frequencies - the beat frequency. The combined sine waves can be mathematically resolved
into frequency components; knowledge of the time domain signal at four points will give
the solution of four simultaneous equations. As progressively more sine waves are added
at discrete frequencies this process becomes more complex, with more equations to solve,

but the principle remains the same. In reality spectral lines are broadened to some extent,
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but again can be represented by summations of sine waves about a central frequency, or
essentially a package of waves which have infinitely small differences in frequency about the
central peak. Figure 3.2 shows the time domain beat oscillation signatures of (a) a narrow
emission line and (b) a broad line at the same frequencies. It is clear that the broader the
line, the faster the signal decays in the time domain. The time domain signal decays since,
whilst all the sine waves are in phase initially (the centre burst), as time elapses the package
of many different frequencies will become out of phase, so that their product tends to zero
with time. The same is true of the variation of the interferogram; radiation combines con-
structively at zero path difference (ZPD), and decays towards increasing path difference.
This illustrates the equivalence of the time and path difference variables. Following this
argument to its conclusion, a white source would have a single central peak that has no
beats in the time domain, since it would consist of superimposed sine waves over the entire

frequency range.
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Figure 3.2: Time domain signal as a spectral line varies in position and width (Banwell, 1983).

Converting a white source interferogram signal from time domain to frequency do-

main using simultaneous equations would be very time consuming, but theoretically possi-
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ble. However, the process of converting spectral information from the time domain to the
frequency domain can be performed in a much more straightforward way by application
of the fully reversible Fourier transform.! This mathematical transform is basically an in-
tegration of the complex interferogram, to produce the spectrum intensity with frequency
from the real part of the transform. In the case of a measured interferogram (section 3.2),
the time variable is equivalent to mirror travel distance, z, so the conjugate variables &
and 7 are used.? The interferogram function I;(z) can be recovered from the frequency
spectrum S(7) by inversion. The inversion has the same form as the initial transform, and
in this case since S(7) is real and I(x) is symmetric about the centreburst, then Iy(x) is
the FT of S() and vice versa, forming a Fourier pair.®

A revolutionary development in the history of Fourier spectrometry was the develop-
ment of the Cooley-Tukey algorithm in the 1960s. Now known as the Fast Fourier Transform
(FFT) (Brigham, 1974; Griffiths and de Haseth, 1986) this technique permits calculation of
a discrete (summation rather than continuous integral) transform in 2Nlogs N operations
rather than 2N2, which results in a substantial reduction in computing time for a Fourier

transform, making the FT technique viable on all modern computing platforms.*

3.2 The interferometer

The optical configurations of the Bruker spectrometers used in this thesis are essentially a
variant of the Michelson interferometer, using a collimated source rather than an extended
un-collimated source.® A basic schematic showing the layout of an idealised Michelson
interferometer can be seen in figure 3.3. Radiation is emitted from a stable internal source,

through an aperture (annulus) of area A;, and transformed into a collimated parallel beam

!Named after Jean Baptiste Fourier who developed the method in the early 1800s.

2S(#) is the Fourier transform of I'(x).

3Symbolically, S(#) = If(x), where only one integral has a negative exponent; the choice is arbitrary
but has to be adhered to for consistency in following calculations.

“For N = 10°, this yields a speed increase of 50000, transforming days of computing time into seconds.

5Strictly, this is a Twyman-Green interferometer.
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by a collimating lens (focal length f.).® The beam is then incident on a beamsplitter
(potassium bromide, KBr, in this case) which ideally transmits and reflects 50 % of the
incident radiation. The reflected half of the radiation is directed to a fixed mirror M; and
the transmitted half to the scanning mirror My, which can be moved to distance z from the
beamsplitter. Both reflected beams recombine to form a single beam at the beamsplitter
where 50 % is transmitted towards the output port and the reflected half is sent back to
the input port as an inevitable consequence of the design. The beams are coherent, and
therefore interfere upon recombination, having an optical path difference (OPD) of 2z.
After passing through the aerosol cell, the collimated beam is focused on a detector, where
the interferogram, which is the amplitude I¢(z) of the recombined beams as a function of
the moving mirror displacement, is measured. The interferogram can the be manipulated
and the FFT undertaken on a lab computer in order to obtain a spectrum in the frequency

domain.
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Figure 3.3: An idealised representation of the interferometer component of an FT spectrometer.

SFor infrared measurements, a 150 W silicon carbide globar source is used.
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3.3 Advantages of Fourier transform infrared spectroscopy

3.3.1 The Connes advantage

All motor drives are subject to slight inaccuracies, and the drive on the moving mirror
is no exception. To circumvent this problem, Fourier transform spectrometer (FTS) in-
struments employ the interference pattern of a monochromatic laser source for calibration;
early instruments used a CO, laser, most now use a red He-Ne laser source, as with the
Bruker instruments.” The recombined waves from such a monochromatic laser source have
a regular interference pattern, interfering constructively where OPD is an integer multi-
ple of )., the laser wavelength.® Now, the relation between the interferogram and z is
If(z) = S(i.) x cos(2ni.x), where wavenumber 7 = 1/X [cm™!], and S(7.) is the strength
of the monochromatic laser line at .. This permits very precise tracking of the moving
mirror. For spectra presented here, data acquisition was triggered when the laser signal
equals zero, i.e. twice per laser wavelength (undersampling; sample spacing divisor of 1).9:10
Thus, OPD can be simply deduced from the laser wavelength by counting the number of
fringes from ZPD.!! This gives FTS instruments an integrated wavenumber calibration of
better than 0.01 cm™! (Gronholz and Herres, 1985), depending on the accuracy to which

the laser wavelength is calibrated.

3.3.2 The Jacquinot or throughput advantage

In classical spectrometers radiation is commonly brought to focus on a slit, which is then
imaged on a detector. The narrower the slit, the better the resolving power of the instrument
since a smaller spread of frequencies falls on the detector at any point in time. However,

at high resolution the radiation passing through the necessarily narrow slit will be limited.

"For the Bruker IFS 66v/S the He-Ne laser (not temperature stabilised) 7. = 15798.08223 cm™'.

B2 xz=nxA (n=0,1,2,..).

®Higher undersampling spacing divisors can be used to reduce interferogram sampling points when a
lower wavenumber ceiling is required.

Y0For spectral measurements at wavenumbers above the laser wavenumber, electronic sample triggering
(oversampling; sample spacing divisor < 1) between fringes is required.

YMOPD = 22 = pigm/2 X Ac ; Pigm = no of interferogram points, A\, = laser wavelength.
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In the case of infrared radiation, where sources are not particularly intense and thermal
noise (section 3.5.5) can become a problem, the use of high-gain amplifiers to enhance
these small signals can lead to noisy signals; a compromise between resolution and noise is
necessary, limiting the useful resolution of classical instruments in the infrared. In Fourier
spectrometry, parallel beams are used throughout the system, until the light is brought
to focus on a detector; a slit is not required and a large fraction of the source energy is
imaged on the detector. Thus, the signal does not require as much amplification, drastically
improving the signal to noise ratio (SNR) and overcoming the resolution-limiting noise
constraint of classical instruments; as a result, FT instruments are far superior to classical

spectrometers for infrared spectroscopy.!?

3.3.3 The Fellgett or multiplex advantage

One of the great benefits of Fourier transform spectrometers is the fact that the mea-
sured frequency range is simultaneously recorded. In classical instruments each frequency
is examined consecutively until a required spectral window is swept out. This can be a
time-consuming operation, especially when the required information is only a few spectral
lines. Conversely, the measurement time of a FTS is the time taken to move the movable
mirror over a set distance for a required resolution. Since the mirror can be moved quickly,
it is possible to record consecutive medium resolution spectra at a sub-second rate; the
individual interferograms can be stored enabling Fourier transformation at a later time as
required. Combined with the throughput advantage, it becomes clear that FT spectrome-
ters can be used to attain much higher resolutions, especially in the infrared, than classical
spectrometers.

Other advantages include the fact that the resolution of FT spectrometers is nom-
inally constant over the entire spectral range (ignoring the effects of beam divergence,

section 3.4.3), whereas resolving power of a prism or grating instrument depends on the

12This is why FT spectrometers were initially developed for the low-energy far infrared region.
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angle between the output frequency resolved beam and the input radiation beam, which
varies with frequency and thus resolution becomes poor at the edges of the measured spec-
tral window. Finally, modern computing power enables rapid co-addition (averaging to

reduce random noise), manipulation and transformation of interferograms (section 3.5).

3.4 Practical limitations of an interferometer

3.4.1 Resolution

Counsider the interferogram of two spectral lines - the closer the frequency of the lines, the
further apart their beat oscillation will be in the interferogram; (a) and (b) in figure 3.2
illustrate this. For lines separated by d7 in the spectrum, the corresponding beat oscillation
in the interferogram will occur at f/§2. Hence, the limiting resolution of the FT instrument
is inversely proportional to the maximum optical path difference (MPD) of the scanning
mirror, such that resolution = f/MPD, where f depends on the definition of resolution
and other instrument effects (such as instrument line shape). Under the Rayleigh criterion,
applicable to dispersive spectrometers where the ILS is a sinc? function, f = 1, or if the full
width at half maximum (FWHM) is used then f = 0.603; the Bruker definition of resolution
is 0.9/MPD. The fundamental resolution limit is imposed by the overlap of two lines, i.e.

the ability to distinguish two lines.

3.4.2 Instrument line shape (ILS)

The finite MPD of an interferometer modifies the shape of measured spectral features.
Effectively, truncation of the interferogram at MPD is the same as multiplying an infinite
length (ideal) interferogram with a bozcar function B(z) where B(z) = 1 for 0 < z < MPD,
otherwise B(z) = 0 (for a single sided interferogram). Transformation of this function into

the frequency domain yields:

J(7) = sin(2nv MPD) /(272 MPD) = sinc(2n2 MPD) (3.1)
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This normalised sinc function (see figure 5.4) is convolved with the underlying ideal spec-
trum in the frequency domain; it is multiplied by the ideal spectrum at every frequency,

effectively as a running average. Symbolically, the result of the convolution theorem is:

I(z) x B(z) = FT = 5(5) ® J() (3.2)

Convolution with J(7) conserves the total power of the spectrum since the sinc function is
normalised (has unit area) but changes the appearance of spectral lines; the first sidelobe
minima have amplitudes 22 % of the central maximum. The ILS therefore smears the out-
put, resulting in loss of resolution, and the sidelobes can create some spectral artefacts, for
example transmission in excess of 100% in the sidelobes of a line. The process of apodisation
has been developed to smooth out spectra to produce something more like traditional spec-
tra; the interferogram is multiplied about ZPD, to maintain symmetry about line centres,
by an empirical function designed to cancel out the sidelobes of the ILS.!® Various apodis-
ation functions exist, but all result in further increase in width of the effective instrument
lineshape, and hence loss of information. It is desirable to achieve a compromise between
sidelobe reduction and loss of resolution for different situations; Norton and Beer (1976)
tested about 1150 functions to arrive at three preferred formulations. The apodisation

functions used for this analysis are detailed in section 3.5.2.

3.4.3 Beam divergence

An idealised interferometer has a point light source. In reality, all sources have a finite size
and hence beams in the spectrometer will not be exactly parallel. The finite aperture, Ay,
through which the beam passes, introduces oblique rays in the parallel beam resulting in
an asymmetric line shape, the effects of which can be deconstructed into two components:
(1) symmetric broadening of the lineshape, and (2) wavenumber dependent shift of central

wavenumber. A practical limit is imposed on the maximum measured wavenumber as a

13The term apodise originates from Greek, literally meaning feet remouval.
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function of the aperture diameter since:

_8f

Ymax = OPD . @2 (3:3)

where d = aperture diameter, and f = collimator focal length. For example, to achieve
a higher resolution, a longer MPD is required and thus the beam diverges further due to
the longer path distance; in order to maintain constructive interference along the whole
path progressively smaller apertures (with smaller angles of beam divergence) are required.
This imposes fundamental limits on maximum resolution of FT spectrometers; at higher
resolutions signal decreases with reducing aperture until decreasing SNR prevents useful
measurement. However, the Bruker IFS 66v/S is limited by MPD, not SNR, over the
spectral region of measurements presented in this thesis.

The wavenumber shift that results from beam divergence was first determined by
J. Connes, and its derivation is described in detail elsewhere (Chamberlain, 1979). The
wavenumber scale is shifted by d7 as a function of the apparent (unshifted) wavenumber of
the measurement, 7/, such that:

_ As ~1
47ch21/

6 = (3.4)

where A; is the source aperture area, and f. is the collimator focal length. Results for
the gas retrieval in section 5.2.3 show that this shift is seen clearly in our data, and is not
negligible since the compact nature of the Bruker IFS 66v/S requires a short collimator focal
length, resulting in a larger shift (especially at low resolution where a larger aperture can
be used). For example, i ~ —0.5 cm™! at 7000 cm ™! with the low resolution configuration

used for aerosol measurements
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3.5 Data processing

The software supplied by Bruker performs the necessary data manipulation to produce the
required spectra.'* As can be seen from the example measured interferogram in figure 3.4,
the raw interferogram of a broad polychromatic source has a strong peak around ZPD
z = 0, but much weaker wings which contain most of the spectral information. Hence
an analogue-to-digital converter (ADC) of high dynamic range is required to maximise
information content. In the Bruker setup a 16-bit ADC converter is used, with the first
bit indicating sign and the remaining 15 bits yielding decimal ADC counts up to 2! =
32768. Higher dynamic range, equivalent to 19-bit ADC, is achieved using a gain of 8 (23)
outside the interferogram centerburst region. A variable gain is also applied to the entire
interferogram in order to maximise signal for each detector and (field stop) aperture setting.
The spectrometer and detector-box rotating mirror are fully controlled from a dedicated
lab computer.

The proprietary software undertakes a number of steps for analysis of data. Raw
single-sided interferograms are acquired and stored initially stored in memory.'> After
each scan, interferograms are co-added (averaged); the user initially specifies the number
of scans required along with other measurement parameters. Co-adding interferograms
prior to transformation effectively reduces random noise according to standard statistical
sampling theory, i.e. SNR o< y/no. scans. The procedure is then to apply a zero filling
apodisation function, FFT the interferogram, apply phase correction, save the data and
then re-commence measurement after a set period or on user command. A description of

each main stage in data analysis follows.

4The Windows NT version of OPUS on the Bruker IFS 66v/S.
5Both sides about ZPD are not required since the interferogram should be symmetrical.
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Figure 3.4: A low resolution DLaTGS interferogram. Although this is a single-sided measurement,
516 data points are measured to the left of ZPD for phase correction purposes.

3.5.1 Zero filling

If the centre of a spectral line lies between two sample points in the wavenumber grid prob-
lems can occur; in the worst case, when a component lies halfway between sample points,
false signal reduction of up to 36 % can occur (Gronholz and Herres, 1985). Transmission
peaks in affected spectra appear badly clipped. This is known as the picket-fence effect,
but it is not so pronounced in cases where spectral lines are of similar or greater width
than the wavenumber grid. The solution to this problem is to include zeros at the end of
the interferogram, increasing the effective MPD but not introducing any extra information.
Zero filling the spectrum effectively interpolates the spectrum to a finer wavenumber grid.
In the worst cases of picket-fencing, a zero filling factor (ZFF) of up to 8 is recommended,
and the minimum recommendation is a ZFF of 2 (Gronholz and Herres, 1985). For all
spectra presented here, extra zero filling of at least ZFF=2 was applied, interpolating the

spectra to a grid with half or less the wavenumber spacing of the measurement resolution;
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to fulfil the FFT criteria for the number of interferogram points, additional zero filling was
automatically added (section 3.5.2). Since HoO gas lines are typically more narrow than
the highest measurement resolution used for this work, zero filling is advantageous in this
case, but is not necessary for broad aerosol or HNOj3 gas spectral measurements. More-
over, the gas retrieval forward model accounts for gridding effects to a certain extent in
the gas phase spectrum. The negative aspect of zero filling is the introduction of further
cross-binning of random errors, or cross-talk, so that random error at each wavenumber
point is no longer independent. The ILS and apodisation also contribute to cross-talk,
making it less straightforward to deal with error in the retrieval of gas phase components

(section 5.2.4).

3.5.2 Apodisation function

The need for deliberate application of apodisation functions has already been explained in
section 3.4.2. The functions used by OPUS on data presented here were Blackmann-Harris
3-term for all the low resolution DLaTGS measurements, and Norton-Beer Strong for high

resolution measurements.

3.5.3 Fast Fourier transform (FFT)

A price of using the Cooley-Tukey algorithm is that the number of points in the interfero-
gram has to be a power of 2. Resolution is pre-set by the user, fixing MPD and sample points
since there are two interferogram sampling points per laser wavelength (section 3.3.1). In
order to fulfil the FFT points criteria, zero filling is automatically applied to increase the

number of interferogram points, prior to application of specified zero padding (ZFF=2).

3.5.4 Phase correction

The purpose of phase correction is to determine the required amplitude spectrum S(7) from
the complex output C(7) of the FT process; artefacts arising from electronic, sampling and

instrument effects result in this complex spectrum rather than the amplitude spectrum.
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The main causes of phase error are ZPD not coinciding with a sample point, the one-sided
interferogram (section 3.5), and intrinsic asymmetry of the interferogram due to non-ideal
instrument factors or electronic filtering.'® Mertz phase correction was used in this study

(Born and Wolf, 1970).

3.5.5 Noise
Total signal to noise ratio (SNR) can be expressed as (Beer, 1992):

SNR — number of signal photoelectrons

(3.5)

Vtotal number of carriers from all sources

A comprehensive model would take account of temperature, transmittance, emittance, re-
flectance and scattering from all surfaces from source to detector. However, here we need
consider two main sources - noise from photon statistics (Poisson statistics), and system
noise which incorporates noise including that from the setup, electronics and thermal emis-
sion. Photon noise can considered to have a standard deviation of v/N where N is the
number of photons, and is therefore dependent on optical throughput and spectral filter
width. The relative random error falls with increasing radiation intensity (thus, high ab-
sorption leads to high standard error). Modern detectors are usually limited by photon
statistics, as other sources can be minimised, but in the infrared regime significant system
noise is generated by thermal emission from the detector. Thermal noise can be considered
as wavenumber dependent, decreasing towards the visible region and having an absolute
(rather than relative) magnitude. Use of liquid nitrogen coolant with the MCT detector
significantly reduces thermal noise (photon noise then dominates).

As previously stated (section 3.5), SNR increases proportionally with the square root
of integration time (number of averaged scans) with random errors. Unfortunately, the
OPUS software does not return an estimate of variance at each wavenumber from the co-

added scans used to produce spectra, since each scan is added into a running interferogram

16 A few hundred points are measured the other side of ZPD for phase correction; physically this represents
the offset of the fixed mirror from the beamsplitter.
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average and not stored for later analysis. Although later test measurements yield an esti-
mate of thermal noise, experimental conditions cannot be exactly reproduced, and photon
noise remains unknown, since the exact absorbance spectrum of aerosol is highly variable
so noise measurements can only be performed during experiments. Two main techniques
have been developed to overcome this limitation and estimate noise from spectra; local
comparison with the forward model for the gas line retrievals (section 5.2.4) and a global
next-neighbour analysis with low resolution spectra aerosol retrievals (section 5.4). More-
over, other sources of non-random error, such as interference channelling from the optics

and cross-talk of random errors create further problems (section 5.2.4).



Chapter 4

Experimental Configuration

The main objective of laboratory experiments conducted for this thesis was to generate
mimic PSC aerosol particles, principally supercooled ternary solution (STS) aerosol, for
determination of accurate refractive index data. The experiments were designed in order
to address the key gaps in scientific knowledge identified at the end of chapter 2. Thus, the

aims of the experiments were:

e To measure ternary solution aerosol at cold temperatures and compositions of rele-

vance to the polar stratosphere;

e To complement the range of conditions covered by Biermann et al. (2000) in terms of
composition and temperature, and to investigate use of the Biermann et al. thin-film

data for calculation of ternary solution indices of relevance to the stratosphere;

e To fully characterise the experimental system to determine PSC development and

assess the similarity of cell conditions to those in the stratosphere;
e To characterise the composition of liquid aerosol in the cell;
e To provide comprehensive uncertainties for all aspects of the experiment system.

Experiments were conducted at the Molecular Spectroscopy Facility (MSF) at the

Rutherford Appleton Laboratory (RAL), where expertise and equipment had been devel-
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oped through prior experiments to measure spectra of sulphate aerosol with a small cell,
detailed by Heathfield et al. (1999). Experiments conducted for this thesis evolved from
a similar methodology and setup to that described by Heathfield et al., to a considerably
more complex system involving use of a larger cell.

The experiments described in this thesis are segregated into two distinct sub-sets —
the main experiments and the settling experiments. The main experiments provide
the bulk of the experimental data used for the production of refractive indices in this work.
In the earlier settling experiments, in addition to measurements of stable aerosol, observa-
tions of aerosol falling under gravity were undertaken in order to assess possible variation
in aerosol size distribution. The earlier settling experiments did not have the advanced au-
tomated temperature monitoring system or the facility to measure high resolution spectra
with a separate detector (section 4.1.5) of the main experiments.

This chapter includes a description of the equipment used, followed by an overview
of the experiment methodology, including the main experimental principles. System char-
acterisation, including temperature calibration and aerosol generation, is described in the

next chapter.

4.1 Description of equipment

In this section the laboratory equipment used in the aerosol experiments is detailed, along

with the configuration of this equipment for the experiments presented in this thesis.

4.1.1 The large aerosol cell

For the experiments of relevance to this thesis, the larger of two aerosol cells available at the
RAL was employed. The large cell, described in detail by McPheat et al. (2001), provided

several key advantages over the small cell as used by Heathfield et al. (1999):

e An aerosol residence time of order 30 minutes, rather than 10-30 seconds in the small

cell under typical experimental conditions;



Chapter 4: Experimental Configuration 99

e The capacity to conduct aerosol settling experiments due to the alignment and much

greater vertical height of the large cell;

e Less interaction with the cell walls due to an internal volume to wall area ratio of

approximately eight times higher than the small cell.

The large cell is optically interfaced to the Fourier transform spectrometer (FTS)
via evacuated stainless-steel chambers and tubing. The stainless-steel inner vessel of the
large cell is 1.0 m in height and 0.3 m in diameter, with an inner volume of approximately
75 litres. As illustrated in figure 4.1, the cell was mounted vertically with gas/aerosol
injected at the top and evacuated from the base plate. Four view-ports, each at 90° to
each other, are located 0.27 m above the base plate. Calculations show that under typical
conditions of 200 Torr cell pressure and 190 K temperature, the gas residence time with
a total flow rate of 1000 standard cubic centimetres per minute (sccm) is approximately
24 minutes.!»? This calculation neglects factors such as the effect of gravity on particles
and turbulence, and assumes particles travel with no resistance to the gas flow. Anthony
et al. (1997) noted that, under similar experimental conditions to those here, complete
mixing of ternary solution aerosol should be achieved within 5 minutes; i.e. if two separate
binary populations of HoSO4 and HNOj3 aerosol were initially generated, these would form
a homogeneous ternary solution aerosol within this time period through vapour transfer.
Thus, the longer residence time of the large cell indicates that the aerosol measured by the
FTS at the base of the cell should be fully mixed and in thermodynamic equilibrium.

A major advantage of the large cell design is that the height and vertical orientation of
the cell allows for settling experiments. From Stoke’s law, it can be calculated that particles

of radius 1.2 pm (a size representative of the particles produced in these experiments) take

Px1.33%273.15Xv
1015XTX f

f = flow rate[sccm], t = residence time[min].
%1 Torr = 1.333 mb.

'Using t = where P = cell pressure[Torr], v = cell volume[cm®], T = temperature[K],
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Figure 4.1: Schematic of the large aerosol cell (left; R.G. Williams, RAL), and (right) image of the
large cell and detector box (in the foreground).

approximately 58 minutes to gravitationally settle 1 m at 190 K, neglecting turbulence.?>*
Thus, if flow into and out of the cell is shut down, and the cell contents are isolated, particles
would settle out at different rates, with smaller particles taking longer to descend. Two
competing effects should then act to vary particle size compared with the flow situation.
The larger particles in the distribution settle out faster, leaving smaller particles behind and
a reduction of mean radius with time. At sufficiently high particle densities, coalescence
of particles to form larger particles may become important with time. Analysis of the
results of settling experiments, with retrieved aerosol size distribution, is described with

the characterisation of the experimental system in section 5.1.2.

39.0%(Psot—Pgas)

3 . _ — . . — . . 2
Using v = PYoY G Y- () VT where v = particle velocity[m/s], g = acceleration due to gravity[m/s®],
a = particle radius[m], pso; = solution density[kg/m®] for ~ 40 wt% H2SO,4 solution, pg.s = gas den-

sity[negligible], n = gas viscosity[N s/m?], Troom = room temperature[K], T = cell temperature[K].
Gas viscosity is independent of gas pressure except at very low and very high pressure (Kaye and Laby,
1973).



Chapter 4: Experimental Configuration 101

4.1.2 The aerosol generation system
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Figure 4.2: Schematic of the aerosol generation system.

In order to create ternary solution aerosol in the large cell, the aerosol generation
system was designed operate through a process analogous to that which takes place in
the stratosphere. As in the stratosphere, the initial aerosol formed in the experimental
system is sulphuric acid, produced in this case at room temperature. Additional HNOg
and HoO vapour are added at controlled rates. Upon entry into the cell the sulphate
aerosol composition should change with cooling due to condensation of volatiles according
to thermodynamic theory, with the condensation of HNOj3 vapour resulting in the formation
of ternary solution aerosol. It follows from simple thermodynamic theory that, in addition
to internal cell temperature, variation of relative flow rates should control the composition
of the aerosol.

Figure 4.2 shows a basic schematic of the aerosol generation system as used in the
main experiments, and a more detailed representation of the (slightly different) system
employed for the settling experiments can be seen in figure 4.3. Up to four separate mass
flow controllers (MFCs; MKS 1179A with Kalrez seals) were used to channel high-purity

inert No buffer gas through the aerosol generation system with maximum flow rates of
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Figure 4.3: Detailed schematic of experimental setup. Valves on the generation side are marked
FMYV, on the vacuum pump side are marked VMV, the rotary pumps are marked RP, the diffusion
pump DP, and the pressure gauges VG (D.A. Newnham, RAL).

2000 sccm (dry Ng only) and 500 sccm. The separate streams are combined prior to entry
into the cell through the top plate, and evacuated through the base plate, maintaining a
constant system pressure and flow through the cell (thus a pressure gradient exists across
the system). For all the experiments detailed in this thesis, the internal cell pressure was
maintained at 200 Torr in a constant flow situation. A 1000 mb full-scale pressure gauge
(MKS 750 Baratron) provided pressure readings which were used by an automatic system to
control the variable aperture valve (MKS 248; AV1 in figure 4.3) and ballast the evacuation
rotary pump with Ny, hence maintaining a constant cell pressure. This system successfully
controlled the pressure to within + 5 Torr of the set-point.

Acid resistant materials were used throughout the aerosol generation system. The

bubblers, baths and traps were made of borosilicate glass and were connected in the system
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by flexible perfluoroalkoxy (PFA) tubing with PFA vacuum seals and polytetrafluoroethy-
lene (PTFE) valves. This provided a gas-tight system that could be used at low pressure
without significant leaks of air into the system. Only the PTFE valves between the oleum
bubbler and the sulphuric bath showed signs (blackening) of significant chemical attack;
this was due to the highly reactive nature of SO3 gas. These components were periodi-
cally replaced to ensure pressure integrity of the system. Double-tubed glass traps were
situated (figure 4.3) between the MFCs and the bubblers to contain acid and protect the
MFCs from acid in the event of any excess pressure build up due to a blockage (by ice, for
example) in the aerosol generation system. Other precautionary safety measures included
placing the bubblers in vessels containing absorbent materials and permanently mounting
the gas/aerosol generation equipment behind Perspex screens.

The generation and modification of aerosol particles is described in the remainder of

this section.

Generation of sulphate aerosol. Aqueous sulphuric acid aerosol was generated at room
temperature prior to entering the cell. Nitrogen buffer gas was initially directed through
an oleum (fuming sulphuric acid, 27% to 33% excess SO3, Fluka) bubbler.> This liberates
a small quantity of SO3 gas into the flow. The SO3/N, flow is directed above the surface of
the sulphuric acid bath, causing rapid homogeneous nucleation of sulphuric acid aerosol.®
The sulphate aerosol produced is clearly visible to the naked eye above the sulphuric acid
bath, as can be seen in figure 4.4.

The process of sulphuric acid aerosol generation is not well characterised (Lovejoy
and Hanson, 1995), but probably involves gas phase reaction of SO3 with HoO to produce
gas phase HoSOy4, which in the presence of HoO nucleates aqueous HoSO4 and grows further

by condensation of HySOy4, SO3, and H2O from the gas phase. Other proposed mechanisms

5To ensure that removal of SOz from the oleum did not impact the experiments, a fresh sample of a
relatively large quantity (approximately 50 cm®) of oleum was used for each experiment period.

5Previous experiments at the MSF had determined that this was indeed homogeneous nucleation by
injecting varying amounts of condensation nuclei into the stream.
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Figure 4.4: Aerosol forming as the SO3/N, stream flows across the surface of the sulphuric acid
(conditioning) bath. The filling port can also be seen at the top of the glass vessel.

involve clusters of SO3/H20, but are not well understood. What is clear is that the compo-
sition of the sulphate aerosol equilibrates to the composition of sulphuric acid in the bath
since the partial pressure of water vapour is controlled by the sulphuric acid bath.

In the case where only the HySO4 aerosol/Ny flow is directed into the cell at room
temperature, one would expect the measured binary sulphuric acid aerosol to be of the same
composition as the HoSOy4 solution in the bath; this was confirmed from test experiments.
Upon cooling of the large cell, the H,SO, aerosol can be expected to become more dilute
once in the cell as HoO vapour condenses on the aerosol in accordance with thermodynamic
theory. The dilution of HoSO4 aerosol should be limited by the availability of HoO vapour.
This was indeed identified as the case by Heathfield et al. (1999), who used the same method
for HoSOy4 aerosol generation. The composition of HoSO4 aerosol in the large cell is thus a
function of cell temperature and the total quantity of additional volatiles directed into the
cell.

Analysis of spectra recorded for this work showed that the aerosol in the large cell

exhibited a range of radius values from about 0.3 to 1.0 ym, and a monomodal log-normal
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spread (o) of between 1.0 and 1.5 (1.0 is monodispersed, i.e. all particles in the distribution
are of the same size). This range of distributions is caused by the various experimental
conditions employed; the radius in particular is a function of the condensation of volatiles

on aerosol in the cell.

Control of ternary aerosol composition. The sulphate aerosol was combined with
other gas streams to dry out the cell contents (by adding pure N3), or introduce addi-
tional HoO or/and HNOj3 vapour. When sulphate aerosol is cooled upon entering the cell,
volatiles condense on the aerosol according to thermodynamics in a process analogous to
the formation of PSCs in the stratosphere. However, the condensation process is ultimately
limited by the availability of volatiles in the cell. Therefore, the composition of aerosol
is controlled by flow rates of vapours and aerosol in addition to temperature. Additional
H50 vapour is provided by entraining saturation vapour pressure (SVP) of HyO into the
N2 gas flow above a pure water bath (BDH AnalaR grade water). Similarly, HNO3 vapour
(and H2O vapour) is entrained at SVP from a 69 wt% HNOj3 solution (BDH AnalaR). A
nitrate bubbler was used in the settling experiments, but in the main experiments this was
exchanged with a bath to prevent a separate aerosol of binary nitric acid being generated
from the bubbler — no perceptible change of aerosol spectra were observed at the same flow
rates, indicating that the only place where aerosol is generated was above the HoSO4 bath

in all experiments.

Control of number density. The number density of aerosol in the large cell is directly
related to the number density above the HoSO4 bath, assuming the only place that aerosol
is nucleated in the system is above this bath. The flow rate above the HySO4 bath was
maintained at 400 sccm in all experiments in order to ensure that the number density above
this bath remained an experimental constant. The number density in the cell is directly
related to the flow rate above the HoSO,4 bath as a ratio against the total flow rate into

the cell; aerosol is simply dispersed into the total flow, and aerosol number density inside
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the cell can only remain the same as above bath or fall when mixed with other gas streams
(in a constant flow situation). From measurements of number density of aerosol in the cell,
a mean number density of 1.45 cm ™3 was deduced for the aerosol above the HySO,4 bath
in these experiments. This figure provides a lower estimate since it includes loss of aerosol
particles in the system, including loss to tubing walls prior to entry into the cell. Analysis
has revealed that coagulation and loss to the cell walls appears minimal, but aerosol loss
in the external tubing is difficult to assess since the only indication of the number density
above the bath in this analysis is from measurement of aerosol in the large cell (after loss due
to tubing has taken place). Fortunately, this is not of major concern to these experiments
since number density was independently determined for each measurement, and the loss to
tubing would be expected to remain relatively constant (due the constant flow rate above

the HoSO4 bath) .

Overview of alternative methods for aerosol generation. Similar techniques have
been used by other groups for aerosol generation. Lovejoy and Hanson (1995) entrained
gaseous SOz from solid fuming SOz into a buffer gas prior to homogeneous nucleation of
H5SO, aerosol in the presence of a sulphuric acid solution. Niedziela et al. (1999) used a
similar method for HoSO4 aerosol generation, heating a solution of HoSO4 to provide high
vapour pressures — upon passing into a cooled cell, supersaturation led to homogeneous
nucleation and condensation. These methods represent variations on the theme of homo-
geneous nucleation from supersaturation (or effective supersaturation in cases where SO3
gas is used). Mechanical generation of aerosol particles from bulk liquids has been used in
fewer cases. A syringe pump with a constant atomizer (TSI) was used by Anthony et al.
(1997, 1995) to generate 96 wt% polydispersed sulphate aerosol at room temperature. This
stream was then combined with gaseous HoO and HNOj3 to dilute the aerosol and produce
ternary solutions if desired. Norman et al. (1999) generated larger HNO3 aerosol particles
by flowing buffer gas through a glass frit containing room temperature HNOj3 solution;

such techniques of mechanical dispersion are described in detail elsewhere (Ulevicius et al.,
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1997). Mechanical aerosol generation often suffers from problems with the high viscosity
of concentrated sulphuric acid, leading to a very broad size distribution that is difficult to

model.

Summary. The method of aerosol generation for the experiments of this thesis is unique;
ternary solution aerosol is produced through condensation on sulphate aerosol which has
been produced by homogeneous nucleation. The only other group to have produced ternary
solution aerosol, Anthony et al. (1997), used a mechanical technique to generate sulphate
aerosol, adding HoO and HNO3 vapour and cooling the aerosol to produce ternary aerosol as
with experiments for this thesis. However, the main problem with the approach of Anthony
et al. (1997) is that the wide size distribution of aerosol particles produced through me-
chanical particle generation is difficult to characterise, impeding determination of refractive
indices. Indeed, Anthony et al. (1997) did not produce refractive index data from extinc-
tion spectra of ternary solution aerosol. The main disadvantage of the aerosol generation
system of this thesis is the inability to produce markedly different size aerosol distributions
of the same composition aerosol. Settling experiments did not result in a significant change
in aerosol particle radius (section 5.1.2). This problem was overcome in this work by ap-
plication of the CDHO band model allowing the retrieval of refractive indices from single

aerosol extinction spectra.

4.1.3 The cooling system

The cooling system is represented in figure 4.5. The large cell is double jacketed with copper
coils containing the ethanol coolant encircling, and soldered to, the inner vessel. Ethanol
was pumped around the circuit and through two stainless steel coils immersed in Dewars
containing liquid nitrogen. The liquid nitrogen level in the Dewars was controlled by an
automated system (Eurotherm 818P) which used the temperature reading from a single
temperature sensor (platinum resistance thermometer — PRT; Fisher Rosemount, PT-100

grade B) attached to the coils as a set-point for control of a cryogenic solenoid valve to
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keep the temperature of the ethanol constant. Once cooling to the set point temperature
was complete, this system provided stable temperature control to within 1 K (of set-point
temperature) for most experiments; the temperature monitoring system and calibration is
described in detail later in section 5.3. The thermal inertia of the system meant it took
about three hours to cool the cell from room temperature to a stable temperature of 200 K.
External cooling pipework was lagged to minimise thermal resistance. It was found that
the cell interior could be cooled to temperatures around 190 K before the pure ethanol
coolant froze. Although the freezing temperature of pure ethanol is 159 K, the higher
cooling limit is imposed by the increasing viscosity of ethanol with cooling. As the ethanol
cools below about 190 K the pump is unable to circulate the increasingly viscous ethanol
through the liquid N3 cooled section fast enough to prevent freezing and resultant blockage

in the cooling system.

Figure 4.5: Large cell cooling system (R.G. Williams, RAL).

4.1.4 The Fourier Transform Spectrometer

The Fourier transform spectrometer is central to this work; a description of Fourier trans-

form spectrometry was provided in chapter 3. For the experiments described here, a Bruker
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IFS 66v/S Fourier transform spectrometer was used. Shown in figure 4.6, this spectrometer
provided a maximum resolution of 0.12 cm~!, allowing characterisation of both gas-phase
and aerosol components. The Bruker IFS 66v/S spectrometer scanner uses air bearings,
so that the minimum pressure achievable inside the spectrometer is approximately 2 mb;
high purity dry nitrogen was used as the buffer gas since nitrogen has no absorption lines

in the spectral regions measured, and the partial pressures of HoO and CO4, were thus min-

imised. In this work, high resolution measurements refer to spectra recorded at 0.12 cm™—!

1 1

or 0.4 cm™" resolution, and low resolution refers to a resolution of 4.0 cm™".

Figure 4.6: The Bruker IFS 66v/S spectrometer, sited inside the air-conditioned spectrometer room
at the MSF, connected by an evacuated tube to the large aerosol cell visible through the window.

4.1.5 Optics

All optical paths external to the FTS and the aerosol cell were evacuated during experiments
to ensure minimal contamination of spectra by gas absorption due to CO2 and HoO vapour,

and to prevent condensation of volatiles on window surfaces. Likewise, the detector box
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and cell outer were also maintained under high vacuum through the experiments. All
optical windows were wedged at an angle of approximately 1° to the incident radiation to
minimise reflections interfering with the main beam; this effect is known as channelling,
and is manifest in spectra by regular baseline oscillations. The main optical components

are detailed below.

Light source. A silicon carbide globar (150 W) light source was used in the spectrometer
for all experiments. This source provides high stability (less that 1 % drift in intensity of
output radiation over 24 hours) over the spectral region of interest (approximately 750-

8000 cm™1).

Beamsplitter. A germanium coated potassium bromide (KBr/Ge) beamsplitter, with a
spectral range of 550 to 13000 cm™!, was mounted within the FTS. This wide spectral
range prevented the need for beamsplitter changes, allowing simultaneous measurement of

both the infrared absorption and near-infrared scattering region.

Fourier transform spectrometer output beam. The FTS beam was collimated into
a parallel beam of approximate diameter 25 mm by a 90° off-axis paraboloid mirror (focal
length 121 mm) before leaving the spectrometer. It was then directed through evacuated
tubing, through the cell volume (of internal path 434 mm), and finally to a detector box
as shown in figure 4.7. Care was taken to ensure minimal divergence/convergence over
the entire optical path between the spectrometer and detector. However, the beam was
slightly divergent and was clipped by the minimum aperture of the cell output window to

an approximate diameter of 35 mm, with a slight loss of beam intensity.

Detectors. Low resolution (4 cm ') spectra for characterisation of broad band aerosol
features were measured with a room temperature deuterium lanthanum triglycero sulphide
(DLaTGS) detector. The electrical response of this detector is very linear to photon detec-

tion rate over the 350 to 8000 cm ™! spectral range. The DLaTGS detector provides accurate



Chapter 4: Experimental Configuration 111

extinction measurements due to this inherent linearity, has a broad spectral response, and
adequate signal to noise ratio (SNR) in low resolution spectra. In early experiments, such
as those conducted to produce the composite spectrum for the comparison with Biermann
et al. (2000) data (section 2.5.4), a liquid nitrogen cooled indium antimonide (InSb) de-

tector was used to measure from 1800 to 13000 cm~1.

The range was not adequate for
determination of the absorption features of aerosol as well as the scattering component.
For the measurement of high resolution spectra for characterisation of gas absorption
lines, a broadband mercury cadmium telluride (MCT) detector was used; this is cooled
by liquid nitrogen to reduce thermal electron noise. This detector also has wide spectral
coverage from 550 to 7000 cm™!, but has higher SNR than the DLaTGS detector despite
the requirement to use small beam apertures in the F'TS to achieve high resolution. Tests
revealed a factor of 9 improvement in SNR with the MCT compared with the DLaTGS
detector per unit time at the highest resolution of the Bruker IFS 66v/S (0.12 ¢cm 1).
A well known problem with MCT detectors at high integrated radiation power is non-
linearity of electrical output with respect to photon incidence (Chamberlain, 1979); this
non-linear response with intensity leads to spurious features in the spectra after Fourier
transform. However, the spectra measured with the MCT detector used in this study

showed no perceivable zero offset, indicating good linearity even at maximum incident

power.

The detector box. A remotely controlled (via a stepper-motor) switching mirror allowed
the F'TS beam to be steered on one of two detectors mounted in the box at a time. A gold-
coated 90° off-axis paraboloid mirror (focal length 43 mm) focussed the parallel beam of
light to a sharp image on the surface of the detector element. Unfortunately, the switching
mirror was not operational in the settling experiments when only a single DLaTGS detector

was used for both high and low resolution measurements.
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Windows. Optically transparent windows were used to segregate the evacuated tubing
from the spectrometer and to isolate the cell contents, as shown in figure 4.7. Potassium
bromide (KBr) windows, which are optically transparent from 400-40000 cm !, were sited
external to the aerosol cell. The two ports on the inner cell were fitted with barium fluoride
(BaF3) windows (47 mm diameter, 4-5 mm thick). Barium fluoride provides relatively good
transmission through most of the region of interest and has good resistance (compared to
other candidate materials) to the acids in the cell volume. The negative aspects are that
BaF, has a minimum wavenumber cut-off at 750 cm™!, and transmission at wavenumbers
near this limit was found to exhibit a pronounced temperature dependence, as characterised

in section 5.4.2.

= Evacuated
= ; =] Viewing windows el detector
Evacuated chamber
. connecting tube
BR window
Spectrometer

Figure 4.7: Schematic of the optical configuration of the large cell in plan view; the light beam
is illustrated in red, mirrors/detectors in blue. Note the two detectors and rotating mirror (main
experiments) in the detector box. The unassigned outer windows are also KBr (R.G. Williams,
RAL).

The combination of optics described here yielded spectral coverage sufficient to char-
acterise the absorption and scattering characteristics of aerosol with low resolution DLaTGS
measurements over the spectral region from 750 to 8000 cm~'. Additionally, high resolu-
tion MCT measurements were sufficient to characterise HoO, HNO3, CO4 and CO gas-phase

absorption lines.
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4.1.6 Experimental performance issues

Located outside the air-conditioned spectrometer room in the main experiments, the gas-
handling system in particular may be sensitive to the large temperature variation that
can potentially occur in the open laboratory. Typically, temperature extremes varied from
around 5°C in winter to 30°C in summer; this would affect SVP entrained over the baths.
Therefore, laboratory temperatures in the vicinity of the gas handling system were logged.
Fortunately, the typical range of temperature over a single day was found to be relatively
small, producing no observable effects on the aerosol composition.

Early experiments involving HNOj3 at near-room temperature led to contamination
of the BaFy cell windows in the form of a permanent (not removable by leaving the cell
under vacuum), optically absorbing, film on the surface which most likely formed from
reaction with HNOj3 vapour. Since vapour pressures of HNOg increase with temperature,
the greatest risk of such contamination is correspondingly at the highest experimental
temperatures. However, addition of sulphate aerosol, as required for generation of aerosol
in the large cell, resulted in reduced HNOj3 vapour concentrations in the cell, preventing
most window contamination below room temperature (section 5.4.2). Therefore, in the
experimental procedure employed, the Ny /HNOj3 flow was initiated last (after the sulphate
aerosol) to prevent excess quantities of HNOj3 vapour in the cell.

Another potential problem with room temperature experiments was lack of turbulent
mixing in the cell. The experiments rely on a certain degree of turbulence inside the
aerosol cell to thoroughly mix the contents. In the first of the main experiments at room
temperature a definite column of aerosol was visible by eye through the unused viewports
(at 90° to the FTS beam). The aerosol appeared to descend through the centre of the cell
with minimal mixing. However, this was not observed at lower temperatures or in any later
experiments in the following days, probably because the cell temperatures did not usually
equilibrate completely, resulting in enough turbulent mixing through convection to ensure

the aerosol particles were thoroughly mixed and uniformly distributed.
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Gas absorption lines due to CO4 in the cell were observed in spectra attained on a
number of days in the main experiments. The cause was traced to a contaminated N9 supply
cylinder, and the effect on aerosol composition would have been minimal, as explained in
section 5.3.2.

In all experiments the vacuum in the outer jacket deteriorated during cooling, typi-
cally from 4x10~2 mb to about 7.4x1072? mb at low temperature. It was determined that
build up of contaminant CO2 and HoO vapour from air in the outer jacket had negligible
spectral effects; condensation in a liquid nitrogen cooled trap most likely depleted these

volatiles to insignificant concentrations.

4.2 Methodology

The main measurements of aerosol spectra for this thesis were conducted in two distinct
regimes: (1) a steady-state flow situation in which the flow rates of all gas/aerosol streams
into the cell were not changed during each day of experiments, or (2) settling experiments
where, at the end of a day of experiments the cell contents were isolated to allow aerosol
to settle under gravity (section 5.1.2). The differing methodology of these experiments is

described following an overview of general experimental methodology.

Background spectra. Background spectra were measured on every day of experiments.
The measurements of the empty cell provide the system spectral response comprising the
detector sensitivity, the modulation efficiency of the interferometer, the spectral signature
of the light source, and the transmission of cell windows. This is necessary since un-
calibrated spectral intensity (or radiance since the two are proportional) is the quantity
recorded by the detectors. The extinction spectrum of aerosol can then be calculated from
E,v)=1-Tw) =1-I,(»)/I;(?), where T is transmission, I,,(#) is the measurement
radiance, and Iy(7) is the background radiance. Initial background measurements were

recorded with the cell either at experiment temperature or at the first temperature of a
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cooling cycle, and usually filled with Ny buffer gas to 200 Torr pressure. Final backgrounds
were also measured at the end of each experiment day to determine any change in detector
output that may have occurred and whether any contamination (i.e. acid corrosion) of the
BaF, window surfaces had taken place. For low resolution DLaTGS aerosol spectra in the
main experiments (excluding the earlier settling experiments), the temperature dependence
of the BaF9 windows was characterised (from a calibration experiment) to enable interpo-
lation to a corrected background at any temperature from the initial and final background

measurements of the experiment day (section 5.4.2).

Aerosol equilibration. For all experiments an internal gas pressure of 200 Torr was
maintained by buffering the gas/aerosol flows with inert pure nitrogen. Although the in-
ternal pressure is relatively high compared with that experienced at relevant stratospheric
altitudes, it promotes rapid thermal transfer and thus cooling of the internal gas to the
wall temperature, and also provides sufficient buffering of equilibrium vapour pressures (of
H20 and HNOg), as measured along the beam path, from colder parts of the cell (such
as the liquid nitrogen trap, next to VMV1 in figure 4.3). For example, Niedziela et al.
(1999) found that in a cell of approximate length 2.5 metres and diameter 10 cm, buffer gas
pressures (helium) above 100 Torr were required to isolate the vapour pressures (of HoO
and HNOj3) in the measurement section of their aerosol cell from cooler parts of their cell.

As gas and aerosol flows through the cell, the cell walls are conditioned by the aerosol.
Three distinct mechanisms for conditioning of the cell walls can be defined — adsorption,
condensation and coalescence/sticking. If the cell walls are dry and have been under vac-
uum for some time, they will have a high capacity to absorb gas phase volatiles — HoO
molecules become attached to empty microscopic cavities in the steel surface; the process
of adsorption. The loss of gas phase molecules through this process may be significant, but
is short-lived as cavity sites diminish. Condensation of volatiles on cell walls and coales-
cence/sticking of aerosol to the cell walls would have the same result of coating the walls

in aqueous acidic solutions of the same composition as the aerosol.
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Visual inspection of the interior walls of the inner vessel following experiments re-
vealed a general coating and pooling of acidic aqueous solutions, emphasising the extent
of wall conditioning in the experiments even after extended (sometimes weekend) periods
of placing the cell under vacaum. When a different gas/aerosol mixture enters the cell, or
the flow rates are changed, it therefore takes a significant period of time for the aerosol
inside the cell to equilibrate (by vapour exchange) with material on the walls, and for the
stream passing through the cell to completely replace the former contents (longer than the
residence time, due to turbulent mixing and diffusion). This process will take a longer
period of time if the cell walls have been previously conditioned with a radically different
composition solution. It was typically found that periods longer than four hours at room
temperature were required for initial conditioning of the large cell walls at the start of
each experimental day. Low resolution spectra were measured during this process; when no
variation in extinction spectra could be detected between successive aerosol measurements
it was assumed that the aerosol flow through the cell had reached steady-state equilibrium.
This test was used throughout the experiments to ensure stability. Although variation of
aerosol composition after a change in temperature is thermodynamic and should not de-
pend on the residence time, the large relative quantity of liquid on the cell walls delays

equilibration of aerosol when temperature is varied.

4.2.1 Settling experiments

With one exception, the settling experiments started with a cooling of the cell to approxi-
mately 230 K for initial low resolution (4.0 cm~!) backgrounds at 200 Torr Ny pressure with
dry Ny flowing at 1000 sccm (20 minutes residence time). The gas/aerosol flow in to the
200 Torr Ny atmosphere was then initiated. After stabilisation of the aerosol, indicated by
successive stable low resolution spectra, a high resolution (0.12 cm™!) DLaTGS spectrum
was recorded to attempt to measure gas-phase absorption lines. Following the 20 minute
duration of the high resolution DLaTGS measurement (absence of a switching mirror in the

detector box prevented use of an MCT detector), further low resolution measurements were
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undertaken to ensure aerosol stability. If the aerosol spectra were stable, the cell was then
cooled to 220 K and the process repeated. Finally, the cell was cooled to 190 K (25 minute
residence time), no high resolution measurements were made (since equilibrium HoO and
HNOj3 vapour pressures are too low to be detectable at this temperature) but, after aerosol
stabilisation, the cell contents were isolated to allow settling under gravity. It was typi-
cally possible to measure the spectral signature of settling aerosol for approximately one
hour before absorbance by aerosol became negligible. These experiments were performed
on seven separate experimental days, with six different flow-rate combinations (table 4.1).

The analysis of the settling experiments is described in section 5.1.2.

Table 4.1: Main experiment configurations, in reverse chronological order.

Date AFlow rate (sccm) Bath (wt%) || oTemps (K)
(2000) WHNO3 | dHNO3 | SO3 | WN2 | Total Hg SO4 Max | Min
Main experiments
®01/12 451 400 | 500 | 1351 74 286 | 190
®30/11 450 400 | 500 | 1350 74 286 | 190
29/11 242 400 | 234 | 876 74 283 | 190
28/11 424 400 | 206 | 1030 74 280 | 190
©24/11 11 400 9 420 74 285 | 190
@23/11 43 400 | 48 491 74 285 | 190
@22/11 400 | 205 | 605 74 285 | 190
@21/11 170 400 | 78 648 74 292 | 190
03/11 400 400 74 286 | 260
Settling experiments
29/03 250 400 | 350 | 1000 60 230 | 190
28/03 200 400 | 400 | 1000 60 230 | 190
27/03 275 400 | 325 | 1000 60 230 | 190
24/03 250 400 | 350 | 1000 60 230 | 190
23/03 300 400 | 300 | 1000 60 230 | 190
22/03 200 400 | 400 | 1000 60 225 | 190
21/03 200 400 | 400 | 1000 60 230 | 190

o Temperatures are only approximate experiment targets.

1 Low level of HNOj3 solution in bubbler.

A Maximum 500 sccm each.

® Aerosol froze at lowest temperatures.

@ CO4 contamination; allowed accurate temperature retrieval.

w / d prefix Flow passes over the water bath (w), or straight into the cell (d).
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4.2.2 Main experiments

The main experiments were designed to systematically obtain aerosol spectra simultane-
ously with data that could be used to provide the best information on aerosol compositions.
Two specific improvements were therefore made to the procedure adopted in the settling
experiments in order to improve information on composition of the PSC particles. Firstly,
a switching mirror was installed in the detector box so that high resolution spectra could
be obtained with an MCT detector and low resolution spectra could be rapidly obtained
with the DLaTGS detector. Secondly, the first measurements of aerosol on each day were
undertaken at a higher temperature (approximately 270 K as opposed to 230 K). This pro-
vided a greater range of temperatures over which both HoO and HNOg3 vapour pressures

could be determined from high resolution spectra. Two types of high resolution spectra

1 1

were measured: one at 0.12 cm™" resolution for HoO absorption, and another at 0.4 con™
for improved characterisation of the main HNOj gas absorption feature.

Two other important changes were made in the main experiments. No settling exper-
iments were undertaken since analysis had revealed that no significant changes in aerosol
mean size occurred during the particle sedimentation process (section 5.1.2). The other
change was that initial background spectra were recorded with the cell evacuated, rather
than pressurised to 200 Torr dry Ny, since this was shown to cause no discernable errors
in the calculated extinction. The cell was then filled to 10 Torr pressure with dry Ny (to
prevent volatiles condensing on the windows), and subsequently pressurised to 200 Torr
operational pressure with a gas/aerosol flow as to be used on the experiment day. This ap-
proach was found to decrease the aerosol conditioning time as the aerosol was not initially
dehydrated by 200 Torr of dry Ny in the cell.

The experimental procedure employed is illustrated in the flow diagram in figure 4.8.
The flow rates used during each day are detailed in table 4.1, along with the appropriate

date of each experiment — experiment dates are useful for comparing with other results

obtained from analysis. As can be seen, the main experiments comprised nine separate
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Figure 4.8: Flow diagram of typical experimental procedure during the main experiments.
Acronyms and abbreviations: HR=High Resolution, LR=Low Resolution, T=Temperature,
P=Pressure, bkgs=background spectra, and MFC=Mass Flow Controller.

experiment days, with eight distinct flow rate combinations.

4.3 Summary

The experiments used for the main analysis presented in this thesis were conducted in two

distinct sessions:

1. The settling experiments focussed on measurements to characterise size distribu-

tion changes with gravitational settling of aerosol;

2. The main experiments produced data for characterisation of aerosol evolution and
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refractive index derivation.

Aerosol particles were successfully generated in the cell from room temperature to approx-
imately 195 K. Sixteen experiments were performed delivering a compact set of data for
analysis of aerosol size distribution and refractive indices. The successful generation of
ternary solution aerosol at low temperatures is confirmed through analysis presented in the

following chapter.
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System Characterisation

The experiments described in chapter 4 were carefully designed to provide not only the
aerosol spectra from which refractive indices can be derived, but also the requisite informa-
tion to determine the physical and chemical states of the aerosol/gas mixture in the cell,

which includes:
1. The type of aerosol in the cell;
2. The behaviour of aerosol in the cell;
3. Partial pressures of volatiles in the cell;
4. Mean gas temperature along the spectrometer beam path.

The gas partial pressures (3), and gas temperatures (4), are derived through the retrieval
of information from gas absorption lines in an implementation of the optimal estimation
technique (see Appendix), henceforth termed the gas retrieval. The same analysis also pro-
vides information on the wavenumber shift due to beam divergence in the Fourier transform
spectrometer (FTS).

It has been suggested that discrepancies between refractive index data published by
different research groups of the same types of PSC may be caused by different experimental

conditions. However, the mechanisms by which these influences affect optical properties

121
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have not been resolved in literature. Therefore one of the more important aspects of the
experiments conducted for this work is to characterise the experimental system and quantify

knowledge of system parameters.

5.1 Aerosol characterisation

The purpose of this section is to provide an overview of the characterisation of aerosol
evolution in the aerosol generation system (section 4.1.2) for experiments undertaken for

this thesis.

5.1.1 STS aerosol in the large cell

The main experimental aim of this work is the generation and measurement of ternary
solution aerosol. It is thus of prime importance to validate the existence of ternary solution
aerosol in the cell. The arguments presented here can be segregated in two categories: (1)
independent evidence of the existence of ternary solution aerosol, and (2) evidence from

comparison with published data.

Independent proof. Measurements of the infrared extinction spectra of liquid sulphuric
acid aerosol have been undertaken previously at RAL (Heathfield et al., 1999), and were
repeated in these experiments. As a result, the absorption bands of sulphate aerosol have
been well observed as a function of composition and temperature. When the No buffer gas
was passed above the HNOg solution bath and directed into the cooled cell, the aerosol ex-
tinction spectrum changed distinctly — a new set of absorption features appeared repeatedly
superimposed on the pure sulphate spectrum. Clearly the aerosol were no longer binary
solutions of sulphuric acid, and ternary solution would be expected to be formed. However
two alternative scenarios to the production of ternary aerosol are: (1) the observed changes
in aerosol spectra may not be due to condensation of HNOg3 on the sulphate aerosol but
some unknown volatile instead, or (2) that the HNO3 /Ny may directly introduce or lead to

separate nucleation of binary nitrate aerosol, which co-exists with a separate population of
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binary sulphate aerosol.
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Figure 5.1: Aerosol extinction spectra recorded at 200 +5 K illustrating the effect of adding
HNOg3/N at various rates with sulphate aerosol.

The new absorption features become more pronounced as the HNO3/Ny flow rate
is increased, see figure 5.1, indicating that the change in composition is directly related
to the condensation of HNQO3. Furthermore, measured HNQO3 vapour pressures were much
lower when the HNO3/N, stream was combined with the sulphate aerosol. This strongly
indicates the condensation of HNOj3 into the existing liquid aerosol.

If a separate stream of binary nitric acid aerosol was created, it should not be de-
tectable from absorption spectra alone since, according to published works (Anthony et al.,
1997; Koehler et al., 1992; Biermann et al., 2000), there are no infrared absorption features
specific to the ternary system (that do not exist in binary aqueous HoSO4 and HNOj3 spec-
tra). The retrieval of STS aerosol size distribution typically shows that the distribution is
monomodal, and almost monodispersed (section 5.1.2) — i.e. the aerosol particles are all

of the same size. It would be unlikely that two separate populations of binary nitrate and
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binary sulphate aerosol would be of the same size — in this case one would expect a bimodal
distribution. Moreover, test experiments were conducted where only the HNO3/No stream
was directed into the cell at the usual flow rates. In all cases binary nitrate aerosol were not
observed. These findings indicate the second scenario is highly unlikely, and that a single
population of ternary solution aerosol is present. In any case, if separate binary aerosol
populations were initially formed on entry into the cell, these should equilibrate through
vapour transfer to form a homogeneous ternary solution aerosol by the time the aerosol

reaches the viewports (previously discussed in section 4.1.1).

Evidence of production of ternary solution aerosol from comparison with pub-
lished data. Although little data for directly-measured ternary solution aerosol exists, a
comparison can be undertaken against the thin-film refractive index data produced by the
Biermann et al. (2000) ternary calculator, described previously in section 2.5.3. Such a com-
parison, reviewed in section 2.5.4, revealed that the bands in the ternary solution aerosol
spectra measured in this thesis agree across most of the spectral range with those produced
by Biermann et al.. Although significant differences in the spectra exist in some spectral
regions, absorption band centre positions are qualitatively consistent. The broad agreement
is also repeated in quantitative comparison with the ternary solution aerosol spectra pub-
lished by Anthony et al. (1997). Finally, the presence of aerosol absorption bands in spectra
measured for this thesis coincide with binary nitric acid and sulphuric bands compiled from
literature (section 2.5.8). The general agreement with published ternary solution data is a

strong indication of the existence of ternary solution aerosol in the cell.

Summary. The evidence that ternary solution aerosol was produced in the experiments

of this thesis rests on five main points:

1. The spectra are qualitatively very similar to published aerosol spectra and thin-film

indices;

2. Binary nitric acid aerosol are not produced from the HNO3 /Ny stream alone — only
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gas phase HNOj is measured in the cell;

3. Upon addition of the HNO3/N; stream with cooled sulphate aerosol, most gas phase
HNOj; is removed and aerosol features change significantly — indicating HNQOj is taken

up by sulphate aerosol producing ternary aerosol;

4. Further evidence that mixed binary aerosol populations do not co-exist is provided

by the monomodal size distribution observed in the analysis;

5. The long residence time in the large cell should ensure aerosol is fully equilibrated —
as noted by Anthony et al. (1997), aerosol of a single composition would form through

vapour exchange of any co-existing binary aerosol (section 4.1.1) in this time.

5.1.2 Settling experiments: Aerosol size distribution

Kramers-Kronig based techniques have been widely used in previous studies to derive re-
fractive index data from laboratory spectra of mimic PSC particles and thin-films. In the
case of aerosol spectra, this requires two spectra of the same composition: one of small
particles of median radius r << 0.1 ym, that can be approximated to non-scattering, and
one of larger particles of r >> 0.1 um (section 2.3.1). In order to assess whether settling
experiments with the large cell resulted in sufficient particle size variation for a Kramers-
Kronig analysis, a particle scattering retrieval was used to analyse settling spectra of STS
aerosol, over the spectral range 4500 to 7000 cm ™! (1.42 to 2.2 pm), from a typical settling
experiment (21/03/2000). This retrieval was a simplified version of the refractive index
retrieval, using Mie theory to calculate radiation scattered out of the beam by spherical
particles and the absorption of radiation by the particles. In this case absorption was ne-
glected — only the effect of scattering due to log-normally distributed particles was modelled.
This is valid since above about 4500 cm™! the imaginary part of the refractive index, k(%),
which defines the absorbing properties of a medium, is very close to and tends towards zero
with increasing wavenumber. The real part of the refractive index, n(?), tends towards

a constant value with increasing wavenumber above about 4500 cm™!, giving a constant
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refractive index value approaching m, the zero frequency (infinite wavenumber) refractive
index offset. In addition to the size distribution of aerosol, mq, defines the visible scattering
of the sample.

Spectra were recorded in immediate succession after the flow had been stopped and
the cell contents isolated. This yielded a 62 minute series of good quality settling spectra
separated by 2 minutes during settling of the STS aerosol at 190 K. The results of the
Mie analysis for the scattering properties of each spectrum are plotted in figure 5.2. In
each spectrum, 129 measurement points were fitted between 4500 to 7000 cm™!, and the

following parameters were set to constant values of mq, = 1.5 and k() = 0.
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Figure 5.2: Fit of N [106 cm™2], r [um] and o for 129 points with m, fixed at 1.5.



Chapter 5: System Characterisation 127

The results show that the median radius of the distribution, r, and the spread, o,
do not change significantly outside the range of the very small retrieval error bars, and do
not have a trend within the error bars, during the course of settling. Only the number
density of the aerosol falls, as expected from the decrease in extinction that was observed.
The main cause of the fall in aerosol number density is probably loss to the cell walls. The
mean particle size distribution parameters (N, r, and o) retrieved were 0.765 x 10 cm™3,
0.836 pm and 1.11. As o has a value close to 1 this is nearly a monodispersed distribution,
i.e. all the particles are nearly of the same size. Using Stoke’s law (section 4.1.1) the
calculated time for a particle of 0.863 pm diameter to fall 1 m is about 112 minutes. Mono-
dispersed particles would all fall at the same speed, and if the coagulation rate is low
the particle size would not change, as observed. The flow rate prior to settling forces the
particles through the cell much faster (only 24 minutes at 190 K, section 4.1.1) than they
fall under gravity, so cutting off this flow would also cause the number density of aerosol in
the cell to diminish with time.

Thus, it is concluded that the settling experiments did not significantly vary the
particle size, and that refractive index data cannot be derived from these results using the

Kramers-Kronig technique.

5.1.3 Aerosol evolution model

A simple aerosol evolution model was used to investigate the evolution of aerosol particles in
the large cell. This utilises thermodynamic models (Carslaw et al., 1995; Lin and Tabazadeh,
2001) to characterise the temperature and vapour-dependent nature of aerosol composition
and gas/liquid partitioning inside the cell. The main aim of the exercise was to provide a
basic understanding of the characteristics of aerosol development in an enclosed system and
to identify the controlling factors, not to precisely predict the development of aerosol in the

large cell which would have required a considerably more advanced microphysical model.
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Model description. The central principle of the aerosol evolution model is the conserva-
tion of the total volatile inventory, partitioned between liquid and gas phase, in the enclosed
system of the large cell. The inputs to the cell are the sulphate aerosol, and the gas volatiles
entrained above the water, sulphuric and nitric acid baths. The temperature dependant
aerosol droplet evolution in the cell is modelled by relating the condensation/evaporation
of volatiles from the aerosol to determine droplet composition and radius where equilibrium
is reached. Equilibrium vapour pressures above aerosol droplets are determined from the
thermodynamic model of Lin and Tabazadeh (2001). The problem is solved through an it-
erative minimisation process; the droplet mass and therefore volume can be calculated with
knowledge of composition (since m, is constant) which is constrained by the limited avail-
ability of volatiles inside the cell and equilibrium vapour pressures. The main assumptions

of the model can be summarised:

e Saturated vapour pressure (SVP) of HoO (over the water and sulphuric acid baths)
and HoO and HNOj3 (above the nitric acid bath) is entrained into the Ny buffer gas

above these baths;
e The total equivalent pressure (quantity) of HoO and HNOj is conserved in the system;

e Aerosol composition is in thermodynamic equilibrium with vapour phase HoO and

HNO:J,;

e The total mass of sulphuric acid (m,) per droplet is conserved — i.e. no appreciable

coagulation of particles takes place (confirmed by the settling experiments);

e The number density of particles generated over the HoSO,4 bath remains constant (at

the deduced mean value of 1.4 cm™3);

e Total SVP and m, entrained into the flows remains constant during each day of

experiments (since variation of ambient laboratory temperature is small);

e Aerosol droplets are all of the same physical size (monodispersed distribution).
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Experimental parameters are constrained to those observed in the experimental sys-
tem where known. For example, the retrieved number density (from the refractive index
retrieval) varies between each day of experiments due to the different flow rate combinations
used, but the number density of aerosol generated above the HSO4 bath is stable since
a flow rate of 400 sccm SO3 / N is used in all experiments presented here. The number
density of aerosol above the sulphuric acid bath is calculated from the number density of
aerosol observed inside by assuming simple dispersion of aerosol relative to flow rates, and
the mean calculated experiment value of 1.4 cm™3 (section 4.1.2) is used in the model;
loss of particles to tubing prior to entry in to the cell is inherently taken into account. The
mass of sulphuric acid per droplet, m, = 1.17x107'2 g, was determined from a calibration
experiment. Since the flow rate above the sulphuric acid bath was not varied, it is assumed
that m, remains constant and also that the number density over the sulphuric acid bath
remains constant (this is a simplification since the number density, and thus m,, varies
slightly between experiments probably due to variations in external laboratory conditions).
The initial radius and volume of aerosol above the sulphuric acid bath was calculated using
the mass of acid, assuming particles equilibrate to the bath composition. The Kelvin effect,
which acts to increase vapour pressure above small droplets, was found to be negligible in
the aerosol radius range of the experiments if a monodispersed size distribution is assumed,
as used in the model.

Flow rates across each bath relative to the total flow rate were used to evaluate the
vapour pressure dispersed into the cell volume. The thermodynamic model of Carslaw
et al. (1995) was used to determine SVP of HNO3 and Hy0 above the 69 wt% HNOj3 bath
(employed in all experiments), and SVP of HoO vapour above the pure water and sulphuric
acid baths. The calculated SVP pressures of HoO and HNO3 were used to evaluate the
corresponding vapour pressures dispersed (according to relative flow rates) into the cell.
Similarly, it was straightforward to evaluate the reduction of aerosol number density from

above the sulphuric acid bath into the cell volume as a ratio of flow rates.



Aerosol volume

Chapter 5: System Characterisation 130

10.0000 ¢ 101
1.0000F — 1o —
— f ] = 1077} T
2 01000} /,// E 1073} - l
Na¥ F s ] - —4| P |
S, 0.0100F - S 10 P
= E : = 10 2} - -
0.0010 F 1 e |
0.0001 [ ‘ ‘ ‘ 107 L ‘ ‘ ‘
200 220 240 260 200 220 240 260
Temperature (K) Temperature (K)
(c) (d)
_gl . 80
2.4%10 r %\j
2.2x10 O Z
2.0x10 °F 5
-6 L ﬁ _
1.8x10 r o r._
o
1.6x10 O} 2 20]
e o — —
1.4x10 r & L )
‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘
200 220 240 260 200 220 240 260
Temperature (K) Temperature (K)
Figure 5.3: Output from the aerosol evolution model, flow rates set to those of 23/11/00;

SO3/Ny = 400 sccm, HNO3 /N, = 43 sccm, and HyO/Ny = 48 scem. Panels (a) and (b) show
partitioning for HoO and HNOg respectively, total equivalent pressure is shown by the thick black
line, the gas phase component is the blue line and the liquid component the red line. Aerosol volume
density (dimensionless — m®/m?) is shown in panel (c), and the composition is displayed in panel
(d) where the thick black line indicates total wt% H20O, and the red and blue lines are wt% H2S04
and HNOg respectively.

Results. Output from the aerosol evolution model is presented in figure 5.3. It can be
seen that variation of composition with temperature occurs in a different temperature range
to that in the stratosphere due to the high number density of aerosol in the cell (necessary
to observe aerosol extinction) and consequent high initial vapour pressures of HoO and
HNO3. The greatest change in composition occurs above about 240 K, and further cooling
does not strongly influence composition. The main implication is that the composition
of aerosol in the large cell at low (sub-240 K) temperatures is a strong function of flow

rates but not temperature. This is an important finding since the achieved temperature
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accuracy of £2.13 K in the main experiments would have translated into a high composition
uncertainty in a stratospheric-like thermodynamic system.

The aerosol evolution model results presented in figure 5.3 are calculated with the
flow rate configuration used during the main experiments on 23/11/00. Compared with
the analysed results for this experiment day (figure 8.2), the model over-estimates the
condensation of volatiles yielding a larger aerosol volume than retrieved. This indicates
that, in the experiments, volatiles are lost through an unknown mechanism. The most
likely cause is that gases are not being transferred at full SVP into the Ny flow (possibly
due to evaporative cooling above the baths), or that volatiles are being lost to the walls
(through adsorption, absorption, condensation, or loss to the liquid N9 trap). The former
process implies that faster flow rates would be less efficient at entraining volatiles, and
the latter process would be difficult to model. Loss factors for the gaseous volatiles were
introduced into model calculations but it proved very difficult to match observations without
adjustment of m,; although this parameter was deduced from a test experiment with a
400 sccm SO3/ Ng flow, the assumption that m, is constant from day-to-day and the

accuracy of the deduced value are uncertain.

Summary. The aerosol evolution model provided a useful insight into the fundamentals

of the aerosol system, indicating that:

e Temperature-dependant variation of aerosol composition in the cell takes place at
much warmer temperatures than the stratosphere due to the high number density of

aerosol in the cell and limited volume;

e The important factors for determination of aerosol composition in the cell at low
temperatures are the relative flow rates of aerosol, volatiles, and buffer gas — not

precise knowledge of temperature.

The composition of aerosol in the model did not significantly change below 240 K, indi-

cating that composition determined at this temperature could potentially relate to aerosol
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composition at polar stratospheric temperatures, assuming no change in flow rates. A more
detailed model, incorporating improved representation of aerosol microphysics in the large
cell, could be employed to provide a more realistic representation of aerosol evolution, but

this was not necessary to achieve the aims of this thesis.

5.2 Retrieval of information from gas spectral lines

The absorption of infrared radiation by gas molecules appears as clusters of closely spaced,
sharp lines known as bands. The appearance of these bands depends on fundamental

spectroscopic parameters:

e Line position. The location of the line centre, 7., is determined by the gas, the

mean velocity (Doppler shift) and potentially pressure (pressure shift);

e Line strength. The line intensity or strength, related to the concentration depen-
dent magnitude of absorption at line centre, is dependent on the energy level of the

transition (the transition probability), and temperature;
e Line shape. The line shape is related to pressure broadening and temperature.

The determination of fundamental parameters from spectra of gas line absorption is an
example of an inverse problem which can be solved using a retrieval process based on
optimal estimation. The gas retrieval also required formulation of an appropriate forward
model to simulate high resolution gas absorption spectra measured with the FTS. The
parameters that define gas absorption, principally temperature (T), total pressure (P), and
volume mixing ratio (VMR) of the absorbing gas species, are then varied iteratively to
obtain a best fit to the measured high resolution spectrum of gas absorption.

This work represents the first instance of the use of high resolution Fourier trans-
form infrared (FTIR) spectra for identification of ternary aerosol composition. Elsewhere,
tuneable diode laser (TDL) spectrometry has been used to identify HoO and HNOj gas

components in separate binary sulphate and nitrate aerosol experiments (Niedziela et al.,
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1999, 1998b; Norman et al., 1999). Use of high resolution FTIR spectroscopy to measure
gas lines has the distinct advantage that spectral coverage is far wider than with a TDL
system, and the wavenumber accuracy is considerably better.! Hence, different species can
be resolved in the measured spectrum and retrieval windows can be selected for optimal
information content, avoiding saturated lines, and leading to less dependence on spectro-
scopic errors for a single line. The disadvantage of the Bruker FTS compared with a TDL,
with regards to gas characterisation, is that SNR is comparatively lower. A TDL can thus
resolve gas lines of lower intensity and can be used to measure vapour pressures of HoO
and HNOg3 at lower temperatures where equilibrium vapour pressures become too low to
be measured with a FTS. Indeed, the FTS cannot be used to measure equilibrium vapour
pressures at temperatures below approximately 220 K (this temperature depends on aerosol

composition).

5.2.1 The forward model

The forward model of the gas retrieval simulates high resolution spectra of gas absorption
measured with the FTS. The state vector consists of the unknown parameters which define

the measured spectrum:
x=(In P, T, In VMR, C;i*, ..., C,,i") (5.1)

where C; is the ™ order polynomial coefficient used to fit what is defined here as the
local background, and ¢ = 0 to n where n is the order of polynomial fit. In the retrieval
process, the elements of the state vector are independently varied through an iterative
procedure until differences between the measurement vector, y, and the forward model,
F(x), are minimised, i.e. a best fit is achieved (see Appendix for a description of the
retrieval process). The measurement vector y consists of all the raw measured radiance

values at each wavenumber point sampled by the spectrometer.? The forward model returns

'Fourier transform spectrometers are commonly used for TDL wavenumber calibration.
2Units of radiance are arbitrary since the beam is not radiometrically calibrated.
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derivatives or Jacobians (weighting functions) relating the sensitivity of the forward model,
F(x), to perturbations in each of the state vector elements. This forms the weighting
matrix, K, which is evaluated from small perturbations to each state vector element. The
weighting matrix is used in the retrieval to direct the iterative variation of state vector

elements towards the optimal solution.

Local background modelling. Transmission spectra cannot be calculated for gas lines
as for the aerosol case, because of the presence of broad band aerosol absorption features
which are not modelled in the gas retrieval. The approach adopted here is to calculate what
is termed in this thesis as the local background by fitting the region between gas lines with
an i order polynomial function. The ratio of the measured radiance spectrum against the
fitted polynomial function effectively yields a gas transmission spectrum, since the func-
tion accounts for (but does not characterise) the aerosol absorption, the detector response
(including electronics), spectral emission from the source, and absorption in the optical sys-
tem. The process is also able to account for build up of contaminants on window surfaces,
temperature dependence of window transmission, and icing on the liquid Ny cooled MCT
detector. In the forward model, the simulated gas transmission spectrum is multiplied by
the polynomial function to synthesise the measured radiance spectra. Diagnostics returned
from the retrieval show that the polynomial parameters were retrieved independently from
gas absorption parameters, i.e., the gaps between the gas lines provide sufficient informa-
tion to account for the local background. No errors due to channelling were observed above

the spectral noise in the high resolution measurements.

Radiative transfer model. The radiative transfer model used to characterise gaseous
absorption in the forward model is the Oxford Reference Forward Model (RFM), a general
line-by-line FORTRAN code which has been developed over a number of years to provide
a reliable and versatile tool for modelling spectra principally for atmospheric modelling

(Dudhia, 1997). The large cell gas path is a straightforward case to model; the RFM
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is well-suited to calculations along a single homogeneous path. The gas retrieval program
formulates the necessary inputs to the RFM including details of gas concentration, provision
of the HITRAN-96 database (Rothman et al., 1998) of spectral parameters, and other
information such as resolution, spectral range and absorbing gas species. The Jacobians
returned by the RFM are calculated using 1 % perturbations in P and VMR, which are
retrieved in (natural) log space.> A perturbation of 1 K is used for 7. All gases are
modelled with a Voigt lineshape; i.e. pressure (collision) induced line-mixing is neglected.
No significant differences resulted for a test case CO; retrieval which used sub-Lorentzian
line wings.

The spectral range used for RFM calculations is wider than the measured spectral
window by the width of the modelled instrument line shape (ILS) in the spectral domain
(approximately 5 cm™!). This avoids edge-effects when this function is convolved with the
RFM output. An RFM wavenumber grid exactly 60 or 121 times finer than the measure-
ment sample grid is used for 0.12 cm ™! and 0.4 cm ™! resolution spectra respectively; this
permits accurate convolution of the ILS and the RFM spectrum, prior to degradation to

the measurement grid.

Processing of FTS data. A modelled instrument lineshape (ILS) function was used to
represent the multiplication of the instrument box-car ILS function (due to finite MPD)
and an applied apodisation function in interferogram space (section 3.4.2). The apodisation
function used for all the high resolution gas line spectra is of the Norton Beer Strong
formulation (Norton and Beer, 1976). Blackman-Harris 3-term apodisation was used for
low resolution aerosol spectra. The modelled ILS is calculated over a frequency width of
approximately 5 cm™! as this is an ample range to characterise the dampened side lobes in
the model; in reality the function would be of infinite width. Figure 5.4 shows the modelled

ILS for resolutions of 0.4 cm~! (HNO3 measurements) and 0.12 cm~!; the unapodised sinc

3This avoids numerical precision errors since P and VMR can vary over many orders of magnitude in
different situations.
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function for the ILS at 0.12 cm ™! is also shown to demonstrate the effect of apodisation on
reducing side lobes. The convolved simulated spectrum is calculated on the measurement
sample grid, after the wavenumber shift induced by beam divergence (section 5.2.3) is taken

into account.
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Figure 5.4: The top panel shows the modelled apodised ILS function in spectral space for a
resolution of 0.12 cm™?! (black) and 0.4 cm~! (blue). The unapodised sinc function for 0.12 cm~!
resolution is plotted in the lower panel.

5.2.2 Selection of spectral windows

The number of points in the measurement vector is limited by computational factors to a
spectral width of less than about 200 cm ™! at 0.12 cm™! resolution (a greater number of
points slows processing considerably). The principal selection criteria for spectral windows

are that:

e The local background has to be smooth enough to be characterised by a simple
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polynomial function over the entire spectral range of aerosol absorption, fortunately

the case over most of the spectrum;

e The selected region is located to maximise information content of absorbing species.
If gas absorption covers a small region there is no information advantage in modelling

a larger spectral region. Regions of line saturation or very weak gas lines were avoided;

e The absorber should be represented over the selected spectral window in the HITRAN-
96 spectral database. For example, HNOj is not represented above 1770 cm™!

(Rothman et al., 1998).

It was found that spectral lines which in the convolved modelled spectrum appeared
to have non-saturated transmissions of around 40 % or more, were sometimes saturated in
the RFM spectrum. This effect was screened for in the retrieval model to avoid the use
of saturated lines, which were found to introduce spurious results. Spectral windows were
carefully selected to ensure measurement of HoO lines in at least one window over the range
of experimental conditions.

Figure 5.5 shows the spectral regions that were used for the retrieval of the main
gaseous species against a plot of a high resolution 0.12 cm™! MCT initial background indi-
cating representative maximum detector signal (the HoO gas lines result from out-gassing
from condensates on the cell walls); colours used here form the convention throughout this

thesis unless otherwise stated.

5.2.3 Determination of wavenumber shift

As described in section 3.4.3, the effect of beam divergence or self-apodisation on the
spectrum is to shift the wavenumber grid of the measurements by dv. However, shifting
of the wavenumber grid can also be introduced through phase correction on a single-sided
interferogram. Hence, initially it was necessary to determine the wavenumber shift of the
measured spectra independently. A wavenumber shift variable was included in the state

vector and retrieved; the a priori and first guess shifts were set to zero. The wavenumber
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Figure 5.5: Spectral windows used for gas retrievals against a typical initial room temperature
evacuated background. Annotation: [#, D2, order of polynomial function].

shift was added to the RFM wavenumber limits to give an accurate representation of a
sub-measurement resolution grid shift, and the RFM was executed again with a small
wavenumber perturbation to produce the d& Jacobian.

The retrieval results, see figure 5.6(a), revealed negative wavenumber shifts (mea-
surements relative to RFM output) which increased with the wavenumber of the spectral
window; retrieved shifts were consistent between separate spectra in the same spectral re-
gions and between different gas species. Thus, database inaccuracies in HITRAN-96 can
be ruled out as the cause of shifting. Accuracy of retrieved shift diminished in cases of low
H>O gas pressure, so a sample of measurements above a limiting threshold were used for
comparison. Figure 5.6a shows wavenumber shifts for an averaged sample of HoO, CO5 and
CO retrievals, with additional water retrievals above 5000 cm™! from a representative single
spectrum. It can be seen that the retrieved shifts match up very well with the theoretical

shift due to beam divergence, 67 = — (A/4mf?)D', where f, is the collimator focal length
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Figure 5.6: (a) Retrieved 67 shifts for averaged H,O, CO2, and CO (red/green/blue, yellow, dark
blue), and calculated 67 line (dashed) due to beam divergence. (b) Calculated 07 at each resolution.

of 153 mm for the Bruker IFS 66v/S FTS. This is an important result, since although f.
remains fixed, the source aperture area, Ag, is increased at lower resolution resulting in
a greater wavenumber shift, as illustrated in figure 5.6(b). For example, low resolution
(4 cm™1) aerosol measurements exhibit a shift of around -0.5 cm™! at 7000 cm™!. In all
subsequent retrievals presented in this thesis, this effect was screened in the model by the

direct application of the theoretical expression for 07 .

5.2.4 Error characterisation in high resolution spectra

The main types of noise inherent with Fourier transform spectrometers were introduced
previously in section 3.5.5. The approach taken here assumes that absolute (additive Gaus-
sian) thermal/detector noise dominates over relative photon noise. Essentially, when the

forward model error is negligible compared with the measurement error, the measured ra-
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diance y(7) = F(?) + ¢, where F(7) is the forward model and e the error term, so the
error can be ascertained from the standard deviation of the residual e = F(?) — y(9).
The retrieval is thus executed twice; initially with an approximate absolute error term,
then with an absolute error estimated from the residual of the first fit. This double-pass
noise estimation improves the fit and yields accurate retrieval errors in other parame-
ters. Although detector noise is wavenumber dependent, use of a single noise value in this
case is justified since the spectral windows are relatively narrow. Where radiance varies in
magnitude across a spectral window, comparison of the residual standard deviation at high
and low signal showed only small variations.

It is important to recognise that point-to-point noise variation will not be entirely
random when using a F'TS. Through convolution of apodisation function and ILS, zero filling
of the interferogram, and phase correction, a certain amount of correlation or cross talk
between neighbouring points on the wavenumber scale occurs. Hence, the /N dependence
is not strictly true, but this is not of major concern since the relation is not used to calculate
noise from co-added scans. Use of local backgrounds in the gas retrieval renders spectra
more susceptible to channelling. However, since little evidence for channelling can be seen
in most high resolution spectra, no systematic errors are included in the gas retrieval. The
error derived in this way may also incorporate systematic errors arising from inaccuracies

in fitting, e.g. spectroscopic errors in the HITRAN database.

5.2.5 Implementation

The gas retrieval program was used to retrieve gas parameters for HoO, HNO3, CO2 and CO
over regions indicated previously in figure 5.5. The applicable spectrometer parameters were
carefully determined from the FTS experiment log files. The a priori state parameters were
set according to the species being retrieved, see table 5.1. A priori state pressure was set
with a relatively large uncertainty of 20 % due to concerns over the accuracy of the pressure
probe, which may have been affected by corrosion from acid. Polynomial coefficients for the

background fit also had large a priori uncertainties and were assigned a value of unity for
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the constant term with zero for the other coefficients. First guess values in the state vector
were automatically set to a priori values, except for the polynomial coefficients, which were
calculated from a fit to outlier points at the ends of the measured spectral window. Table 5.1
lists the a priori/first guess values used in the retrieval program. Limits were also placed on
some state vector variables in order to prevent the retrieval from converging on a solution
at unrealistic or non-physical values; i.e. 0.001 < P < 1000 mb, 0.001 < VMR <10°® ppmv,

and 100 < T < 350 K.

Table 5.1: Gas retrieval setup.

Variable In P T In VMR Polynomial

(mb) (K) | (ppmv) coefficients
Co | C1 | Oy

oA priori X, | Omeasured | 220 | Lvariable | 1.0 | 0 0
State vector variance +/S, 50 % 100 10° % 1.0 [ 1.0 | 1.0

¢ Apart from polynomial coefficients, these values are used as first guess state vector (xg).
® Measured value (from driver table).
LI Values used: 100 ppmv for HNO3/CO,, 20000 ppmv for H,O, 30000 ppmv for CO.

The structure of the gas retrieval, an IDL program ret_gas, is represented by the flow
diagram in figure 5.7. Numbers in square brackets represent IDL functions and procedures
called by this program as assigned in figure 5.8, which illustrates modules called from the
forward model. The forward model operates as explained in section 5.2.1; the relevant
parameters are written to the RFM input files [F1, F2], the RFM executed and the re-

sulting high resolution spectrum read-in, wavenumber shifted, convolved with the ILS, and

spectrally degraded to the measurement resolution.

5.2.6 Validation

Extensive validation of the gas retrieval program was conducted in various steps:

e Validation against synthetic spectra. Forward model simulated spectra were

used as input for the retrieval to ensure consistencys;

¢ Retrieval diagnostics. Diagnostic matrices output from the retrieval, such as corre-
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{Read-in driver table[1]

'

Compilelist of spectra[2]

l Yes
No | Covered all spectral
{Load next spectrum in list [3] } measurement files?

No Yes
Use standard error from |~<————— Pre-processed error flag — | Read-in calculated error from
driver table set (driver table)? output of previous run [4]
i Yes

o (coverad ol o0
[Selec’t next spectral window } Covered all spectral

¢ windows?

[Esti mate polynomial fit [5]

l

[Ca\l culate spectral ILS[6]

l

[Setup retrieval variables

l

[Call forward model [7]

l

—| Retrieval module ]—' Display FM results, and
i status [8,9,10]
Iterate [Call forward model [7] ]

No Yes Write resultsfile [12] with
Compare FM runs, converged? saturation flag [11]

Figure 5.7: Main elements of the gas retrieval, ret_gas. Numbers in square brackets refer to program
modules, see figure 5.8.

END

lation matrices and averaging kernels, were checked to ensure correct implementation

and the independence of the retrieved variables;

e Self-consistency. The retrieval of HoO parameters from different spectral windows

in the same spectrum provided a measure of the retrieval consistency with real spectra;

e Calibration from retrieved values. Retrieved HoO partial pressure values were

compared with expected values from calibration experiments.
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ret_ gas — [1] ret_parameters_new ret_parameters.txt
[2] file_find
[3] load_dx * DX (spectrumfile)
[4] ret_file_err * WV... (processed file)
[5] poly_transmission
[6] rfm_fts ils
[7] forward_model_transmission JAC
[8] plot_fit
[9] plot_poly
[20] print_state
[211] rfm_read *.asc* RFM file
[12] ret_write * WV... (processed file)
[F1] rfm_driver_hom rfm.drv
[F2] rfm_retwrite update.atm ——
v
[F3] rfm (executable) *.asc* RFM files
[11] rfm_read *.asc* RFM file
[F4] rfm_spec_regrid

[F5] rfm_fts_hom

—— [F6] rfm_ils_convol

Figure 5.8: Main IDL functions and procedures of the gas retrieval (modules numbered in square
brackets). Arrows link input and output files (in italics).

Validation against synthetic spectra. A fundamental method for testing a retrieval is
to produce a simulated spectrum with the forward model and then input the spectrum into
the retrieval. The retrieved parameters should match those used to produce the synthetic
spectrum to within the retrieval error bars. For the test, a typical polynomial background
was extracted from a measurement retrieval and used to produce the synthetic spectrum.
A retrieval was then performed. Using the simulated parameters as first guess in the
retrieval produced zero-residuals, as expected.* In addition, starting the retrieval from the
standard a priori/first guess values resulted in rapid convergence to correct values. Next,
typical levels of normally-distributed (Gaussian) additive random noise of 2x10~* (units of
uncalibrated radiance) were included in synthetic HoO spectra over each spectral window.
The converged retrieval fits over each spectral region can be seen in figure 5.9; at convergence

each retrieval had the expected residual standard deviation of approximately 2x107*. It

4Slight residuals at the 10° level were probably due to double precision errors; this is well below the
measurement noise level of ~ 10™* (uncalibrated radiance).
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can be seen that the retrieved gas parameters agree within the retrieval uncertainties — this

was also true for the polynomial coefficients (not shown). This same analysis was conducted

for other species, validating the gas retrieval.
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Figure 5.9: Converged HyO retrieval of a synthetic spectrum over each spectral window. The
synthetic spectrum has P = 270.8 mb, T = 270.0 K, VMR = 3880.0 ppmv, and ¢ = 2x10~%. The
left panels show the synthetic spectrum over each spectral window (colour coded) with retrieved
parameters and uncertainties (units as above), with the corresponding fit residual to the right.

Retrieval diagnostics.

The output from the retrieval of synthetic spectra provides

a good test to ascertain the robustness of the retrieval method. The correlation ma-

trix is the retrieval error covariance scaled by its diagonal elements, essentially C(i,j) =

S(i,)/[S(,4) x S(j, j)]%, where § is the retrieval covariance matrix. For the first spectral

window in figure 5.9 the correlation matrix is:
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1.0000 0.4795 —0.9443 0.1009 0.1007 —0.1004
0.4795 1.0000 —0.2668 —0.0406 0.0403 —0.0400
C _ —0.9443 —0.2668 1.0000 0.0891 —0.0899 0.0888 5 9
- —0.1009 —0.0406 0.0891 1.0000 —1.0000 1.0000 ( : )
0.1007 0.0403 —0.0890 —1.0000 1.0000 —1.0000
—0.1004 —0.0400 0.0889 1.0000 —1.0000 1.0000

with elements ordered as in equation 5.1, i.e. (In P, T, In VMR, C;#*, ..., C,#" ). The
correlation matrix is a measure of the normalised sensitivity of the covariance of each state
parameter to all parameters, hence the unity values in the diagonal. It can be seen that the
errors in P and VMR are strongly anti-correlated with each other, and that there is some
correlation between the P and T uncertainties. Moreover, there are strong correlations
between the uncertainties in the polynomial coefficients; this is not of major concern since
the errors in these parameters have no further impact in the analysis. The dependence
of the gas parameter errors indicate that there is some degree of smearing of errors in
parameter space between these elements. If errors are combined to produce the error in
partial pressure, anti-correlation between these uncertainties act to reduce partial pressure
error considerably from quadrature error. Of some concern was that retrieved pressure
varied considerably in spectra taken on the same days, where there is a constant measured
pressure. Fixing the pressure in control-runs illustrated that the retrieved gas VMR then
changes to compensate, yielding the same partial pressure compared with the free-retrieval,
demonstrating the robustness of partial pressure retrieval in all situations.

The averaging kernel provides some indication of the independent retrieval of parame-
ters. The averaging kernel matrix is a measure of the sensitivity of the retrieved state to the
true state A = 0%/0x. In the case of the synthetic HoO retrievals the kernels are essentially
delta functions in the diagonal, indicating that the values of retrieved parameters do not
show pronounced inter-dependence. This is important, since it confirms the independent
retrieval of parameters. As an example the averaging kernel, with off-diagonals scaled

to the a posteriori (retrieved) covariance, from the first spectral window in the synthetic
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H50 spectrum fit (figure 5.9) is:

0.99 —3.99 x 107% —2.84x10"7 1.33 x 1073 —1.49 x10™% —7.45 x 107°
—3.04 x 1074 1.00 1.52 x 1077 6.44 x 10~4 1.56 x 10~% 7.82 x 1075
A= 6.01 x 10~% 2.53 x 10~° 1.00 —1.17x 103  1.45 x 10™% 7.28 x 10~° 5.3
- 6.55 x 10~° 7.89 x 1076 —1.94x 1078 0.99 —7.77x 1078  —2.75 x 10~ ( : )
—6.53x 107% —7.87x107% 1.93x10°8 1.39 x 1072 1.00 2.71 x 10~6
6.51 x 10~5 7.85x 1076  —1.92x 1078 —1.39x10"2 —7.63x 10~° 1.00

where the small off-diagonals indicate the independence of the retrieved parameters. The
highest gas parameter off-diagonal is the 9VMR/QP term, indicating poor distinction be-

tween P and VMR.

Self consistency. Retrievals over the three HoO spectral windows on measured spectra
were analysed to ascertain consistency of the operational retrieval. Figure 5.10 shows a
single typical example (with unsaturated lines in all windows). The partial pressure, the
key parameter of interest, is seen to be consistent between retrieved spectral windows.
Retrieved temperature varies by over 4 K between windows, but the retrieved error in
all cases is of order 1 K. Where HyO vapour concentration is lower (at lower temperatures)
this disparity becomes even more obvious (as weaker HyO lines are lost in the noise).
Figure 5.11 illustrates this; retrieved temperatures and uncertainties from all high resolution
(0.12 cm™!) spectra from a single day are plotted, along with partial pressures. The cause
of this problem is likely due to poor characterisation of the temperature dependence of HoO
vapour in the HITRAN-96 spectral database. Uncertainties are not included in the edition
of the HITRAN spectral database used here, thus limitations in knowledge of spectral
parameters are not conveyed in the uncertainties output from the retrieval, which should
therefore be considered as a lower limit. It was found that the temperature retrieval with
CO and COy was much more consistent, permitting use of these species for temperature

calibration (section 5.3.2).

Calibration from retrieved values. Retrieved partial pressures of HoO during two test

experiments are used here to further validate the gas retrieval, since expected pressures were
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Figure 5.10: Converged Hy0 retrieval of a measured spectrum (28/11/00) over each spectral
window. The left panels show the measured spectrum (colour coded) with retrieved parameters, un-
certainties and partial pressure (PP); units are [mb], [K], [ppmv], and [mb] respectively. Associated
residual is displayed to the right.

retrieved. The first test was conducted by connecting the water bath directly to the large
aerosol cell, setting the No flow over the bath to a flow rate of 100 sccm, and achieving
a steady-state cell pressure of approximately 50 Torr. The retrieved HoO partial pressure
was 21.03 + 0.76 mb, corresponding to the saturation vapour pressure (SVP) of water at
291.5 + 0.6 K. The measured calibrated temperature was 291.2 + 2.1 K inside the cell
and the laboratory temperature near the bath was 293.8 K; this corresponds to an SVP of
24.3 mb at bath temperature, and 20.7 + 2.8 mb at calibrated cell temperature. Since HoO
partial pressure can only decrease through condensation after the bath, the retrieved HoO

partial pressure lies well within the error bars for the expected SVP. The retrieval of an
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Figure 5.11: H,O vapour gas retrievals from 28/11/00. Panel (a) shows retrieved temperature
from each retrieval; also plotted are the PRT temperatures for comparison. The retrieved partial
pressure is shown in panel (b). The standard colour scheme is used for each spectral window, and
error bars, although not visible in many cases, are plotted.

expected SVP pressure is a further validation of the gas retrieval. With the flow rate over
the water bath increased to 400 sccm (the maximum possible rate is 500 sccm) the retrieved
H5O vapour value fell to 16.2 4+ 0.73 mb. Later experiments using a similar setup conducted
at RAL (R. A. McPheat, personal communication), revealed that the evaporation in baths
could result in significant cooling which becomes more pronounced at higher flow rates,
explaining the reduction of SVP pressures observed at higher flow rates.

The second test was performed through retrieval of the water vapour component from
measurements of pure sulphate aerosol flowing into the large cell at room temperature. A
thermodynamic model based on that of Steele and Hamill (1981) was used to calculate

the expected composition of sulphuric acid, using the retrieved HoO vapour pressure. The
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sulphuric acid bath used was of 74.4wt% concentration, as for the main experiments. The
calculated sulphuric acid composition was 77.0 + 0.35wt% using CO; retrieved tempera-
ture and error combined with the HoO vapour pressure error. The fact that the calculated
droplet composition is slightly higher than the bath is probably due to mixing errors re-
sulting from the manual bath preparation process; this could be a significant source of
systematic uncertainty for this calibration. Since this difference is small, these results fur-

ther validate the gas retrieval.

5.2.7 Summary

The main achievements of the gas retrieval can be summarised:

o The forward model has been extensively validated and found to provide an excellent

representation of measured spectra to within measurement noise;

e Partial pressures of HoO and HNOj are retrieved to an accuracy typically of better
than 4 % in each spectral window — retrievals between the different HoO spectral

windows are combined to reduce uncertainties further;

e The position of line centres permitted characterisation of the wavelength shift due to

beam divergence in the F'TS.

The main limitation of this model is that the HITRAN-96 spectral database does not
contain uncertainties; hence the uncertainties returned from the gas retrieval represent a

lower-limit to the total error.

5.3 Temperature monitoring and calibration

Knowledge of the temperature of the aerosol/gas in the cell is of utmost importance in the
analysis of particle evolution, composition and determination of thermodynamic properties
(i.e. freezing points). The temperature monitoring system is described here in order to

complement the description of temperature calibration. The system as used in the main



Chapter 5: System Characterisation 150

experiments consisted of 14 platinum resistance thermometers (PRTs; Fisher Rosemount,
PT-100 grade B) mounted external to, but in thermal contact with the body of the inner
cell. With current techniques, PRTs cannot be mounted inside the cell since the solder joints
are attacked by acid. During the settling experiments temperatures were monitored from
four selected PRTs manually during experiments. By the time of the main experiments,
an automated PRT logging system had been installed. Calibration of the PRT readings
was undertaken from analysis of the main experiments. The gas retrieval was key to the
temperature calibration, providing an independent assessment of the temperature along the

beam path through retrievals of COy gas lines in measured spectra.

5.3.1 Temperature monitoring system

The PRT numbering and spatial placement is shown schematically in figure 5.12; PRTs
11,12 and 13 are mounted inside sealed tubes suspended from the top plate of the cell.
The operation of PRTs is based on the temperature-dependant variation of resistance. In
both the manual and automated logging of PRTSs, resistance was indirectly determined by
passing a constant current through each PRT wired in series (two wires) and monitoring the
voltage across each PRT (two wires). This four-wire approach has the distinct advantage
of eliminating the resistance of the connecting wires. As long as the constant current
is accurately known, it is straightforward to calculate PRT resistances from the voltage
measurements using Ohm’s Law. All four wires from each PRT were connected via electrical
vacuum feed-throughs to the exterior wiring to permit PRT's to be removed from the circuit
in case of malfunction. All external wiring and connections were shielded to minimise
electromagnetic interference.

During the settling experiments readings of four PRTs were manually logged during
each FTS measurement with a switching box and a digital multi-meter; a stable 1 mA
constant current source was used. Constant current was monitored to an accuracy of
4 0.001 mA and the voltage to £+ 0.01 mV. Thus, the main source of error in the temperature

analysis is the uncertainty of the constant current which at 190 K translates to + 0.2 K, and
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the sparse coverage of the cell temperature with only four PRTs. All temperatures quoted
for settling experiments are calculated from an average of the monitored PRTs, which were
distributed across the cell to give a representative mean temperature. At a stable 190 K
cell temperature, the individual PRTs gave temperature values that varied by up to 5 K
across the cell, and hence an estimated temperature uncertainty of + 5 K is adopted for
the settling experiments.

During the main experiments a new proprietary (National Instruments Corporation)
temperature logging system was installed to automatically log PRTs. Voltage measurements
were digitised through a 24 bit ADC card in a dedicated PC system, giving temperature
values of accuracy + 0.1 K. Electrical filtering for 50 Hz noise was automatically applied,
and the calculated temperature reading from all 14 PRTs logged to file with a time-stamp
at 5 second intervals.

Figure 5.12 illustrates the wide distribution of temperatures recorded by the PRTs
throughout an experiment. It can be appreciated at this stage that it is not possible to
ascertain the temperature of the gas and aerosol inside the cell from these data without
calibration. According to specifications, individual PRTs have an accuracy of better than
+ 0.5 K with comparatively negligible systematic variation between units. Hence, the
variations in temperature between PRT's reflect the real distribution of temperature on the
outside of the cell, and in the internal probe tubes (PRTs 11,12,13). A real-time plot of
PRT temperature data was displayed on a dedicated logging computer, which was utilised
during experiments to help determine when the temperature had stabilised in conjunction
with checking stability of successive aerosol spectra. It can be seen that the coldest group of
PRTs stabilise relatively rapidly during each cooling phase, and that the two other groups
of PSCs take longer to cool, and approach stability at higher temperatures. Being relatively
thermally isolated from the cooling coils, the bottom and top plates are at considerably
higher temperatures.

Aerosol spectra still varied once the coldest group of PRTs had stabilised, indicat-

ing that the temperature of the aerosol/gas is not directly linked to these PRT readings.
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Figure 5.12: Final large cell PRT numbering and locations (RAL) (left), and PRT temperature
distribution on a typical experimental day (right).

Theoretically, the mean temperature of the aerosol/gas along the FTS beam path should
lie somewhere between the coldest readings and the internal probe tube PRT temperatures
(the green group in figure 5.12). Since they are thermally isolated from the cooling system
by the much warmer top plate (PRT 14), the internal PRTs can only be cooled to lower
temperatures by heat conduction from the aerosol/gas inside the cell (radiation from the cell
walls would play a smaller role), with some steady-state temperature being attained that is
higher than the cell contents. However, the mean internal temperature of the aerosol/gas
along the FTS beam path would depend on a complex interplay of parameters, including
the temperature and flow rate of the incoming stream from the laboratory, the internal
pressure, the temperature distribution across the cell, and cooling history and turbulence
within the cell (it is assumed that the wide temperature distribution results in considerable
turbulent mixing, facilitating the stabilisation of aerosol and temperature). Due to the
limited information available, it was not considered feasible to model the resulting temper-
ature along the beam path from PRT temperatures alone. Only retrieved gas temperatures

provide the necessary calibration of PRT measurements.
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Figure 5.13: Retrieved CO, gas temperatures (red, error bars are not visible on this scale) and
range of PRT temperatures on days of CO5 contamination.

5.3.2 Calibration

Good information on temperature could be retrieved from two sets of high resolution data:
1. Four days of spectra contaminated by COq;
2. A low temperature measurement of CO in the cell.

As explained section 5.2.6, HoO and HNOg3 gas measurements could not be employed for
temperature measurement due to systematic errors. Contamination with COq, indicated
by a CO, absorption band around 2350 cm™! in the recorded spectra, was measured on
four days (21/11/00 to 24/11/00) during the main experiments. Since the temperature

dependence of COs is well characterised in HITRAN-96, this contamination enabled the
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retrieval of mean gas temperatures along the FTS beam path with a standard deviation of
less than 1 K, from high resolution (0.12 cm™1!) spectra. Figure 5.13 shows the retrieved CO,
temperatures plotted against PRT measurements for each day — the retrieved temperatures
lie close to the temperatures of the internal PRTSs, or slightly above; unexpected since
the internal PRTs are cooled by only the gas and should be warmer. However, radiative
cooling to the colder walls may reduce PRT readings, or more likely the gas along the FTS
beam path, being close to the base of the cell, is marginally warmed by the base plate and
the warmer viewport recesses. The retrieved CO4 gas temperatures were also compared
with each of the internal PRTs and the sum of these PRTs. It was found that, for the
combination of all four days, the gas temperatures most closely match PRT 13, which can

be understood since this is the closest internal PRT to the viewports.
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Figure 5.14: Retrieved CO and CO, gas temperatures for all measurement days relative to PRT

13. The standard spectral window colour scheme is used here.

A plot of all the retrieved CO2 and CO temperatures against PRT 13 can be seen

in figure 5.14. Although the CO temperatures show good agreement with PRT 13, these
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values were not included in a calibration due to the non-standard nature of the CO test
experiment. The optimal calibration of PRT 13 to the gas temperature along the FTS beam
path was obtained by using the temperatures determined from the CO, gas retrievals.
A distinct trend can be seen in the CO2 temperatures, relative to the temperature of
PRT 13, in figure 5.14. This trend is probably due to the increasing temperature gradients
across the cell at lower temperatures, and can be best fitted by a weighted straight line
through the CO4 temperature offsets, such that T, = a + b(PRT 13) &+ 0. Figure 5.15(a)
illustrates the best fit line through the offsets, and 5.15(b) shows the straight line calibration
plotted with the retrieved COs temperatures and uncertainties, which demonstrates that
the COq temperatures show a random distribution about the line. However, since the
straight line fit is only an approximation to the mean gas temperature along the F'TS path
(the CO4 temperatures), the error of the straight line fit is not an indication of the error
in real temperature. The definitive estimate of uncertainty is the distribution of retrieved
temperatures about the line, such that ¢ = 2.13 K for all temperatures quoted for the

main experiments of this thesis (unless otherwise stated).

5.3.3 Summary

It is fortunate that contamination by CO2 gas permitted independent temperature retrieval
on several experiment days, thereby enabling temperature calibration of + 2.13 K.

New methods to improve temperature characterisation in future work include:

e Mounting PRTs inside the inner cell, preferably close to the FTS beam path. Fol-
lowing calibration, these PRT should yield a much better estimate of real gas tem-
perature. New shielding technology would be necessary for PRTs to be placed in this

highly acidic environment;

e Use of a temperature marker, such as a small quantity of COy or CO in the flow, to

allow accurate temperature retrieval.

Carbon monoxide is the preferable choice as a temperature marker, since COy may freeze at
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Figure 5.15: CO, temperatures retrieved from 21/11/00 to 24/11/00. The temperature offset from
PRT 13 can be seen in panel (a), with the weighted straight line fit (red) through the retrieved
temperatures. Panel (b) shows the fit through the COy temperatures with associated errors.

temperatures lower than approximately 217 K. The main problem here is that the marker
would only be of use in high resolution measurements, not the majority of low resolution
aerosol spectra. Use of another spectrometer (FTS, TDL, etc.) could allow simultaneous

high resolution measurements to track temperature.

5.4 Error characterisation in low resolution spectra

The gas retrievals from high resolution (0.12/0.4 cm 1) spectra were performed over rela-
tively small spectral windows, where it could be justifiably assumed that the measurement
uncertainty remains constant and that the forward model is a very good representation of
reality; this enabled the measurement of uncertainty from the residual between the forward

model fit and the measured spectrum for high resolution measurements. However, a much
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wider spectral range is covered in the band model retrieval of refractive indices from low
resolution (4 cm™!) spectra, and uncertainties increase considerably at the margins of spec-
tral coverage. Thus, an independent detailed assessment of uncertainties was necessary for

low resolution aerosol extinction spectra, as described in this section.

5.4.1 Wavenumber-dependant uncertainties in radiance spectra

The first stage in the determination of errors in low resolution extinction spectra was the
assessment of random noise in raw radiance spectra. Although each low resolution spectrum
consisted of 100 co-added spectrometer scans, from which it would be straightforward to
determine the variance at every wavenumber point, this was not possible due to limitations
of the hardware and software employed. Instead, smooth sections of raw radiance spectra
were identified and fit with polynomial functions to calculate the standard deviation of
points about the function as an estimate of noise. This method was used to assess random
noise from 0 to 10000 cm ™.

As previously described (section 5.2.6), there are two main categories of spectral
noise, absolute (additive — thermal/amplifier noise) and relative (multiplicative — photon

statistics) noise. These can be distinguished where we have two radiance spectra of different

strengths, i.e. a background and measurement spectrum, from:

€background = €absolute T (erelative X Ibackground)

€measurement — €absolute T (frelative X Imeasurement)

where ¢ indicates the relevant error terms, and I the measured radiance spectrum. The
calculated noise over identical spectral regions was found to vary little between spectra of
varying radiance intensity, such that the calculated relative noise was of order 10~°. Thus,
the main component of noise at all radiance intensities, down to zero signal level, was

absolute (additive Gaussian) in nature and independent of radiance intensity.
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Since the relative component of noise was negligible compared with absolute noise,
an accurate estimate of noise was obtained from background spectra only, measured at the
start of each day of measurements in the main experiments. It was found that noise varied
little between days. Thus, the mean of noise estimates for all backgrounds from the main
experiments was used to evaluate wavenumber-dependant noise in radiance spectra across
the entire spectral range. This parameterisation was used for the weighted polynomial
fitting of the variation of BaFy window transmission with temperature, and the evaluation

of wavenumber-dependant uncertainty in low resolution extinction spectra.

5.4.2 Temperature dependence of barium fluoride windows

It was clear by the main experiments that a component of the optical system exhibits sig-
nificant temperature dependence since it was observed that extinction would become very
low (even negative) near to the infrared window cut-off around 750 cm~! towards the end of
experiments, after the cell had been cooled from the temperature of the initial backgrounds.
Comparison of initial (room temperature) and final (cold) background spectra revealed a
considerable increase in transmission near the 750 cm™! cut-off with reducing temperature.
Figure 5.16 shows an example of initial and final low resolution DLaTGS spectra where
transmission increases by over 50 % around 750 cm!. Similarly, high resolution MCT
spectra exhibited the same temperature-dependent characteristics. Investigation into the
properties of the barium fluoride (BaF3) windows on the aerosol cell revealed that there
is a known “temperature influence on infrared cut-off.”®> Although BaF, has been used by
other groups (Niedziela et al., 1999; Norman et al., 1999), no references to the temperature
dependence of BaF, in similar experiments have been identified. This effect is charac-
terised in this work, and a correction mechanism is formulated along with an assessment of
uncertainties.

In order to characterise the temperature dependence of the BaFy windows, low resolu-

5From the SPECAC Catalogue, 2000.
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Figure 5.16: Low resolution DLaTGS background spectra from 28/11/00. The initial (warm,
200 Torr N3) and final (cold, evacuated) backgrounds can be seen in panel (a). A ratio of the
backgrounds (b) reveals a significant increase in transmission at low temperature near the infrared
cut-off. This is typical of all days where cooling took place.

tion DLaTGS background spectra were measured in a test experiment over a representative
temperature range (approximately 290-190 K), with the cell evacuated. It was found that,
at all wavelengths, measured radiance (uncalibrated units) and calibrated temperature ex-
hibit a smooth relationship. Ideally, temperature readings of the BaFs windows would be
expected to yield the most realistic relationship, but window PRTs were not monitored in
the experimental configurations used. Figure 5.17 illustrates that variation of radiance with
calibrated temperature is a smooth function during the cooling phase at a fixed wavenum-
ber. It was found that the variation of radiance with cooling is best represented by a
second order polynomial at all wavenumber points. The polynomial coefficients from the

weighted (by the radiance uncertainties) calibration fit at each wavenumber point (from
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0-10000 cm™!) were stored during the calibration process, along with the full covariance
matrix for determination of errors.

For each measurement day backgrounds are measured at two temperature points,
room temperature and the coldest point. Temperature correction uses the polynomial coef-
ficients from the background calibration and fits to the initial and final background radiance.
In figure 5.17 the polynomial fit (blue curve) does not coincide with the selected initial and
final background radiance points. However, if a straight line joining the initial and final
background radiance differences from the polynomial is subtracted from the polynomial fit,

the resulting corrected polynomial function joins these points (yellow curve), such that:

poly rad(T) = ay + (ag x T) + (a3 x T?) (5.4)

() — POy 3d(Tin) — xad) = (poly-sad(Tys,) — radye) 655
T%m' - Tfin

d1 (T) = (poly_rad(Tmi) — radmi) — d2 X Tmz (56)

corrected rad(T) = (a; — dy) + (ag — do) x T + (a3 x T?) (5.7)

where poly_rad is the radiance from the calibration polynomial fit, d2(T) is the difference
gradient and d; (T) the difference constant between the fit and the local background radi-
ance, rad;,; and rady;,. The final corrected radiance at a set wavenumber element for a
given temperature is corrected_rad. The coefficients d; and dy represent a straight line fit
through the differences. This process is used to fit initial and final background radiance
for each measurement day. The radiance for any selected calibrated temperature is then
straightforward to calculate from the corrected second order polynomial function.

By evaluating this interpolation between initial and final backgrounds according to the
polynomial fit, the temperature dependence of the BaF; window transmission is accurately
represented with respect to the background calibration experiments. Limitations of this

method include:

e The possibility that the calibration differs fundamentally from normal experiments

since the cell was evacuated (affecting thermal equilibration of the windows) in the
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Figure 5.17: Variation of radiance at 771 cm™! with calibrated temperature. Spectra measured

during background calibration. Red points were measured during cooling, and black points during
CO measurements and overnight warming. The blue curve represents a second-order polynomial
fit to the calibration (red) points, and the yellow line is the adjusted fit to the initial and final
background points (green).

test experiment;

e Poor characterisation of contamination — excess HNOj3 gas can attack the BaFy win-
dows, resulting in anomalous absorption not fully modelled by smooth interpolation

between initial and final backgrounds;

e The lack of a more direct measure of window temperatures imposes limitations on

accuracy.

This work represents the first known calibration of the temperature dependence of
transmission of BaFy windows. Figure 5.18 shows a series of stable low resolution aerosol
spectra recorded during on a single day, with and without background correction. It can be
seen that there is a significant difference below 1000 cm ! between these cases. Comparison

with the work of Niedziela et al. (1999) reveals that spectra published by this group may
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Figure 5.18: Extinction spectra of ternary solution aerosol measured on 28/11/00 (a) with corrected
backgrounds, and (b) with initial background.

have been affected by BaFy temperature dependence.

5.4.3 Evaluation of uncertainties in extinction spectra

In the correction of BaFy temperature dependence, both the second order polynomial back-
ground calibration fit and the corrective straight line fit have associated errors. The co-
variance matrices can be added (assuming the covariances are independent) prior to matrix
multiplication with the derivative of the corrected polynomial function and its transpose to
yield the final error in the calculated radiance point, i.e. 0% = %—‘C’(Se)%—YT, where V is the

expression for the corrected polynomial, ¢ the polynomial coefficients, and S, the combined

covariance matrix of the fit. Figure 5.19 illustrates how the errors from the polynomial
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background fit and the corrective straight line fit combine to produce the total error at a
single wavenumber value over a range of temperatures exceeding the background temper-
atures from this day (plotted). The uncertainty of the second order polynomial fit is low
compared with the corrective straight line error, due to the subtraction of two measurement
points (absolute noise level) before fitting in the latter case. This results in a higher than
absolute noise level error around the temperatures of the backgrounds. However, this does
not include the true error in the background correction model, which would be greatest in
the middle range where the assumption that the calibration day scales the same as other
days would lead to the greatest uncertainties. Errors are combined at every wavenumber to
produce an error spectrum for the background. Finally, the calibrated temperature uncer-
tainty (+ 2.13 K) is used to calculate the correlating uncertainty in background radiance
over this range. It is assumed this error is small enough to be symmetric, although it

dominates at about ten times the level of the corrected measurement noise.
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Figure 5.19: Propagation of radiance uncertainty in background spectra at a single wavenumber
(869 cm ™) on 22/11/00. The initial and final background temperatures are indicated by the vertical
lines T; and Tt respectively. The absolute noise level is the estimated noise at this wavenumber.
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Figure 5.20: Panel (a) shows the calculated uncertainty as a percentage of a typical aerosol mea-
surement (from 22/11/00), and the corresponding corrected background can be seen in (b).

Since the measurement errors are the calculated absolute noise values, it is a sim-
ple matter to combine these with the background errors. It is assumed these errors are
completely independent. Figure 5.20(a) shows the magnitude of the calculated error as
a relative percentage of a typical sulphate aerosol spectrum, measured on 22/11/00. In-
creased uncertainty around 750 cm™!' and 1300 cm™! is due to the window temperature
dependence and change in window contamination respectively. The corrected background
for this measurement can be seen in figure 5.20(b); the very low signal around 8700 cm™!
is possibly due to electronic filtering in the FT instrument, or detector non-linearity (since
this is outside the detector range — see section 4.1.5). It is important not to confuse mea-

surement uncertainty here with information content, since outside the spectral range of the

detector and the optics spurious signals can be confused with useful data. Therefore, it is
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concluded that the main experiment setup provides good quality spectral coverage over the

range 750-8000 cm™!.

5.5 Summary

Characterisation of the experiment system has encompassed:
o Identification of ST'S aerosol in the cell at a range of temperatures;

e The first use, in this field, of a single FTS instrument to characterise broad band
features of aerosol and gas components for measurement of partial pressures and

calibration of cell temperature measurements;

e Characterisation, and modelling, of the temperature dependence of the transmission

of BaFy windows;

e Comprehensive calibration of uncertainties in the experiment system enabling calcu-

lation of uncertainties in the spectral data (and potentially refractive indices).
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Refractive Index Determination

The derivation of wavelength-dependant complex refractive indices is key to achieving the
objectives of this thesis. It was revealed in the characterisation of the experiment sys-
tem that it was not possible to produce data suitable for derivation of refractive indices
using traditional Kramers-Kronig based techniques. The novel approach adopted here is
based on the classic damped harmonic oscillator (CDHO) model (Bertie and Zhang, 1992),
which enables the retrieval of refractive indices from a single measured extinction spec-
trum. The fundamental principals of modelling absorption spectra using the CDHO model
were discussed in detail in section 2.3.4. In addition to fitting the absorption features of
aerosol spectra with symmetrical absorption bands, the forward model of the refractive
index retrieval fits the scattering of aerosol in order to accurately model the measured
aerosol extinction spectra. Thus, the products of the retrieval are the CDHO band param-
eters, which can be used to represent the wavenumber-dependant refractive index and to
determine the speciation of solutions (after calibration — section 7.1), and aerosol particle
size distribution parameters which can be employed to evaluate related parameters such as

aerosol volume and gravitational settling velocities.

166
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6.1 The forward model

The theoretical basis for the forward model of the refractive index retrieval was detailed
previously in section 2.3. The forward model evaluates the complex dielectric spectrum
from the CDHO model band parameters of oscillator centre 7;, width (damping constant)
«v; and intensity S; for a set of j bands at each wavenumber element. The complex refractive
index can be calculated from the dielectric constant using equations 2.20 and 2.21. A Mie
scattering model is used to simulate extinction of homogeneous spherical droplets through
scattering and absorption using this refractive index, see equation 2.5. A log-normal size
distribution of aerosol particles is assumed, see equation 2.7; this has been widely accepted
as the definitive distribution to use in similar aerosol experiments (Willeke and Baron,
1993). The state vector elements describing this distribution, the number of particles per
cm?3, N, the median radius, r, and the width of the distribution, o, are the first elements in
the state vector. The offset value of the (real) refractive index at infinite wavenumber (zero
frequency), my,, is retrieved as the fourth element in the state vector, followed by j sets of
band parameters. Modified versions of this scheme were used in order to test and validate
aspects of the retrieval. The wavenumber shift due to beam divergence was accounted for
independently of the forward model (section 5.2.3).

Calculation of the Jacobian (or weighting function), K, was undertaken using a nu-
merical perturbation method (rather than analytical derivative calculation) for each state
vector element. Since this involves calling the Mie code to calculate the extinction at every
wavenumber for each state vector element this can be a computationally expensive process.!
An analytical calculation of K for each state vector element raises the prospect of a much

faster retrieval, but remains elusive as this is a non-trivial derivation from Mie formulae.

!Typically taking over 30 minutes for Jacobian calculation for all state vector elements in a 30-band case
from 750-8000 cm ™.
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6.1.1 Multiple scattering

The assumption is made in the forward model that radiation is not scattered back into
the beam from either single or multiple scattered photons, and that no thermal emission
occurs — this assumption was tested by modelling the scattering of aerosol in the cell. The
contribution of scattered photons to the measured signal was assessed using a Monte Carlo
simulation with the applicable geometry. Previous analysis demonstrated that scattering
of light into the beam was negligible in the case of a smaller cell used at RAL (Heathfield
et al., 1999). More recently calculations were undertaken for the large cell (R.G. Grainger
& A. Brian; personal communication) which produced a similar result. The main findings
are that, in spite of the greater internal area of the large cell and the consequent higher
probability for photons to multiple scatter around the cell, the probability that photons
scatter back into the beam with a small enough angle to the transmitted beam (the ac-
ceptance angle) to reach the detector surface is negligible, thus the enhancement of the

observed radiation from multiple scattering is small at realistic optical depths.?

6.1.2 Formulation of a generic set of band parameters

The first stage of analysis was to determine an initial estimate of the log-normal monomodal
size parameters N, r and o, by fitting the region of spectra where extinction is dominated
by scattering of aerosol particles (4500 to 7000 cm™!). The next stage was to fit CDHO
band parameters to model absorption below approximately 4500 cm ™!, where k() # 0.
Initial use of an a priori and first guess set of band parameters compiled from lit-
erature sources (detailed in table 2.1, section 2.5.8) resulted in a generally poor fit to a
typical representative extinction spectrum of supercooled ternary solution (STS) aerosol.
User-intervention was thus required in the initial stages of analysis to generate a generic
set of band parameters to fit measured aerosol extinction spectra more closely. This pro-

cess involved calculating peak wavenumbers of measured absorption bands (from extinction

2Most photons will be absorbed rather than reflected by the acid-coated stainless steel cell walls.
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spectra), and gradually improving the fit by using the residual between the measured and
modelled spectrum as a guide. Bands were combined from binary sulphate spectra and bi-
nary nitrate spectra (from literature) in order to obtain a complete set of band parameters
applicable in the binary and ternary aerosol cases. Only physically representative bands

were included in this analysis. The generic band set is detailed in table 6.1.

Table 6.1: Generic band set parameters.

Molecule vilem ™ | yjlem ] | Sj[em ]
H,S0,4 573.3 0.1 129512.9
NO3~ 743.8 98.0 42282.6
NO3~ 822.7 106.2 22424.2
SO4%~ 896.6 96.3 13706.2
H,SO4 961.3 62.2 3203.4

S04%~ 1029.7 128.7 11109.0
SO4%~ 1047.7 38.7 4901.9

HSO,4~ 1119.4 104.6 15665.4
HSO,4~ 1149.6 76.1 43311.2
HySO4 1188.0 90.4 24364.0
H;0F 1229.9 63.6 7648.5

HNO; 1299.8 86.7 15537.8

NO3~ (SO4%27) | 13439 78.7 29010.3
HNO; (H2SO4) | 1402.2 84.0 24297.3
HNO;3 (H2SO4) | 1445.9 105.5 | 22008.0
H,0 (HNO3) 1640.3 83.3 35879.5
H;O0t (HNO3) | 1716.1 268.7 | 91824.6

H30" 1792.2 178.2 17085.9
Unassigned 19124 291.3 48254.0
Unassigned 2069.6 2104 16870.6
Unassigned 2219.5 430.8 94071.3
Unassigned 2464.6 379.6 38443.9
HNOj3 2653.3 192.2 8242.9

H>0 2824.4 266.4 30155.6
HNO3 2969.5 176.5 23376.1
H»O 3113.7 187.0 68486.2
H20O 3240.4 185.5 170255.0
Hy0O 3356.0 152.4 150793.6
Hy0O 3444.2 131.1 134657.7
H20 3524.9 90.9 62833.4
H20O 3595.3 80.0 39971.5

The generic band set was used as an a priori state vector for all refractive index
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retrievals reported in this thesis, although there is some band redundancy in dilute and
binary solutions. For example, nitrate bands are not present in a binary sulphate spectrum
and vice versa — this is not important since the non-relevant bands tend towards zero band
area in the retrievals, indicating that the generic band set is a robust a priori state for all
binary and ternary solution retrievals conducted here. More generally, it should be noted
that the retrieval is not strongly constrained to the a priori state values for the generic
band set (section 6.1.7). As such the a priori state should be considered to represent a basis
for the retrieved band parameters within the retrieval constraints specified in section 6.1.7.
The exact band parameters in the generic band set are not crucial to the outcome of the

retrieval.

6.1.3 Forward model error

A converged fit to a cold sulphate aerosol extinction spectrum as measured in the final lab-
oratory session can be seen in figure 6.1. The limitations of the forward model in the region

1 are evident from the normalised residual between the forward model and

near 3700 cm™
the measured spectrum.? The primary problem is ringing that reaches a maximum around
3650 cm !, which corresponds to about 20 % of the measured extinction. The normalised
residual is so large in this region that the retrieval does not calculate such a good fit over
the remainder of the spectrum. Another problem can be seen with COs contamination
around 2350 cm™!, the source of which has been described previously (section 5.3.2).

The multiple bands located around 3400 cm ™! are due to molecular vibrations in
H50 molecules (Querry and Tyler, 1980). There are three intra-molecular vibrations, the
v1 symmetric and vz antisymmetric O-H stretching modes, and the vo O-H-O bending
mode. The v, band is located around 1640 cm ™. The v; and v3 stretching modes produce
overlapping bands, possibly in Fermi resonance with the first overtone of the vy band

1

around 3280 cm™". Moreover, the asymmetric O-H stretching modes lead to asymmetric

3The normalised residual is the straight residual between the measurements and the forward model,

scaled by the measurement uncertainty, i.e. %.
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Figure 6.1: Converged refractive index retrieval fit to a 198.9 K sulphate aerosol spectrum from
22/11/00, no forward model error included. The red line in the first panel is the forward model,
black is the measurement. N = particle density [10® cm~3], r = median radius [pm], ¢ = spread,
and m, is refractive index anchor point.

band shapes (Palamarev and Georgiev, 1994; Libnau et al., 1994), which cannot be directly
modelled by the CDHO model (which produces a symmetric band shape).

In the fit shown in figure 6.1, the solution consists of a total of seven OH bands from
2786-3487 cm~!. A larger number of separate symmetric bands are used here to represent
a smaller number of asymmetric bands. However, this method does not produce a perfect
fit to the asymmetric bands, as can be seen from the non-physical structure or ringing
around the peak of the OH band at the centre of each narrow band. Two main approaches
were taken to improve the fit to the OH bands: (1) modifying the bandshape, and (2)
varying the number of symmetric bands fit to the OH region. In the first case, a number

of measures were implemented, including the introduction of a band asymmetry term into
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the retrieval, but with no significant improvement of the retrieval. In the second approach,
the number of symmetric bands in the OH region were increased to 40, which produced
an excellent fit for a highly-acidic binary sulphuric acid measurement (of about 77 wt%
composition), but did not appreciably improve the fit to the OH region for ternary solution
measurements. Coupled with an additional computational (time) penalty of using such a
high number of bands, this approach was found not to improve the retrievals. As a result
of this analysis, it was found that the OH region was best represented by an intermediate
number of symmetrical bands — in the generic band set (section 6.1.2) nine bands were
employed to model the region from 2500 to 3600 cm™!.

Two methods were investigated to mitigate the effects of the poor fit to the OH cut-
off region: (1) removing the 2500 to 3600 cm™! wavenumber region from the retrieval, and
(2) introducing forward model error into the retrieval. The first approach was found to
have the undesirable side-effect of leading the retrieval to vary bands inside the blanked out
region to high strengths in order to help the fit to the surrounding regions; this resulted in
many cases in high absorbance values at high wavenumbers where k£ should tend towards
zero. This high wavenumber absorbance, defined here as k leakage, would then result in
the retrieval of incorrect size parameters. In the second approach, forward model error was
introduced in the retrieval by selectively increasing the measurement error over problem
regions (A. Lambert; personal communication). Although the true forward model error can
only be estimated, the measurement error was increased by a factor of x40 from 3500 to
5500 cm™! in all retrievals. This method reduces sensitivity to the normalised residual over
this region, yielding a compromise between k leakage and improving the fit across other
regions.

Forward model errors of appropriate factors were also included to cover the CO4 con-
tamination region and regions of strong HoO lines in specific instances at room temperature
(i.e. H2O lines can be seen in the room temperature extinction spectrum in figure 6.1). Pre-
liminary investigation was undertaken to assess the feasibility of modelling the CO9, H20,

and HNOg3 gas lines in low resolution DLaTGS spectra, but with so few sampling points
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Figure 6.2: Converged refractive index retrieval fit to a 196.7 K ternary aerosol spectrum from
29/11/00, forward model error included as in the final retrieval configuration. The red line in the
first panel is the forward model, black is the measurement, and the third panel shows the total
percentage error. N = particle density [10® cm 3], r = median radius [um], o = spread, and m, is
refractive index anchor point.

this would be unreliable. This is not of major concern as gas lines are not visible above
background noise in laboratory spectra at stratospheric temperatures since the equilibrium
partial pressures reduce considerably with temperature, and the optical path in the cell is
short. Figure 6.2 shows the converged fit to a cold ternary solution aerosol spectrum, using
forward model error; although the fit from 3500 to 5500 cm ™! remains poor, the fit over the
remainder of the spectrum is improved. Indeed, the third panel in figure 6.2 shows that the
percentage error of the fit is below 1% through most of the spectrum. This is a far better
fit to spectra measured for this thesis than was achieved with the refractive index data of

Biermann et al. (2000) (section 2.5.4).
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The key points to note from this analysis are that:

1. The quality of fit between the forward model and measured extinction in the spec-
tral regions of interest is good (to within 1 % extinction), although larger than the

measurement error of spectral extinction;

2. The quality of fit is conveyed in the errors in refractive index produced from the

retrieval.

6.1.4 Validation of the method

In the first instance the refractive index retrieval can be considered to be self-validating
since the retrieved refractive index can be used to accurately model the measured extinction
through the forward model. However, further inspection reveals that the solution in band
space is not unique, which raises important questions pertaining to the independence of
retrieved parameters. In order to explain this, further investigation of the nature of the
solution is required. A converged fit to an aerosol spectrum is comprised of a series of 31
overlapping bands (as used for the majority of the refractive index retrievals conducted in
this work). Bands are separated by varying distances, and some are comprised of doublets or
even multiple bands (such as the OH stretch) which in a selection of cases directly represents
reality, and in other cases is an attempt to better model an asymmetric band shape. Of
interest in this discussion is the uniqueness of the solution, or rather the independence of
the retrieved parameters in the state vector.

Figure 6.3 shows the band components of the converged solution for the ternary
solution spectrum in figure 6.2. The bands are displayed in dielectric space since the band
parameters are retrieved as dielectric quantities. From visual inspection of figure 6.3 it
can be hypothesised that a different configuration of bands can yield the same aggregate
solution within the fit uncertainty; implying different band solutions can produce the same
refractive indices. The consequence of this would be that information is shared (or smeared)

between the state vector elements, implying that the band parameters are not unique for a
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Figure 6.3: Individual bands in dielectric space comprising the converged solution refractive index
retrieval fit to a 196.7 K ternary aerosol spectrum from 29/11/00, forward model error included.
Band colours range from blue at the lowest wavenumbers to red at higher wavenumbers. Panel (a)
shows the real component, and (b) the imaginary component of the complex dielectric constant.
The thick line shows the aggregate dielectric constant, forming the solution.

typical multi-band refractive index data set. This hypothesis is confirmed by analysing the
averaging kernel A scaled against the retrieved covariance matrix Q, and the correlation

matrix as previously defined and explained in section 5.2.6.

The averaging kernel. The state vector consists of N, r, g, mq, followed by j sets of
band parameters ;, v; and S;. The scaled averaging kernel, a measure of the sensitivity
of the retrieved state to the true state A = 0%/0x, is shown as a surface in figure 6.4. In
this representation the matrix elements are arranged so that the sensitivity of the retrieved
state element to each true state element in turn is calculated from left to right across the

surface. For example, in the line closest to the front, from left to right, the elements consist
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of N /ON, ON /dr, N /do, DN |dm.,, DN /iy, DN [8yy, N /8Sg, and so forth. The next
line back contains the next retrieved state vector element in the numerator, with the same
true state denominators from left to right. Hence, the physical meaning of the averaging
kernel as plotted in figure 6.4 can be interpreted as the sensitivity of the retrieved state
vector element on the front axis with respect to the true state vector elements along the

left axis.

Scaled averaging kernel

Figure 6.4: Averaging kernel scaled against the retrieved covariance from the fit to a 196.7 K
ternary aerosol spectrum from 29,/11/00.

Ideally the scaled averaging kernel in figure 6.4 would be flat (zero) except for unity
values along the diagonal, indicating the retrieved values are truly independent. The scaled
(against the retrieved covariance) off-diagonals indicate a smearing of information quite
widely across band parameters. The highest off-diagonals are located close to the centre
diagonal indicating that most smearing of information occurs between adjacent bands and
the position, width and strengths of individual bands. The strip of near zero off-diagonals

for the four elements along the left-hand side indicates that the retrieved size parameters
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are not particularly sensitive to the other state vector elements. However, the significant
values in the first four strips at the front indicate that the retrieved size parameters and
Moo have some dependence on the true state vector elements for the band parameters.
Thus, the values of the retrieved size parameters and my, are likely to be modified to some
extent by the absorbance bands. For clarity, a graph of the diagonal terms segregated into
components is displayed in figure 6.5. It can be clearly seen that the size parameters and
Moo are relatively independent, whilst there is wide variation amongst the band parameters.
Generally, the band positions show greater independence than the band widths, while the

retrieved band strength values show least independence.
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Figure 6.5: Graph showing diagonal elements from the averaging kernel of the converged solution
to a 196.7 K ternary aerosol spectrum from 29/11/00. The yellow boxes indicate the size parameters
N, r, 0 and m, respectively, followed by j bands with the red boxes indicating band position, 7;,
green the band width, 7;, and blue the band intensity, S;.

Correlation matrix. Also of interest in the validation is the correlation matrix, which
is the covariance matrix normalised against diagonal terms, which therefore always equal
unity. The correlation matrix is symmetric about the diagonal since the correlation be-
tween two error terms will be equivalent regardless of the sense of the calculation. The
correlation matrix for the same 29/11/00 spectrum as discussed previously can be seen
in figure 6.6. Widely distributed non-zero off-diagonals indicate significant correlation be-

tween error terms, which is in agreement with the smearing of information between the
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retrieved parameters already noted from the averaging kernel. These correlations are used
to evaluate the uncertainties associated with finding the ratio of multiple band areas in the

determination of composition from band areas (section 7.1.1).
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Figure 6.6: Correlation matrix of the fit to a 196.7 K ternary aerosol spectrum from 29/11/00.

A feature of the correlation matrix in figure 6.6 is the high correlation between the
last elements of the state vector and N, r, o and mq,. Further investigation reveals that the
maximum correlation (positive) and anti-correlations (negative) are of approximate magni-
tude 0.8, and occur most strongly as anti-correlations to band position of the higher bands
with N, 0 and m, and correlation with r. These high correlations suggest a problem with
anomalous absorption (non-zero k) extending to high wavenumbers from the summation of
the tail ends of all the band absorptions in the imaginary index (k leakage), particularly
those with the high correlation values — indicating that this absorption is affecting retrieval
of the size parameters and my,. Figure 6.7 shows the k() contribution from all bands at
high wavenumber from the fit to the same ternary spectrum as displayed in figure 6.3, using

the same colour scheme for comparison.
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Figure 6.7: Individual bands in imaginary dielectric space comprising the converged solution re-
fractive index retrieval fit to a 196.7 K ternary aerosol spectrum from 29/11/00. The more red the
colour, the higher the centre 7 of the band. The thick line shows the aggregate dielectric constant;
the non-zero value of k(#) illustrates the concept of k leakage.

Other published sets of refractive index data (Biermann et al., 2000; Niedziela et al.,
1998b, 1999) for sulphuric and nitric acid solutions give k values much closer to zero above
4000 cm~!. It may well be the case that some absorption occurs at high wavenumbers,
but this cannot be verified due to lack of validated data. To ascertain the effect of this
anomalous absorption on size parameters and mq,, the size parameters from two retrievals

were compared where the value of k was set to zero above 4200 cm™*

in one case; the results
are listed in table 6.2. The aerosol volume density for this table was evaluated from the

moments of the log-normal distribution using;:
4 (9 1n(a)2)
V= §77Nr3e ? (6.1)

This volume density calculation is dimensionless since this expression evaluates the volume
[m3] of droplets per unit volume [m=3]. It can be seen that there are significant variations
in the individual size parameters and the volume; the retrieved volume is 0.8 % higher when
k is fixed to zero, relatively large compared with the smaller retrieval uncertainties. This
indicates that k leakage is causing the retrieval to underestimate the aerosol volume by
0.8 %. Although this difference is outside the retrieval error, its small magnitude indicates

that volume retrieval is more robust than individual size parameters.
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Table 6.2: Effect of k leakage.
Param. N r o v
(x10% cm™3) (um) %
Free k | 0.603 +0.006 | 0.571 £0.003 | 1.312 +0.002 | 6.548x10~7 +4.93x10~1° +0.08
k=0 | 0.527 =£0.006 | 0.603 +0.003 | 1.293 +0.002 | 6.496x10~" +4.96x10~1° +0.08
Diff. 0.0762 -0.0316 0.0187 5.191x10~° | 0.8

Fits to simulated spectra. Finally, the retrieval was tested by fitting to a synthetic
extinction spectrum; the forward model output from the retrieval fit to a ternary solution
aerosol spectrum from 29/11/00 (as shown in figure 6.2) was used as the input to the
retrieval. The retrieval was then executed from the a priori state and first guess values of
the generic band set (section 6.1.2) that was used for the initial retrieval fit to the measured
spectrum. No noise was added to the synthetic spectrum, due to problems with applying
the correct apodisation of noise at such low resolution, and the associated measurement
error in the retrieval was set to a nominal value. As with the gas retrieval (section 5.2.6),
retrieval of a synthetic spectrum with no noise should be ideally expected to yield zero
residual. The retrieved size parameters and volume are compared in table 6.3; the retrieved
errors on the synthetic spectrum are irrelevant since there is nominal measurement noise,

but the retrieved values agree to within the uncertainty of the parameters initially retrieved

from measured data.

Table 6.3: Comparison of retrieved size parameters from synthetic retrieval.

Param. N r o 1%
(x10% cm™3) (pm) %
Synth. | 0.967 #£0.035 | 0.681 £0.013 | 1.385 +£0.010 | 2.061x10~% £3.87x10~° +£0.19
Ret. 0907 N/A | 0.705 N/A 1.378 N/A | 2.115x10°° N/A N/A
Diff. 0.0591 -0.0239 0.0067 -5.45%x10~8 2.6

The percentage residual (figure 6.8) shows minor ringing in the extinction spectrum
of the fit to a synthetic spectrum, reaching a maximum around the OH band cut-off. The

reason for the high residual in this region is due to the fact that the band parameters are a
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non-unique solution for the refractive index data (as previously discussed); highest residuals
occur where band spacing is closest which results in the most information smearing (the
least unique band solution). The residual of the synthetic fit is the forward model error in
extinction due to the non-unique nature of the retrieved band parameters — this is distinct
from the forward model error due to poor fitting of asymmetric band parameters. The latter
source of forward model error dominates; compare the percentage residual in figure 6.2 with
that of the synthetic retrieval in figure 6.8. This demonstrates that, although there is a
perceptible error in refractive indices due to the non-unique nature of the band solution, the
magnitude of this error is considerably less than that due to other sources. The uncertainties
in band parameters, due to non-unique band parameters in the converged solutions, are

accounted for in the final error in retrieved refractive index data.
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Figure 6.8: Converged refractive index retrieval fit to a synthetic extinction spectrum (the forward
model fit to a cold ternary solution spectrum for 29/11/00). The red line in the first panel is the
forward model, black is the measurement. N = particle density [10% cm™3], r = median radius [pm)],
o = spread, and m is refractive index anchor point.
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6.1.5 Uncertainty in retrieved refractive index

The covariance matrix of the state vector solution can be used to evaluate the error in the
refractive index. A matrix e = 0e(P)/0X, is evaluated for all state vector elements using
analytically evaluated partial derivatives for the real and imaginary parts of the dielectric
constant at every wavenumber. The covariance matrix relating the real and imaginary
parts of the dielectric constant at a single wavenumber can then be calculated using S, =
e x S x €. Similarly, it is then straightforward to relate Se(,;) to the partial derivatives
of the equations that relate the refractive index to the dielectric constant (equations 2.20
and 2.21), to produce values of the retrieval uncertainty in the real and imaginary parts of
the refractive index.

Typical refractive index uncertainty is represented in figure 6.9 for a ternary aerosol
retrieval; the maximum retrieval error is at the lowest wavenumber (750 cm !). The
higher uncertainty below 1000 cm ! is due to the propagation of high uncertainty from the
BaFs window temperature dependence correction process. A secondary maximum around
3650 cm ™! is due to the poor fit of the bands model to the OH cut-off. The refractive index
percentage error over most of the spectrum is less than 1 %, validating this method for the
accurate retrieval of refractive indices. Although the band parameters are not unique, the
resultant error in refractive index is small over most of the measured spectral region and

the aim of retrieving refractive indices is achieved.

6.1.6 Relationship of composition to retrieved real refractive index

Published theoretical studies and experiments (Luo et al., 1996; Krieger et al., 2000b) (sec-
tion 2.5.7) have demonstrated that the refractive index towards infinite wavenumber (zero
frequency offset), defined as mq, in this work, is a function of solution composition and
temperature. A single value of my, can arise from a range of possible composition and
temperature combinations, in the ternary solution case (Krieger et al., 2000b). However,

retrieval of an independent value of m is of interest in validating composition determina-
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Figure 6.9: Refractive indices from a converged fit to a 208.4 K ternary solution aerosol spectrum
from 21/11/00. Refractive index is represented by the black line, with the upper and lower uncer-
tainty limits represented by the red and blue lines respectively; the error is so small it is barely
distinguishable at this scale. The green line shows the error as a percentage of refractive index (axis
on the right).

tion of the aerosol in this work. It was found last section that when &k was forced to zero in
a test run (table 6.2) the retrieved value of my, changed from 1.417 to 1.413 (k = 0); al-
though a larger magnitude change than the retrieval error of 0.0005, this stability indicates
some independence from size parameters. However, in the synthetic retrieval (table 6.3)
the value of me, varied considerably from 1.427 in the synthetic spectrum to 1.415 in the
synthetic retrieval. Since this spectrum contains wide band features which also leads to a
higher complex refractive index error, there could be some effect from the wide side lobes
of these bands on the value of my,. Certainly, my, is not exempt from the smearing of
information in this spectrum as indicated by the averaging kernel in figure 6.4.

The composition determined from analysis of retrieved band parameters (section 7.1)
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Figure 6.10: Values of m retrieved through the refractive index retrieval (y-axis) plotted against
Moo values calculated from composition determined from analysis of retrieved band parameters and
temperature using the model of Krieger et al. (2000b). Error bars are plotted for both quantities

and the dashed line, y = z, represents optimal agreement of data sets. Measurements dates, from
the main experiments, are colour coded.

is used here to calculate values of my, from the model of Krieger et al. (2000b) for the
coldest stable aerosol measurements from the main experiments of this work, error bars
are evaluated from the uncertainty in composition; for the relevant compositions and un-
certainties compare the dates in figure 6.10 with the results in table 8.1. The predicted
Moo values are compared with the retrieved values of my, (with error bars) in figure 6.10;
it can be seen that for all but one measurement day in the main experiments (29/11/00),
the my, values are not in agreement (do not lie on the line y = ). This discrepancy may
result from the retrieval of m, not being truly independent, and thus prone to information
smearing from other parameters in the refractive index retrieval (such as k leakage), as pre-
viously discussed. Fixing the value of m, in retrievals to values predicted by the Krieger
et al. (2000b) model forced most retrievals into an unrealistic solution in state space, so
this parameter was left loosely constrained (see next section).

Analysis of in situ measurements of PSCs, discussed in section 2.1.4, suggest that
observations are not in good agreement with m, values predicted from theory. As such, the
differences between the retrieved m, values and those predicted by Krieger et al. (2000b)
do not indicate that the method used here is incorrect. Indeed, some of the composition

and temperature combinations measured for this work and compared here were outside
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the stated range of validity of the Krieger et al. (2000b) model. These findings strengthen
the conclusion of section 2.1.4 — it is clear that further work, involving in situ, laboratory
and theoretical studies, is required to produce a validated relationship between mq, and

composition/temperature for liquid stratospheric aerosols.

6.1.7 Typical retrieval configuration

For most of the refractive index retrievals, the same retrieval configuration was used and
is summarised in this section. The generic bandset (section 6.1.2) was used as the a priori
state, with large uncertainties for the size parameters and mq,, since foreknowledge of
these parameters is minimal. For each day of measurements, stable low resolution DLaTGS
measurements were selected for retrieval, since analysis of all measured DLaTGS spectra
would not have been possible in the timescale of this work. Spectra for each day were
analysed sequentially from the coldest to the warmest stable measurement. The generic
band set was used as first guess for the band parameters of the coldest spectrum, and for
subsequent warmer spectra the converged solution to the previous spectrum was used a first
guess; it was advantageous to retrieve the coldest spectra first, since they do not contain
significant gas lines which can affect band structure and de-stabilise the retrieval. The a

priori error constraints and boundaries are listed in table 6.4.

Table 6.4: Refractive index retrieval configuration.

Parameter N r o Moo U; vYj S
(x108
cm~?) (pm) (em™") (cm™1) (cm™=?)
A priori 1.3 1.0 1.2 1.4 Generic bands
A priori error 2 2 2 1 100 1000 1x10°
Boundaries | 0.001 | 1000 | 0.001 [ 2 [ 1.01 [ 3 [ 1.1 [ 3 | 500 [ 5000 [ 10 | 1000 | 0.1 | 1x10”

Following extensive tests, it was determined that the Jacobian (weighting function)
for each state vector element did not need to be calculated every iteration; variation was

sufficiently small to allow Jacobian calculation every five iterations resulting in considerable
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computation time saving.* The retrieval could only converge on an iteration if the Jacobian
for each state vector element had been calculated in that iteration to ensure the correct
solution and uncertainty. The step size, v, was varied by the retrieval so that an increase
(division) factor of 2 and a decrease (multiplicative) factor of 10 was used in order to prevent
the retrieval increasing step size too far causing the retrieval to overshoot the minimum on
the x2 surface; changing the increase factor from 10 to 2 was found to reduce the number
of iterations required for the convergence criteria to be met. The convergence parameter,
€, was set to 1075, so that the retrieval converged if the relative change in each state vector
element, and the total retrieval cost, was less than this value for e. An upper ceiling of 500
iterations was applied, but all retrievals of measurement spectra converged within this limit.
Retrievals were conducted from 750 to 8000 cm~! where measurement noise is reasonable
(figure 5.20), with a sampling divisor of 2 — i.e. only alternate sample points were used

because of computing limitations.

6.2 Summary

The refractive index retrieval represents the first known use of the CDHO model for retrieval
of refractive indices of laboratory generated mimic PSC aerosol particles. This innovative
approach was necessary to produce refractive index data for this thesis from single extinction

spectra. The other main advantages of this approach include the:

e High accuracy of refractive index retrieval over spectral regions of interest to satellite
observations (figure 6.9) — better than 1 % in the imaginary refractive index for most

wavenumbers;

e Much faster retrieval of refractive index compared with a Kramers-Kronig analysis,

due to the fact that the spectrum can be represented by far fewer state vector elements;

4Without Jacobian calculation, an iteration typically lasted about one minute, compared with over 30
minutes including Jacobian calculation.
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e Lack of a requirement to extend the wavenumber range to infinite limits as with
Kramers-Kronig analysis — the resulting edge truncation seen in some sets of data
produced using Kramers-Kronig analysis (Biermann et al., 2000) is thus not a problem

with the refractive index retrieval used here.
The main problems encountered with the refractive index retrieval were:

e The fit to a particular extinction spectrum is not a unique solution in terms of band
parameters. This leads to loss of independence of retrieved variables, but this is

included in the comprehensive error analysis;

e The requirement for first guess parameters close to the solution necessitates consid-

erable user-intervention in the initial stages of the retrieval process;

e Significant errors when modelling the asymmetric OH stretch region, and the need to
allow for gas absorption in some cases, necessitated the inclusion of forward model
error in some wavenumber regions — these were outside the range of principal interest
for remote sensing so the resultant increase in refractive index error in these regions

is not a major concern.

6.3 Future development

The primary constraint on future development of the refractive index retrieval is the limited
understanding of fundamental properties of species in supercooled liquid solutions. Both
the Lorentz-Lorenz relation and the CDHO model represent approximations. The exist-
ing model could be adapted for characterisation of non-spherical (crystalline) particles by
replacing the Mie code with an applicable model, for example the T-matriz theoretical
model described in literature (Zakharova and Mishchenko, 2001; Baran et al., 2001; Doicu
and Wriedt, 2001). Other methods for characterisation of scattering from solid particles
also exist (Nebeker et al., 2001). Implementation of such a method is outside the aims of

this thesis, but would be of use for future studies (e.g. the EU MAPSCORE project).
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Aerosol Composition

One of the most difficult aspects of laboratory experiments to determine the optical proper-
ties of liquid PSCs is the measurement of composition. The analysis detailed in this chapter
is concerned with the determination of composition of aerosol measured in the large cell.
Since the system is enclosed it was not possible to directly sample aerosol and measure
composition in situ, and the lack of a mass spectrometer meant that the aerosol composi-
tion within the cooled low-pressure environment of the large cell could only be determined
from remote measurements.

The approach adopted here for determination of composition is based on the use
of the classic damped harmonic oscillator (CDHO) band parameters, which are produced
implicitly as the product of the retrieval of refractive indices described in the previous
chapter. As previously discussed (section 2.3.5), the strengths of absorption bands are
linked to the chemical speciation of the solution. This relationship is examined in more
detail in this chapter, and a best-fit calibration between band parameters and chemical
speciation is obtained by retrieving band parameters from published refractive index data
of binary HySO4 and HNOj solutions. This calibration is then used in order to determine
the composition of binary and ternary solutions measured for this thesis. The limited data
published for ternary solution refractive indices impedes rigorous validation of this method

for ternary solution composition determination, although comparison against the limited

188
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data available provides some encouraging results.

In order to validate the determination of composition from retrieved band parameters
in this work, the high resolution measurements of gas absorption lines were analysed (sec-
tion 5.2) to determine partial pressures of HoO and HNOj3. At a given temperature, these
vapour pressures can be used to calculate the composition of ternary solution aerosol with an
appropriate thermodynamic model, assuming the system is in thermodynamic equilibrium
along the measurement path of the optical beam. The low vapour pressures at the coldest
temperatures (equilibrium vapour pressure falls with temperature), below approximately
220 K for HoO and 200 K for HNOg gas, could not be measured due to detection limitations
of the Fourier transform spectrometer (FTS). Thus, high resolution measurements cannot
be used to determine composition at the lowest temperatures equivalent to those in the
stratosphere. Only vapour pressure measurements at temperatures above approximately
220 K are used to validate compositions determined from band parameters. The gas vapour
pressures of HoO and HNOj3 are found to be in agreement with the equivalent vapour pres-
sures, calculated with a thermodynamic model, of the compositions determined from band
parameters. This validates composition determination from band parameters for a large

number of points.

7.1 Determination of speciation from band parameters

As indicated previously (section 2.3.5), each absorption band in the infrared spectrum is
related to a particular chemical species in solution. In this section, a relationship between
band parameters and composition is established, and calibrated using published refractive

index data for binary HoSO4 and HNOj3 solutions.
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7.1.1 The relationship between speciation and dielectric band parameters

In solution, molecules of sulphuric acid and nitric acid dissociate into ionic species according

to:

Hy,SO4 + H,O = H30+ + HSO,~ (71)
HSO,~ + HoO = H30T +S04%" (7.2)
HNO3 + H,O = H30+ + NO3™ (7.3)

For purposes of composition evaluation, we are interested in the absorption bands that
correspond to these species in spectra. Now, in sulphuric acid, the total number of sul-
phate moles, where molar quantities are denoted by square brackets, is given by [Ng] =
[H2SOy4] + [HSO4~] + [SO427], the total number of nitrate and water moles are given by
[N,] = [HNO3] + [NO3 ] and [N,] = [HoO] 4+ [H307] respectively.

As previously discussed is section 2.3.5, the imaginary parts of the polarisability
spectrum, o (7), the dielectric constant, €’(2), and the refractive index k(7) all relate to
the absorption of the medium, characterised by the band parameters of the CDHO model.
As reported by Bertie et al. (1994), the areas under the absorbing bands are related to
the vibrational intensities of the corresponding chemical species, and therefore the molar
quantity in solution. Bertie et al. found that the o’ (#) spectrum contains the most accurate
information regarding vibrational intensities. Although €”’(7) and k(©) spectra yield high
accuracy of vibrational intensity in some cases, “anomalous dispersion in the real dielectric
constant” (Bertie et al., 1994) introduces an uncertainty that increases with band strength.
It is not possible to retrieve polarisability spectra in this work due to constraints arising from
lack of knowledge of fundamental physical parameters of solutions (section 2.3.5). Band
areas in dielectric spectra are therefore calculated from the imaginary part of complex
dielectric spectra, €¢’(7), instead. The uncertainties that arise in such determinations as
alluded to by Bertie et al., are quantified in the quality of fit to measured spectra in the

refractive index retrieval. These uncertainties are carried over into the error analysis of the



Chapter 7: Aerosol Composition 191

composition determination from band parameters.
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Figure 7.1: Correlation matrix of band areas calculated from the covariance matrix of retrieved
band parameters from a Biermann et al. (2000) 57 wt% H2SO, solution at 293 K.

There are several factors to consider when relating dielectric band areas to specia-
tion. First, it is important to clarify the physical justification of using the band model with
regards to whether each band truly represents a single oscillating species. It has already
been demonstrated, in the retrieval of refractive indices from measured extinction spectra,
that this is not that case for certain spectral regions (section 6.1.3), such as the OH stretch
of HoO molecules where an asymmetric feature is approximated by several overlapping
symmetric bands in the model. This can be accounted for by recognising that each band
represents part of the asymmetric HyO oscillator and including all the overlapping band ar-
eas into any calibration involving HoO molecules. Moreover, the degree of independence of
retrieved band areas is important in the assessment of composition. Band areas are evalu-

ated analytically in this analysis; the integral of €” () (equation 2.28) over all wavenumbers
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yields the band area, A:

A= / T ) dp= TN (7.4)
oo ) (7]2&]2 - §> 2

The correlation matrix of all band areas is shown in figure 7.1. Note that the band corre-
lations are strongly aligned near the diagonal, indicating that the smearing of information
is small and mostly concentrated between adjacent bands; hence summation of adjacent
bands leads to the combination of correlated uncertainties, reducing the final uncertainty
in the summed band areas which is carried forward into the calculation of composition
uncertainty.

Summed areas of selected bands are thus assumed to yield quantities proportional
to [N, [Vn] and [Ny]. The ratio of the summed band areas representative of sulphate or
nitrate, is taken against a summed band area of molecular water, to produce an area ratio,
A; for sulphate and A, for nitrate, which is proportional to mole ratio Ry = [Ng]/[Ny] or
R,, = [N4]/[Ny]. Using the band parameters retrieved from the dielectric band retrievals of
known compositions of published binary Biermann et al. (2000) and UNC refractive indices,
the relationship between band area ratio and molar ratio is characterised here by a best fit

empirical function.

Selection of bands for composition calibration. The objective of this work is to
select bands which allow composition to be determined from band area. In the approach
adopted here, only certain bands of particular species are employed to represent total
sulphate or nitrate in solution. Although the equilibrium balance of different species that
comprise total sulphuric or nitric acid may change with composition, and individual species
may have different relationships to band area, these factors are implicit in the empirical
calibration of the selected bands against composition so are not of concern for purposes of
composition determination.

It is of more importance that the selected bands have minimal temperature depen-



Chapter 7: Aerosol Composition 193

[AV)
4%}

203

193

188
<

AN

0.0

1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™")

(b)

0.0 ‘ ‘ | | | o
1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™")

Figure 7.2: Retrieved imaginary dielectric constant spectra of Biermann et al. (2000) refractive
indices over a range of temperatures. Panel (a) shows 64 wt% binary HSO, solutions, and 40 wt%
HNOj; solutions can be seen in panel (b).

dence in the calibration of band area against composition. Figure 7.2 illustrates the varia-
tion of imaginary dielectric band absorption of Biermann et al. (2000) HoSO4 and HNO3
thin-films with temperature for constant composition solutions. Although the temperature
dependence of published liquid indices was discussed previously in section 2.5, two points
of interest for composition determination can be drawn from the figure presented here: (1)
the variation of scaling of imaginary indices with temperature, and (2) the disproportion-
ate (to scaling) variation of the sulphate feature around 1100 cm™! with temperature. The
first point is not of major concern with regards to composition determination from band
areas since scaling effects are nullified by the ratio calculations of the composition determi-
nation. However, the temperature dependence of some sulphate features is important for

composition determination, but is circumvented in this work through careful band selection.



Chapter 7: Aerosol Composition 194

Binary solution composition determination. Weight fraction composition for binary
solutions can be evaluated using the molecular weight of water (M,,), sulphuric acid (Mj),

and nitric acid (My):

Ng| M,
Was = —[Ns]zéfsfww]m (7.5)

Ny | My
Won = mopnd Ny (7.6)

where Wy, and Wy, are the weight fractions of sulphuric acid and nitric acid in binary
solutions. If these relations are divided through by [N,], then weight fraction can be

related to mole ratio, such that in the case of = species:

R M,

M WQw
R,=—"2™""=r _ 7.8
Mw(l - W2:c) ( )

Hence, it is straightforward to relate the compositions from the published binary refractive

index data sets to molar ratios for the evaluation of the composition/band area relationship.

Ternary solution composition determination. Similarly, the composition of ternary

solutions can be evaluated from:

- [N, M,
Wse = [NJM, ¥ [NJM, + [Ne]Ma (7.9)

Ry M,
_ 7.10
R My, + RsMs + My, (7.10)

where x denotes water, sulphuric acid or nitric acid. The second expression, obtained by
dividing through by [H2O], allows the weight fraction of any component to be calculated in
a ternary solution using the mole ratio values R; and R, which can be obtained from A,
and A, from the calibration lines calculated for the binary indices from literature.
Implicit in this relationship is the assumption that speciation does not change in

ternary solutions; i.e. the bands selected (representative of specific species) for binary
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HySO4 and HNOj3 composition calibration are not affected by additional species in the
ternary system. This is implied by the composition calibration adopted by Anthony et al.
(1997), by the mixing rule used by Biermann et al. (2000) in the calculation of ternary
refractive indices from binary data, and is supported by the fact that no features specific to
the ternary system have been identified in literature (Anthony et al., 1997; Koehler et al.,
1992).

Characterisation of the relationship between speciation and dielectric band
area. The optimal empirically-determined relationship between the band area ratio and
mole ratio for both HySO4 and HNOg3 solutions was found to be linear in terms of the
log of mole ratio; a straight line fit, ¥y = mx + ¢, to log mole ratio provided the optimal

characterisation:

Ay =(mIn R;)+c (7.11)

for species x where In R, is the fixed variable in a weighted (by retrieved error) straight
line fit to the area ratios A,. When plotted on a linear mole ratio scale this straight line
fit thus appears as an exponential function. This log-linear relationship does not have
any implications for the arithmetic addition of band areas since the total integrated band
area, in imaginary dielectric space, is the linear quantity in the best fit function. A wide
range of other relationships were assessed, including linear fits between A, and R, (and
wt % composition) but, over the range of compositions used here, the adopted relationship
provided the best empirical fit to the data points. Comprehensive composition uncertainties
were evaluated from all known sources of error, including the quality of fit to published data

and the uncertainties in the retrieved band areas.

7.1.2 Use of published binary data for calibration

In order to establish the relationship between dielectric band parameters and composition

it is necessary to have knowledge of band parameters for a wide range of concentrations of
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binary solutions in addition to independent knowledge of solution concentrations. Due to
the availability of published refractive index data of binary HoSO4 and HNQj3 solutions, and
the experimental difficulties of direct determination of aerosol composition and limitations
on experimental time in this work, published data for binary solutions were used for the
calibration of band parameters against acid concentration for this analysis.

The dielectric band parameters were retrieved directly from published refractive index
data of binary HoSO4 and HNOj3 solutions using a simplified version of the refractive index
retrieval technique described in chapter 6. Essentially, the main change is expressed in the
measurement vector which is composed in this case of the real and imaginary parts of the
dielectric constant (derived simply from published refractive index data), rather than the
measured extinction spectrum. Since Mie calculations are not undertaken in the forward
model this retrieval is considerably faster than the refractive index retrieval. In order to
maintain consistency with the refractive index retrieval, the same retrieval configuration
was used as detailed in table 6.4 for applicable parameters.

The generic band set (table 6.1), developed for retrieval of band parameters from
binary and ternary solution spectra in chapter 6, was employed here for the retrieval of
band parameters from published data. The problem with high residuals, experienced in
the refractive index retrieval (section 6.1.3), was encountered over the OH cut-off region
once again; hence the same forward model error of x40 was used over this region (3500-
5500 cm™!) as for the refractive index retrieval.

Refractive index data for sulphuric acid and nitric acid thin-films published by Bier-
mann et al. (2000) were used for dielectric band retrieval in addition to refractive index data
produced from experiments with sulphate and nitrate aerosol by the group based at the
University of North Carolina (UNC) (Niedziela et al., 1999, 1998b; Norman et al., 1999).
Neither group published refractive indices for directly measured ternary solutions, and the
ternary calculator of Biermann et al. (2000) was not used for the calibration — only the
directly measured binary solutions were utilised. These data were reviewed in greater detail

previously in section 2.5.
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7.1.3 Assessment of methodology

Anthony et al. (1997) used a similar technique to that used here for determination of
composition. However, the important distinction between the Anthony et al. method and
that used here is that band areas are assessed from aerosol spectra in absorbance space (a
log quantity), instead of dielectric space, by drawing a line between the endpoints of a band
and calculating the area of absorption above or below that line. However, the accuracy
of the Anthony et al. composition determination is limited by three main factors: (1) the
scattering due to aerosol particles is neglected when assessing absorption band areas — this
may introduce a size distribution dependency that has not been assessed, (2) the influence
of adjacent absorption bands on the calculated area of the selected bands is not considered,
and (3) the act of “drawing a line” under bands could introduce subjective errors. It is
likely that the accuracy of this method could be improved if these factors are quantified.
Three separate regions for calculation of peak areas were selected by Anthony et al.;
a sulphate region from 990-1260 cm™!, a nitrate region from 1375-1515 cm™!, and the inte-
grated area of the OH band from 2700-3025 cm™!. The ratio of the sulphate area to the OH
area and likewise the nitrate area to the OH area was found to have a linear relationship
to mole ratio. This relationship does not contradict the speciation/band area calibration
in this work, since Anthony et al. use a different quantity, absorbance (optical depth),
which is a log quantity, instead of the imaginary dielectric constant which is more funda-
mentally related to vibrational intensity. An accuracy of + 3 wt% for HNO3 and HySOy,
and + 6 wt% for HyO calibration in ternary solution aerosol is estimated. Although this
band area/mole ratio calibration was undertaken from room temperature measurements,
test cases of known-composition low temperature measurements were not found to deviate
significantly from the calibration line. Anthony et al. therefore conclude that the effect of
temperature on composition calibration is negligible, and the room temperature calibration
was used for determination of composition at lower temperatures (approximately 205 K).

Use of retrieved dielectric band areas should provide a more accurate calibration
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against composition since it negates the two main problems of the approach of Anthony
et al. (1997). First, the scattering component is no longer a factor since we are dealing with
fundamental derived optical constants. Secondly, the fact that the CDHO model retrieves
individual bands with specific speciation allows more selective integration of absorption
areas pertaining to particular species of interest, reducing and quantifying (through cal-
culated uncertainties) the contribution to absorbance over a region from adjacent bands.
Furthermore, as an analytical solution, this method is inherently more robust (not least in
the error determination) than using an ad hoc area calculation similar to that employed
by Anthony et al. (1997). Tests were conducted to compare the Anthony et al. (1997)
band/composition relationship with that formulated for this work; all bands were integrated
over specific wavenumber limits in dielectric space. The resulting relationship between band
areas and mole ratio did not approach the accuracy of the analytical determination of band

areas used in this work.

7.1.4 Sulphate solution calibration

It has been determined (section 2.5.1) that HoSO,4 solutions exhibit a pronounced tem-
perature dependence in absorbance around 1100 cm—!. This was also one of the principal
regions of difference between aerosol spectra measured for the POSTCODE project and the
thin-film Biermann et al. (2000) data (section 2.5.4). Two particular possibilities can be

considered:

e Thin-film measurements could show less temperature dependence than aerosol mea-
surements. Indeed, as noted by Niedziela et al. (1999), the thin-film data of Tisdale

et al. (1998) does not show such a marked temperature dependence as the UNC data;

e The binary thin-film measurements used for the Biermann et al. (2000) ternary cal-
culator do not include low temperature measurements of dilute HoSO,4 solutions since

such solutions freeze on the substrate.!

'Hence use of a relatively strong acid concentration in figure 7.2(a).
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In any case, for purposes of composition determination from band areas in this work the
temperature dependant sulphuric acid features are not included in the calibration.

The temperature dependence of HySO,4 solutions (section 2.5.4) is likely to origi-
nate from equilibrium shifts from the sulphate (HSO4~) to the bisulphate (SO4%") ions
in solution, causing a pronounced intensification in the bisulphate features at 1030 cm™!
and 1050 cm~! with temperature reduction, readily observable in figure 7.2(a). Variation
in total intensity of the spectra with temperature is also apparent, which may be due to
uncertainties in calculation of temperature dependent film thickness; this is not of major

concern for the band area/speciation calibration since the act of calculation of the ratio

between sulphate and water bands accounts for these variations.
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Figure 7.3: Retrieved imaginary dielectric spectra for a range of binary sulphate compositions
from Biermann et al. (2000) thin-film refractive indices at 293 K. Band centres, #;, are denoted by
the appropriate species symbol given in key to the right and compositions are listed in the plot.
Ambiguous assignments are indicated by overlaid symbols.

The speciation of imaginary dielectric spectra of a range of binary HoSO,4 solutions

is illustrated by the Biermann et al. (2000) data presented in figure 7.3 (note that nitric
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acid bands are included since they exist in the generic band set, but the strength of these
bands tend towards zero in binary HoSO,4 band retrievals indicating the applicability of
this complete band set to binary data). Calibration of band areas against mole ratio
was undertaken by selectively calculating the ratio of summed sulphuric acid band areas
to HoO bands in the OH stretch. The ratios were then related to (log) mole ratio to
determine the most linear relationship. It was found that the optimal calibration for HoO
used the summation of all bands from 3000-3500 cm™!; although the peak location of this
region shifts to higher wavenumbers with increased dilution, the main area is captured
by the overlapping bands in this region. Various bands were found to produce a linear
relationship against HoSO4 composition when ratioed against the HoO region at room
temperature. However, as can be seen in figure 7.4, when the single SO42~ band (a) at
900 cm~! and the summed SO42~ bands (b) at 1030 cm™! and 1050 cm~! are used for
the ratio, pronounced temperature dependence can be seen in the calibration for a 64 wt%
solution in the Biermann et al. data. The only calibration that does not exhibit temperature
dependence, see panel (c) in figure 7.4, uses two HSO,~ bands summed with the molecular
H5S0,4 band around 1200 cm~'. These bands are the best empirical representation of total
moles of sulphate, N, in the calibration against mole ratio, R, and are thus the optimal
band configuration for calibration of temperature-independent HoSO4 mole ratio.

As discussed previously (section 2.5.1), significant differences exist between the Bier-
mann et al. and UNC sulphuric acid refractive indices. Band area/speciation calibration
yields incompatible relationships between these datasets, as can be seen in figure 7.5 from
the fit to each data set. The band ratio uncertainties from the retrieval appear large in fig-
ure 7.5, especially at higher compositions. This is indicative of uncertainty in the retrieved
band parameters of the two SO4~ and the molecular H,SO4 bands from around 1200 cm !
used in the ratio calculation; errors grow with increasing band strength at higher concen-
trations of HoSO4. It should also be noted that these errors are only an upper estimate
since values of the uncertainty in both sets of refractive index data were not published, but

the relative magnitudes of errors should be in proportion allowing a representative weighted
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Figure 7.4: Ratio of Biermann et al. imaginary dielectric band areas plotted against HySO,4 mole
ratio; different bands were used for each calibration as described in the text. The straight line fits
(log mole ratio) through the 293 K data are displayed along with the band ratios for 64 wt% H2SO4
at varying temperatures (in colour and without error bars for clarity).

fit.

There were two main reasons for selecting the UNC calibration line over the Biermann
et al. calibration for aerosol measurements. First, UNC indices agree much more closely
with indices derived in this work, possibly since both data sets are derived from aerosol
measurements. Secondly, the UNC calibration agrees within uncertainty with the mea-
sured sulphate aerosol composition from the test experiments of 03/11/00 (section 5.2.6)
— a composition of 77.0 + 0.35 wt% was determined using CO5 retrieved temperature and
retrieved HoO vapour pressure. Relating the band area ratio from the corresponding mea-
sured aerosol spectrum to the UNC calibration for a binary sulphuric acid solution yielded

a composition of 78.0 + 4.4 wt% (red point in figure 7.5), in agreement with the inde-
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Figure 7.5: Biermann et al. sulphate ratio points (black) at 293 K with weighted straight line
fit (log mole ratio), and all UNC sulphate ratio points (green) with retrieved error and weighted
straight line fit. The red point is the measured composition and error from 03/11/00.

pendently determined value; a corresponding fit to the Biermann et al. data produced a
composition of 91.5 + 3.2 wt%, a mismatch clearly outside the uncertainty. Table 7.1 shows
compositions determined from band areas using the UNC R, calibration for indices derived
from spectra measured in binary sulphate aerosol experiments on 22/11/00. It can be
seen that the uncertainties for most measurements are below 3 wt% and that composition
falls with temperature, as is expected. Uncertainty in the mole ratio, as calculated from
the band area ratio calibration, is evaluated by independent combination of the weighted
straight line covariance matrix with the retrieved uncertainty of the measurement band
area ratio; this uncertainty is then propagated through to the final estimated error in wt %

composition.

Table 7.1: Binary H»SO4 compositions for indices derived from 22/11/00 spectra; UNC R, cali-
bration line used.

Temperature (K) | HoSO4 (wt%)

198.9 372  £2.5
208.3 384  +24
229.6 43.1  £2.2

285.7 473  £2.2
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7.1.5 Nitrate solution calibration
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Figure 7.6: Retrieved imaginary dielectric spectra for a range of binary nitrate compositions from
Biermann et al. (2000) thin-film refractive indices at 293 K. Band centres, 7;, are denoted by
the appropriate species symbol given in key to the right, and compositions are listed in the plot.
Ambiguous assignments are indicated by overlaid symbols.

The speciation of imaginary dielectric spectra of a range of binary HNOgs solutions
is illustrated by the Biermann et al. (2000) data presented in figure 7.6. The four bands
in the spectral region defined by Anthony et al. (1997) as the nitrate region, from 1375-
1515 cm™! a single NO3~ band, and three molecular HNO3 bands, were tested separately
and in various summations to find the most linear relationship of the ratio against HoO
with (log) mole ratio and the minimal temperature dependence.

As discussed previously in section 2.5.2, binary HNOj solutions appear to exhibit a
much less pronounced temperature dependence than HoSQO,4 solutions. However, various
band area combinations were assessed to ensure minimal temperature dependence of the
calibration developed here. Slight temperature dependence was exhibited by various com-

binations, but the ratio of all four summed integrated band areas against composition was
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the most linear and least temperature dependent. This is probably because temperature
dissociation of nitric acid shifts the equilibrium between molecular HNO3 and NO3™; since
both molecules are captured in this four band calibration, wavenumber shifts are balanced
through the summation of all areas and this is a good representation of the total moles
of nitrate, N,, in solution. This band selection also has the notable advantage that the
Biermann et al. (2000) data are in good agreement with the UNC data (unlike the HoSO4
calibration).

The indices shown in figure 7.2(b), for 40 wt% HNO3; over a range of temperatures
were used to verify temperature dependence. With the optimal four band calibration, band
ratios from all temperatures agreed with the main calibration line except an outlier at
223 K. It can be clearly seen in figure 7.2(b) that the spectrum of 40 wt% HNO3 at 223 K
is inconsistent with the trend of the other data. One other 223 K measurement, of 45 wt%
HNOg3, exhibits a similar offset, hence both 223 K indices were excluded from final HNOg

calibration.
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Figure 7.7: Biermann et al. nitrate ratio points (black) at all temperatures (except 223 K), and
all UNC nitrate ratio points (green) with retrieved errors and weighted straight line fit (log mole
ratio) to all points.

The nitrate band ratio composition calibration against all UNC and selected Bier-
mann et al. (2000) data is displayed in figure 7.7. It is clear that the error on the ratio values

is considerably less than the sulphate calibration, which allows more accurate calibration
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relative to the lower number of sample points.

7.1.6 Ternary solution calibration

To assess whether the calibration between band areas and composition reliably yields con-
centrations of the HoSO4 and HNO3 components in ternary solutions, within uncertainties
determined in this analysis, compositions were determined for the limited published data,
measurements from this work, and data produced from the Biermann et al. (2000) ternary
calculator.

The only known directly measured refractive indices for a ternary solution are those
published for a 75 wt% H2SOy4, 10% HNO3, 15% HoO thin-film system at 298 K by Adams
and Downing (1986); uncertainties are not provided with these data. Both the Biermann
et al. and UNC R, calibration lines were used to determine R from the area ratio val-
ues retrieved from this data set. Using the UNC R; calibration gave a composition of
58.3 + 4.1 wt% HySOy4, 18.9 + 5.5 wt% HNOj3 and 22.8 £+ 2.9 wt% H5O for the ternary
system. The Biermann et al. calibration of R, yielded a composition of 76.7 + 3.5 wt%
HySOy4, 10.5 + 6.4 wt% HNOj3 and 12.8 4+ 3.4 wt% Hy0O. These results are a further
demonstration that the spectral signature of sulphuric acid is different between thin-films
and aerosol, with the thin-film Biermann et al. (2000) R; calibration providing a good es-
timate of the Adams and Downing data here, and the UNC R; calibration agreeing with
independent measurements of binary HoSO4 aerosol composition in this work (section 7.1.4).

Ternary compositions calculated using band areas (and the UNC R; calibration) for
indices derived from spectra measured in this work on 29/11/00 are displayed in table 7.2.
The high uncertainties on the 263.9 K and the 285.8 K measurements are most likely due to
interference of strong gas vapour lines and the low intensity /high uncertainty of the nitrate
bands at high temperature, but otherwise the errors are encouragingly small and the values
believable.

As a result of the lack of refractive index data produced directly from ternary solu-

tion measurements, the ternary calculator of Biermann et al. (2000) was used to produce
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Table 7.2: Ternary solution compositions for indices derived from 29/11/00 spectra; UNC R,

calibration line used.

Temperature (K) | HNO3 (wt%) | HsSO4 (wt%) H>0 (wt%)
196.6 13.0 +2.5 29.6 +0.7 57.5 +2.1
209.7 13.6 +138.0 | 304 +26.9 56.1 £111.1
226.0 16.8 +2.3 31.3 +0.8 51.9 +1.7
247.1 16.4 +2.2 33.3 +0.7 50.3 +1.6
263.9 13.7 £>1000 | 38.0 £>1000 | 48.3 +>1000
273.3 14.7 +4.4 58.3 +1.6 27.0 +2.8
285.8 4.5 £>1000 | 77.0 £>1000 | 185 +>1000

representative refractive indices for testing. Due to the difference in R, calibration lines of
the published data, the Biermann et al. calibration for Rs; was used in this process. A series
of dielectric band retrievals were conducted using the Biermann et al. ternary calculator
results for fixed 20 wt% and 40 wt% HySO,4 and HNOj3 compositions of 40, 30, 20, 10 and
0 wt%, all at 293 K. Results of ternary composition calculation are shown in table 7.3 for the
fixed 40 wt% HySOy, case. Since retrieved uncertainties for band parameters, and thus band
areas, are high in several cases, the resultant error in the composition determined from the
band area calibration is also high. Hence, although the compositions determined from the
band area calibration appears to differ considerably with those entered in to the Biermann
et al. ternary calculator, this comparison is inconclusive at best. This may result from the
fact that some of the comparison points are outside the measured composition/temperature
regime of the binary indices measured by Biermann et al. (2000) for the ternary calculator

(section 2.5.5).

Table 7.3: Ternary solution compositions from band areas from the Biermann et al. (2000) ternary

calculator, using fixed 40 wt% H>SO,4 and variable HNO3 composition at 293 K.

Ternary calculator | Composition from band areas
HNO3 (Wt%) HNO3 (Wt%) HQSO4 (Wt%)

0 11,5 +£13.1 | 431  £3.9
10 11,5 87 | 28.7 +£5.3
20 13.6 +£12.6 | 259 £54
30 196 +£154 | 214 +£6.3

40 23.3 £99 | 247 £56
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7.1.7 Summary

This work has exploited the relationship between absorption bands obtained through re-
fractive index retrieval and composition. Retrieved band areas were empirically related to
mole ratio of nitric acid and sulphuric acid to water in the solutions, allowing weight frac-
tion composition to be calculated. The main assumptions in the composition determination

were:
e That retrieved band parameters directly relate to the physical speciation in a solution;

e The area of the imaginary constant under specific bands is proportional to the number

of moles of that species in solution;
e Speciation does not change between binary and ternary solutions;

e The areas under bands selected for composition analysis vary in proportion to total
moles of HySOy4, Ny, and total moles of HNOj3, N, in solution, and have negligible

temperature dependence.
The primary findings of the composition analysis from speciation can be summarised:

e Widely separated retrieved band areas are independent, though some information is
shared between adjacent bands — this is the main source of error propagated through

to the area ratio uncertainty;

e The optimal empirical relationship between the band area ratio A, and the mole ratio

R, for species z is a straight line fit in natural log space of mole ratio;

e Careful band selection for composition derivation from speciation is required to avoid
temperature dependent effects in H,SO, calibration around 1100 cm ! — this contra-

dicts the findings of Anthony et al. (1997);

e Sulphate features around 1200 cm ™! exhibit pronounced differences between thin-film

and aerosol spectra — the correct calibration line must be used to ensure a realistic
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composition is returned. The Biermann et al. (2000) N, calibration correctly yielded
the Adams and Downing (1986) thin-film ternary composition, while the UNC N
calibration agreed with an independently determined binary HoSO4 aerosol test mea-

surement.

The bands selected to represent the total moles of sulphate, nitrate, and water in
this calibration do not necessarily contain a balanced representation of the species that
comprise total sulphate, nitrate or water.”? However, the empirical relationship developed
between band areas and molar ratio implicitly accounts for any change of speciation within
the sulphate, nitrate and water systems with variation in composition.

Higher retrieval errors in the sulphate area ratio values are offset somewhat in the
calibration by relatively large number of calibration points compared with the nitrate cal-
ibration. However, both the sulphate and nitrate calibration lines could be improved by
more measurement points (from published data). Furthermore, the absence of errors for
published refractive index data and for published compositions leads to some uncertainty
over the error in the weighted calibration line. It was also found that the calculated error
on composition is highly dependent on the quality of the refractive index retrieval, which is
particularly poor in a minority of cases where, for example, significant gas absorption lines
are present in published data at high temperatures.

In spite of these problems, the fact that the ternary calibration returns the compo-
sition of the ternary indices of Adams and Downing (1986), and that the composition of
binary aerosol measured in this work is correctly identified represents tentative validation
of the determination of composition from band areas. Fundamental and apparently univer-
sal differences between thin-film and aerosol liquid sulphuric acid spectra are identified in
absorption features around 1200 cm~!. The origin of these differences is unknown, but may
be a result of chemical interactions of sulphuric acid solutions with silicon substrates used

in thin-film experiments. Further independent validation of the calibration developed here

2For example, in the sulphate case, it was necessary to omit the temperature dependant SO42~ bands

around 1100 cm 1.
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is desirable. This is achieved in this work through measurement of HoO and HNO3 vapour

pressures from high resolution spectra of gas lines, as detailed in the following section.

7.2 Validation of aerosol composition determination through

vapour pressure measurements

7.2.1 Methodology

The partial pressures of HoO and HNOj3 determined through the gas retrieval (section 5.2)
are used here to validate the composition determined from band parameters obtained in the
refractive index retrieval. Unique values for the partial pressure of HNOg and H5O in the
presence of any ternary solution composition can be evaluated over the relevant temperature
range of 180 to 270 K using the thermodynamic model of Lin and Tabazadeh (2001),
assuming thermodynamic equilibrium. Aerosol compositions determined from retrieved
band parameters are entered in to the Lin and Tabazadeh thermodynamic model to evaluate
what is termed here as speciation partial pressures — the equivalent HNO3 and HsO
partial pressures above aerosol particles. The Kelvin effect, which acts to increase vapour
pressure above small particles, was found to be negligible for the size range of aerosol in the
large cell and is ignored in this analysis. Uncertainties in composition (determined from
band parameters) and temperature values were propagated through the analysis to produce

equivalent uncertainties for the speciation partial pressures.

7.2.2 Validation

Partial pressures retrieved from high resolution gas spectra recorded immediately before
the low resolution aerosol measurements used for composition determination from band
parameters, were compared with the speciation partial pressures for all measurements on
all days in the main experiments where an accurate (< 10 wt% error) composition was
determined from band parameters and both HNOj3 and HsO partial pressures could be

measured with the FTS (i.e. generally at temperatures above 220 K, as equilibrium vapour
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Figure 7.8: Partial pressure of HoO and HNOj from the gas retrieval plotted against values deter-
mined by calculating equivalent partial pressure from composition determined from band parameters
using the thermodynamic model of Lin and Tabazadeh (2001). The dashed line represents y = x.

pressure falls with temperature). Figure 7.8 shows the retrieved gas partial pressures plotted
against the speciation partial pressures. If both data sets are in agreement the points should
lie along the straight line y = z within the error bars. This is the case for HNOj3, but
H5O partial pressures agree less well. As discussed previously in section 1.3.3, published
thermodynamic models do exhibit some differences. The alternative thermodynamic model
of Carslaw et al. (1995) was also used to calculate the equivalent partial pressures from
the composition determined from band parameters (the speciation partial pressure). The
resultant change in the speciation partial pressures brought the HoO partial pressures to
much better agreement, with HNOj3 partial pressures now agreeing less well. Therefore, it
can be concluded that the composition measurement from retrieved band parameters has
been validated, to within the constraints of the published thermodynamic models of the

ternary system, by independent gas phase measurements of HoO and HNOs.



Chapter 8

Overview of Results

The results of this thesis are, to some extent, integrated with the previous chapters which
focussed on characterisation of the experimental system and determination of aerosol com-
position. In this chapter, the relevant results are collated to present a complete overview
of the development of aerosol in the large cell, and representative low-temperature refrac-
tive indices are presented. The relevance of this analysis to the stratospheric system is
discussed, and indices are compared with published data to establish the contribution to
scientific knowledge of this work. Finally, the loop is closed with stratospheric detection of
PSCs, and differences between data-sets are discussed in terms of the volume and surface

area retrievals of PSCs from remote sensing in the infrared.

8.1 Temperature dependence of sulphate features in ternary
solution aerosol

1 was discussed in the context

Temperature dependence of the SO4?~ bands near 1100 cm™
of the determination of composition from speciation in section 7.1.4. Imaginary refractive
indices over a range of temperatures for the ternary solution measured on 21/03/00 (during

the settling experiments) are plotted in figure 8.1; an increase in absorption can be clearly

seen at lower temperature — this is not due to a change of composition, but results from the

211
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temperature dependence of chemical speciation of HySOy4 solutions. The output from the
Biermann et al. (2000) ternary calculator composition match (12.0 wt% HNO3, 20.9 wt%
HsS0O4) at 190 K, as calculated for the POSTCODE analysis (section 2.5.4), is plotted for
comparison. Due to the fact that the nearest HoSO4 solution near this composition in the
measured Biermann et al. binary HoSO,4 data base was measured at 253 K, the temperature
dependence of this feature does not appear to be correctly reproduced by the Biermann

et al. thin-film data.
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Figure 8.1: Temperature dependence of SO42~ bands near 1100 cm ™! in the imaginary refractive
index from indices derived on 21/03/00 (settling experiments). Output from the Biermann et al.
(2000) ternary solution calculator for the closest match is overplotted; the limitations of the parent
data base limit the closet HoSO4 measurement to 253 K, explaining the poor qualitative fit to the
1100 cm ™! region at low temperature.

8.2 Parameterisation of aerosol in the large cell

Figure 8.2 shows a series of results compiled for the stable ternary solution aerosol mea-

surements from the main experiments, for six out of the seven experiment days (two
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were very similar). Compositions and uncertainties have been calculated from the band
area/speciation calibration as described and validated in chapter 7. It can be seen that the
errors bars for some compositions are very large — this is due to high errors propagating
through from the retrieved band parameters. The underlying causes of such high uncer-
tainties include spectral interference from gas lines, and poor fitting of specific regions due
to the non-unique nature of the band parameters. Cases where a high degree of spectral
interference from gas components was experienced (near room temperature) were omitted
in figure 8.2. The size distribution, retrieved during derivation of refractive index data, is
utilised to calculate aerosol volume density in the cell, and is plotted for each day; associ-
ated volume uncertainties are too small (generally less than 1 %) to be visible at the scale
used.

The results presented from ternary experiments in figure 8.2, and from the binary
HsSO4 measurements in figure 8.3, reveal the change of aerosol composition with cooling.
Observed aerosol evolution is broadly in agreement with the simple aerosol evolution model
of the large cell, described previously in section 5.1.3. Thus, the condensation of HoO
and HNOj3 vapour takes place as temperatures are reduced (maintaining thermodynamic
equilibrium), leading to the observed variation in composition and increase in aerosol volume
with reduction of temperature. As revealed in the output of the aerosol evolution model
(section 5.1.3), the high number density of aerosol in the cell, compared to the stratosphere,
leads to condensation of volatiles and a subsequent temperature-dependant variation of
aerosol at a much higher temperature, generally above 240 K, than the stratospheric regime
(between about 185 to 200 K). Below about 240 K, composition varies only slightly with
temperature in the cell. However, as observed from the 21/11/00 experiment, aerosol
volume can increase significantly as temperatures are reduced below about 250 K, despite
a relatively small corresponding change in aerosol composition. Again, this is in agreement
with the results of the aerosol evolution model (see figure 5.3), and can be explained by
condensation of gas phase volatiles that co-exist in thermodynamic equilibrium with the

aerosol. The pronounced decrease in retrieved volume below 209.1 K on 30/11/00 was due
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Figure 8.2: Results from analysis of stable ternary solution aerosol spectra measured during the
main experiments. The date is given in the title with the flow rates [sccm] of HNO3 /N2 and
H,0/N> respectively listed in parentheses; all experiments were conducted with a SO3/Nj flow rate
of 400 sccm. The thick black line is the total water composition, and the red and blue lines are
H5S04 and HNOj3 compositions [wt%] respectively. The green line is the aerosol volume density
(dimensionless; scale on the right axis).

to the freezing of aerosol, as discussed later (section 8.4); the representative cold liquid

ternary solution aerosol measurement for this day was thus recorded at 209.1 K.

8.3 Refractive indices of liquid binary and ternary aerosol

Refractive index spectra have been retrieved through the band model refractive index re-
trieval for all of the coldest stable spectra measured in the settling and main experiments,
and for all stable spectra from the main experiments. Prior to comparison with published

data and investigation of relevance to the stratospheric system, results are presented to

Volume

Volume
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Figure 8.3: Results from analysis of stable binary HySO,4 aerosol spectra measured during the main
experiments on 22/11/00. Flow rates were 400 and 205 sccm for SO3 /N2 and HoO/N, respectively.
The thick black line is the total water composition, and the red line is the H,SO4 composition [wt%)].
The green line is the aerosol volume density (dimensionless; scale on the right axis).

illustrate variation of absorption features over a composition range representative of that
spanned by these experiments, and uncertainties in derived index data are displayed.

Retrieved refractive index data for four compositions are displayed in figure 8.4; these
were derived from cold stable spectra from separate measurement days over a range of
stratospherically-relevant compositions as indicated in the annotation. Uncertainties are
small for most of the spectral range, instilling high confidence in these data. Slightly
higher uncertainties can be seen towards the infrared cut-off for all the indices from the
main experiments, due to the errors inherent in the correction of BaF; window temper-
ature dependence. This process was not undertaken during the measurement from the
settling experiments (24/03/00), hence the slight disagreement between these indices below
1000 cm~! and the smaller errors; this should be taken into account in use of these data.!
The upper spectral range is truncated at 3500 cm™' due to the problems with fitting the
OH-cut off. However, the range 750-3500 cm™! contains absorption features of the major
chemical species, and can be used to characterise composition and type of aerosol.

From the imaginary refractive indices presented in figure 8.4, a clear transition of ab-

sorbance features can be seen with change in composition in the liquid supercooled aerosol.

!Since initial background measurements are recorded at 230 K in the settling experiments, the effects of
BaF» window temperature dependence are not as acute as experienced in the main experiments.
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Figure 8.4: Refractive indices derived from the coldest stable aerosol spectra on the experiment
days as indicated in the annotation, along with the calibrated temperature and composition of the
measurements (see table 8.1 for uncertainties in these values). The real and imaginary parts of the
refractive index are displayed in the upper and lower panels respectively, and are offset for clarity.
The black lines represent the retrieved index, with the red and blue lines indicating the upper and
lower uncertainties respectively.

The binary HoSOy4 aerosol indices are a useful indicator of sulphate only features, and the
other three indices show the effect of increasing HNOj3 composition on nitrate features.
The slight variation in measured temperatures is unlikely to contribute significantly to

differences in absorption features.

8.4 Solid aerosol

As noted from the aerosol composition and volume data for 30/11/00 (figure 8.2), this
experiment produced very different spectral features compared with those previously ob-

served. It was recognised that these newly observed absorbance features were very similar
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to those of water ice by visual comparison with the aerosol measurements of Clapp et al.
(1995), of the UNC group. Therefore, it was inferred that aerosol was freezing into pure
water ice. This experiment configuration was repeated the next day, 01/12/00, over a wider
range of temperatures in order to identify the freezing point. Extinction over the temper-
ature range 207.9-199.8 K is plotted in figure 8.5 to highlight the transition from a typical
liquid ternary solution aerosol to solid aerosol; the freezing point was estimated at around

203 K from the observed spectral transition.
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Figure 8.5: A series of stable extinction spectra recorded during cooling on 01/12/00. Gradual
transition to a spectrum more resembling that of water ice can be seen as temperatures cool. Spectra
are offset in panel (b) for clarity.

At each stable temperature stage plotted in figure 8.5 extinction spectra were observed
to stabilise with time, even though aerosol freezing appears to have been initiated. Although
the vapour pressure over pure HoO ice is much lower than over a solution of pure liquid

H20, the HyO vapour pressure is also lower over ternary solutions. At the temperature
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and composition calculated for the coldest measurement from 30/11/00 in table 8.1, and
including uncertainties from calibrated temperature and composition speciation, the HyO
vapour pressure over pure HoO ice is (6.30 & 1.90)x 103 mb and over the ternary solution
the HoO vapour pressure is (4.13 & 1.37)x 102 mb. These calculations were undertaken
using the empirical relation for water ice from Marti and Mauersberger (1993) and the
thermodynamic model of Lin and Tabazadeh (2001) — the Kelvin effect is ignored since it
is negligible for particles of sizes observed here. The HyO vapour pressures agree within
uncertainties, indicating it may be thermodynamically possible for ternary solution aerosol
and pure ice aerosol to coexist inside the cell under conditions immediately prior to the
observed partial freezing of aerosol.

Refractive indices derived from the coldest spectrum plotted in figure 8.5 are com-
pared with the pure HoO ice aerosol refractive indices of Clapp et al. (1995) in figure 8.6.
It can be seen that even after several hours of evolution, the spectral signature of STS
remains in our spectra superimposed on the signature of pure H,O ice; we appear to have
a mixture of pure HoO ice and liquid STS aerosol in equilibrium, in agreement with the
thermodynamic calculations. As the cell temperature is reduced, the equilibrium balance
shifts towards water ice, as can be seen in figure 8.5. However, the aerosol density was ob-
served to fall with time at the lowest temperatures achievable in the cell. The experiment
of 01/12/00 was conducted until the aerosol disappeared completely from the cell. This
could be explained if the freezing of aerosol coincided, or led to, freezing of condensates on
the cell wall — this could preferentially scavenge volatiles from the cell atmosphere at low
temperature due to a change in balance of volatile vapour pressures. It was determined
that condensates had not solidified on the cell windows by observing the changing extinc-
tion spectra when the cell contents were evacuated at the end of the 30/11/00 experiment;
the ice features disappeared at the same rate as the STS features.

The possibility that some form of crystalline hydrate had formed was investigated,
but discounted since none of the sharp absorption features common to nitric and sulphuric

acid hydrates were observed; the remote possibility remains that a high hydrate (i.e. above
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Figure 8.6: Comparison of imaginary refractive indices from the 199.8 K measurement (black) on
01/12/00 compared with indices of pure ice aerosol at 200 K (blue) as measured by Clapp et al.
(1995).

1:3 HNO3/H20) of nitric acid formed, for which there is no previously published data for
identification.

It is probable that aerosol froze in these experiments due to the relatively dilute nature
of the initial solution. Although the total HoO composition was higher on 29/11/00 and
similar on 28/11/00 (table 8.1), the HoSO4 component was lowest during the experiments
where freezing occurred; this concurs with thin-film experiments (Biermann et al., 2000)
where the freezing point is observed to be warmer for stronger HoSO4 compositions. Further
experiments are required to investigate the composition dependent degree of supercooling

required to nucleate solid particles from ternary compositions of stratospheric relevance.

8.5 Relevance of results to the remote sensing of PSCs

The nature of the temperature dependent composition regime of ternary solution aerosol
(type Ib PSCs) in the stratosphere was discussed previously in section 1.3.3; figure 1.7
shows the transition from almost binary HoSO4 aerosol to near binary HNO3 aerosol with
a few degrees of cooling around 193 K. The same range of compositions for stratospheric
ternary aerosol from the thermodynamic model of Lin and Tabazadeh (2001) are plotted

in figure 8.7, indicating the effect of the likely stratospheric variation of HNO3 and H2O
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Figure 8.7: Results from the thermodynamic model of Lin and Tabazadeh (2001) showing the
range of ternary solution compositions in the stratosphere; the equivalent temperature in the
stratosphere used for this calculation is shown on the right axis. The thick black line represents
typical stratospheric HNO3 and HyO vapour concentrations of 5 ppmv and 10 ppbv respectively,
and the dashed lines represent likely variation of + 50 % in H»O and + 20 % in HNO3. The
compositions and uncertainties for the coldest stable aerosol measurements from the settling and
main experiments are plotted.

partial pressures (Carslaw et al., 1997). Compositions (and uncertainties) for the coldest
stable measurements from each experiment day are also indicated in figure 8.7, and are
listed chronologically in table 8.1. It can be seen that most measurements lie within the
mid-range of STS compositions expected in the stratosphere. Temperatures of the labo-
ratory measurements are universally higher than equilibrium temperature of particles of
similar composition in the stratosphere. This difference is of order 10 K, but represents a
considerable improvement over previously published data from thin-films and binary aerosol
at higher temperatures. The range of sub-20 wt% HNQO3 composition ternary solution com-
positions is therefore well characterised. The outlier compositions measured on 22/11/00
and 24/11/00 are of use in terms of understanding the composition dependent features

of aerosol and characterising indices for possible compositions of unstable aerosol in the
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stratosphere.

Table 8.1: Stable compositions and temperatures of the coldest liquid aerosol measurements mea-
sured during the settling and main experiments. These data are plotted in figure 8.7.
Date | Temperature HNO3 HySOy4 H,0
(2000) (K) wt % wt % wt %
Main experiments
30/11® | 209.1 +£2.1 | 19.2 +2.6 | 26.0 =+0.9 | 54.9 +1.9
29/11 | 196.6 +2.1 | 13.0 £2.5|29.6 =+0.7|57.5 +2.1
28/111 | 223.7 +2.1 | 17.2 +23 | 31.3 +0.8 | 51.5 +1.7
28/11 | 193.8 +2.1 | 15.5 £155 | 29.7 +£34 | 54.7 =£121
24/11 | 199.0 £21 | 7.6 +4.6 | 665 £1.1|259 =£3.5
23/11 | 197.8 +£2.1 | 122 421 |41.7 +0.6 | 46.1 +1.7
22/11 | 1989 +2.1 |N/A N/A |372 425|548 +£2.5
21/11 | 2084 2.1 | 16.7 +£2.1 |349 =+0.7|485 =+1.6
Settling experiments
29/3 200 +10 | 13.5 +24 | 30.6 0.7 | 559 +£2.0
28/3 200 +10 | 13.9 +24 | 30.7 =+0.7 | 55.4 +2.0
27/3 200 +10 | 16.6 +2.4 | 30.0 +0.8 | 53.4 +1.8
24/3 200 +10 | 14.1 +£2.3 | 329 +0.7 | 53.0 +1.8
23/3 200 +10 | 16.3 +2.1 | 33.7 =+0.7 | 50.0 +1.6
21/3 200 +10 96 +23 | 35.6 4+0.6 | 54.8 +1.9

1t High uncertainties in composition at the lowest temperature, however the
composition is consistent and believable within the errors of the higher temperature
measurements. The higher temperature composition was plotted in figure 8.7.

@ High temperature used since the aerosol froze below this temperature.

In terms of the remote sensing of ternary solution PSCs, the compositions at the
cold end of the ternary solution range, i.e. with more concentrated HNOj3 and weaker
HySO4, would probably be of most interest since these are the most likely liquid PSCs
to be detected because the volume of STS particles increases considerably towards the ice
nucleation temperature (Beyerle et al., 1997). In order to establish whether the refractive
index data derived in this work represent an advance, it is useful to compare data against
those produced from the only source of published low-temperature ternary solution data, the
Biermann et al. (2000) ternary refractive index calculator. The composition/temperature
range of binary solution data used by the ternary calculator was reviewed previously; see

figure 2.10 which is of the same format as figure 8.7. Given the temperature dependence of
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sulphuric acid established from literature in section 2.5.4, and now from the results of this
thesis in section 8.1, it appears that in terms of the characterisation of HySO, features, the
Biermann et al. data are limited to HoSO4 compositions above 30 wt% at stratospheric
temperatures. Hence, in terms of the high-HNOj3 / low-H3SO4 concentration range most
of interest for remote sensing of STS aerosol, this work may represent a slight advantage
over the ternary calculator of Biermann et al.. However, both datasets are not particularly
close to this regime, but these data are complementary in characterising the mid-range of

ternary aerosol compositions found in the stratosphere.

8.6 Comparison of refractive indices with published data

8.6.1 Comparison of ternary refractive indices

Figure 8.8 shows a comparison of the coldest stable ternary solution aerosol imaginary
indices from (a)29/11/00 and (b)23/11/00, and indices from the Biermann et al. (2000)
ternary calculator for the same compositions and temperatures (see table 8.1 for these
parameters). Indices are displayed from 750 to 3500 cm™?!, the valid range for refractive
indices derived in this work. Significant differences are apparent. First, there appears to
be a scaling difference across the infrared — it is difficult to attribute this to either method
used for refractive index calculation. However, as previously noted in section 2.5.2, the
Biermann et al. and UNC group indices also exhibit significant scaling differences which,
as previously speculated, could be due to uncertainties in the thin-film thickness calculation
of Biermann et al. (2000).

Secondly, it can be seen that while the general absorption features of the k(7) index
appear to qualitatively agree in figure 8.8(b), significant differences exist in the comparison
in figure 8.8(a). These ternary solution measurements were selected for comparison since
they represent the extremes of the composition range measured at sub-200 K, as can be
seen by inspection of figure 8.7 and table 8.1. As concluded in the review of the Biermann

et al. data in section 2.5.5, these calculated data may not be applicable at stratospheric
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Figure 8.8: Panel (a) shows ternary (13.0 £2.5 wt% HNOg3, 29.6 +0.7 wt% H;SO4) solution
imaginary refractive indices (black) from 29/11/00 (196.6 K), plotted against indices for the same
composition/temperature from the Biermann et al. ternary calculator. Similarly, panel (b) shows
ternary (12.2 £2.1 wt% HNO3, 41.7 £0.6 wt% H5S0,) solution imaginary refractive indices (black)
from 23/11/00 (197.8 K), plotted against indices for the same composition/temperature from the
Biermann et al. ternary calculator.

temperatures in ternary solutions where the HoSO4 component is less than 30 wt%. The
comparison in figure 8.8(a) is slightly below this threshold, while the comparison in fig-
ure 8.8(b), having a much higher HySO4 concentration, is safely within the bounds of the
Biermann et al. binary index data regime. Without further measurements at other points
in the STS composition range, it is difficult to ascertain whether the data produced here is
an improved representation of STS indices representative of colder conditions in the strato-
sphere (and thus of more interest in remote sensing). The differences in absorption features
are pronounced at the low-HoSO4 range of ternary concentrations, indicating that the tem-
perature limitations of the Biermann et al. data set (section 2.5.5) may compromise the

application of these data to the ternary system in the stratosphere.
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8.6.2 Comparison of binary sulphuric acid refractive indices
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Figure 8.9: The retrieved 37.2 £2.5 wt% (198.9 K) binary H3SO4 aerosol imaginary refractive
index from 22/11/00 (black line), compared with a Biermann et al. (2000) thin-film calculation for
the same temperature and composition (red) and aerosol refractive indices of binary HoSO4 (blue)
of 39 wt% composition (220 K) from Niedziela et al. (1999).

Binary HySOy refractive index data published by Niedziela et al. (1999) and Biermann
et al. (2000) are compared here with HoSO, refractive indices measured in this work. As
can be seen from these data in figure 8.9, there is a considerable scaling difference between
all three sets of data. The disparities between absorption features of thin-film and aerosol
H2S0, indices, and the implications for calculation of composition from dielectric band
areas, have already been noted in section 7.1.4. It is thus noteworthy that the spectral
shape of the two aerosol indices, those measured for this work and the data of Niedziela
et al. (1999), are qualitatively the most similar. This observation helps justify the use of

the UNC indices for calibration of composition against band areas.

8.6.3 Conclusions

Further measurements of refractive indices of ternary solutions at the high-HNO3 / low-
H5SO4 (low temperature) range of the expected stratospheric composition regime for STS
aerosol are necessary to provide data representative of STS aerosol most likely to be ob-
served in the stratosphere. This work has characterised the mid-range of expected STS

compositions, and has been found to qualitatively complement some of the Biermann et al.
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(2000) ternary refractive index data. Towards the high-HNOj3 / low-H2SO,4 composition
range, the agreement between absorption features in the k() indices produced here and
those of the Biermann et al. ternary calculator is poor. This may be a result of unknown
uncertainties in this work, or possible problems with the Biermann et al. ternary calculator

which may result from:

1. The limited temperature range of binary solution data used in the Biermann et al.
ternary calculator which does not capture the identified temperature-dependence of

H2S0Oy4 in ternary solutions;

2. Universal differences in HoSO,4 absorption features between thin-film and aerosol mea-

surements (section 7.1.4);

3. Problems with the linear wt% based mixing rule used by Biermann et al. (2000) to
calculate ternary indices from binary indices (more specific information is necessary

to characterise this).

In order to ascertain relevance of both sets of data to the stratosphere further aerosol mea-
surements of ternary solution refractive indices, at stratospheric temperatures, are required
over a wider composition range.

With respect to the remote sensing of PSCs, the fingerprint of ternary solution ab-
sorption (represented by the k(Z) index) has potential use in identification of PSC type
and possibly liquid composition. However, this requires wide spectral coverage of PSCs
in the infrared, something that has only recently become possible on a continuous ba-
sis from satellite observations with the launch of the ENVISAT platform (section 2.2.2).
Previous attempts to identify PSC type/composition from remote sensed data have been
problematical, due to the large number of unknowns in the analysis, although solid nitric
acid trihydrate (NAT) has been tentatively identified in the Antarctic stratosphere from
infrared absorption features (Remedios et al., 2001). Thus, precise characterisation of the
absorption features of STS, while of importance in the determination of PSC volume and

surface area, is less important in terms of PSC identification at this stage.
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The critical point that arises from the comparison of available data is the lack of
general agreement of scaling of the k() index between data sets. This has been identified in
this chapter from three-way comparison between data produced here and the binary HoSO4
indices of Biermann et al. (2000) and Niedziela et al. (1999), and separate comparisons
with ternary calculator indices of Biermann et al. (2000). As established previously in
section 2.2.3, the relationship between k() and PSC volume density, as calculated from
remote measurement of PSC extinction, is approximately linear across most of the infrared
(up to about 3500 cm~!) for size distributions typical of STS in the stratosphere. The
PSC surface area density is directly related to volume density as expressed by equation 2.6.
Thus, as extreme examples where both scaling and absorption differences combine in phase
to produce large differences, the maximum difference between binary HoSO4 k(7) indices
produced here and by the UNC group (figure 8.9) of about 50 % at 1100 cm™!, would lead to
a 50 % difference in calculated PSC volume density, and similarly the observed difference of
over 100 % against the calculated ternary indices of Biermann et al. in figure 8.8(a) would
lead to a calculated PSC volume density difference of this magnitude.

Thus, it is clear that the scaling offsets of k() between different sets of data is the
key issue limiting the applicability of laboratory data to the remote sensing of PSCs in
the infrared. The calculation of refractive indices for this thesis incorporated all known
experimental uncertainties to produce the final uncertainty in wavenumber-dependant re-
fractive index. This uncertainty is significantly smaller than the differences between indices
compared here, see the results presented previously in figure 8.4, indicating that refractive
indices produced for this work most closely represent ternary solution aerosol at strato-
spheric temperatures. However, it is possible that some degree of dependence between
retrieved size distribution and absorption band parameters may affect the scaling of the
k(7) index determined in this work (section 6.1.4). It is suggested here that future experi-
ments using this equipment at RAL should include a device for independent measurement
of particle size distribution, such as a particle counter. This additional information would

either validate or correct the current refractive index scaling.
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Figure 9.1: Schematic showing the main components of this work and the links between them; the
dashed lines indicate secondary links. Major components are highlighted in bold text.

A schematic overview of work conducted for this thesis is presented in figure 9.1; the
main numerical analysis was carried out in the gas and refractive index retrievals using the
spectral measurements as indicated. The results were then employed for further analysis in
order to characterise aerosol development and composition, and to characterise aspects of
the system such as internal cell temperature, and aerosol residence time. Comprehensive

validation was undertaken in the main areas of analysis, and where possible uncertainties

227
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were quantified in order to produce representative errors in key data produced for this

thesis, principally wavenumber-dependant refractive indices.

9.1 Thesis Summary

This work yielded refractive indices of STS aerosol and mixed phase ternary solution and
ice aerosol to a quantified high level of accuracy over the spectral range of 750 to 3500 cm ™.

The main achievements of this thesis include:

1. The first determination of refractive indices from direct-measurements of supercooled

ternary solution aerosol;

2. The measurement of a range of ternary solution compositions of relevance to the

stratospheric system;

3. Use of the novel classical damped harmonic oscillator (CDHO) band-absorption model

which enabled derivation of refractive indices from a single extinction spectrum;

4. Band parameters produced through the CDHO model in determination of refractive
indices were related to chemical speciation of binary and ternary solutions to evaluate

aerosol composition (validated by gas-phase measurements);

5. Comprehensive determination of uncertainties in measurements and analytical tech-
niques provided a rigorous assessment of wavenumber-dependant uncertainties in the

derived refractive index data (a first for this work);

6. Experimental performance was comprehensively evaluated — including temperature
measurement, wavenumber shift due to spectrometer beam divergence, and full char-

acterisation of the temperature dependant transmission of the cell windows.

Comprehensive determination of wavenumber-dependant uncertainties in refractive indices
potentially enables the accuracy of PSC surface area calculation from remote sensed data to

be determined. Moreover, novel analytical techniques developed in this work, particularly
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use of the CDHO model to evaluate refractive indices from a single extinction spectrum,
have considerable potential for analysis of other laboratory-generated data not only for
study of PSCs but also for wider use.

Analysis of the results of this thesis and comparison against published work produced

several key findings:

1. Refractive index data derived in this work and separate sets of published indices

exhibit large variations in the scaling of the refractive index;

2. Comparison of ternary solution indices derived here and those produced by the Bier-
mann et al. (2000) ternary calculator revealed considerable qualitative differences in

infrared absorption features for low-temperature low-H2SO4 (sub 30 wt%) solutions;

3. Aqueous sulphuric acid exhibits significant temperature dependence in absorption

around 1100 cm~! in ternary and binary solutions;

4. Thin-film and aerosol solutions possess consistent and characteristic differences in
sulphuric acid absorption features around 1200 cm ™! — otherwise, thin-film and aerosol

absorption features are qualitatively in agreement for binary and ternary solutions;

5. Due to the high density of aerosol in the large cell, temperature-dependant variation
of ternary solution aerosol composition occurs at a much higher temperature than
in the stratosphere — thus, the £2.13 K temperature uncertainty in the large cell is

irrelevant for composition measurement at stratospheric temperatures.

The first point is of critical importance for calculation of PSC surface area from remote
measurements of spectral extinction; evaluation of the rate of chemical activation in the
stratosphere is constrained by poor knowledge of refractive index scaling. Additionally,
the potential for PSC type/composition determination from broad spectral measurement
of absorption features in the infrared is limited by poor knowledge of refractive indices
of ternary solutions. For this work measurements were undertaken at temperatures much

closer to those of the stratosphere than other major published data, and in aerosol form in
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order to ensure that the effects listed in points three and four do not compromise suitability
of the measured refractive index data for the remote sensing of PSCs.

As detailed in the second point above, qualitative differences in infrared absorption
features are observed for comparisons of some ternary solution refractive indices against
those from the only other published source of ternary solution indices for compositions of
relevance to the stratosphere, the ternary solution calculator of Biermann et al. (2000).
Some of these differences can be attributed to temperature-dependent HoSO,4 absorption
around 1100 cm~!. Agreement between these data is best for HSO, compositions above
30 wt%, where the data are broadly complementary (scaling differences neglected). Al-
though it is possible that the Biermann et al. (2000) binary data (used for the ternary
calculator) are temperature-limited to the regime above 30 wt% H2SOy, to test this hy-
pothesis further comparisons over a greater range of ternary compositions than measured
for this thesis are necessary.

The main limitations of this work include:

1. A relatively narrow range of ternary solution compositions were measured in the

centre of the range expected for ternary solution aerosol in the stratosphere;

2. The high-HNOj3 / low-H2SO4 end of the expected stratospheric range of ternary

solutions would have potentially been of more interest for the remote sensing of PSCs;

3. It is not possible to resolve the observed discrepancies in scaling of refractive index
data between separate sets of published data and with this work due to possible

systematic scaling errors introduced through k leakage in this work.

The main technique adopted for variation of ternary solution composition at low tempera-
ture in experiments for this work was variation of relative flow rates of gas streams into the
large cell. Although this resulted in HySO,4 variation from approximately 25 to 65 wt%,
and HNOj3 variation from approximately 5 to 20 wt% in ternary solutions, this range is
only a sub-set of that expected through temperature-dependant variation of ternary solu-

tion PSCs in the stratosphere. Indeed, the largest ternary solution aerosol particles in the
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stratosphere would be expected near to the ice frost point following condensation of volatiles
to form the high-HNOj3 / low-H2SO4 end of the stratospheric ternary composition range.
Since these large particles would have the largest volume density, this is the most likely
ternary composition to be observed from remote sensed data. It is desirable to measure
such compositions since they have not been measured in this or other publications.
Finally, accurate determination of binary/ternary solution refractive indices has po-
tential to resolve the uncertainties introduced by the observed scaling differences between
published data. However, indices produced in this work again do not agree well with the
scaling of any other major data set. Furthermore, the possibility of some dependence
between size parameters and the imaginary refractive index (k leakage) introduces some
uncertainty in scaling of refractive indices produced in this work. This is one of the criti-
cal outstanding issues that should be addressed by further development of experiments in

future work.

9.2 Recommendations for future work

The principle recommendations for future work arising from this analysis comprise:

1. Independently measure aerosol size parameters to resolve the refractive index scaling

issue;

2. Increase the range of ternary solution compositions measured — focus on the high-

HNOj3 / low-H2SOy4 end of the expected stratospheric composition range;

3. Measure a wide composition range of binary sulphate and nitrate solutions, while
independently measuring composition, for purposes of developing a composition/band

area calibration independent of limited published data.

In the same order, general experimental recommendations to achieve these suggestions

involve:

1. Use a particle counter or measure spectra further into the visible spectral region;
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2. Decrease the number density/composition of sulphuric acid aerosol, and increase the

strength of the nitric acid bath;

3. Use a range of sulphuric acid bath compositions and develop new techniques to nu-
cleate binary nitrate aerosol — determine composition from HsO vapour pressure as

derived from high resolution spectra.

The measures indicated in the first recommendation could prove difficult to implement due
to potential problems including window contamination (due to higher HNOj3 gas pressures)
and injection of enough HNOj3 gas to sufficiently modify the sulphate aerosol; new tech-
niques may be necessary. A range of detailed recommendations have been compiled from

this work, and are detailed for completeness below.

9.2.1 Detailed recommendations

Experiment direction:

e Further extensive temperature validation could reduce the uncertainty of the cali-
brated temperature. Gas markers such as CO9 or CO, which have well known tem-
perature dependencies, could be used for validation of PRTs during test experiments
(or main experiments); CO is better for low temperatures due to its lower freezing
point. However, temperature can only be assessed from high resolution measurements.
Of greater value would be improved calibration of PRTs. Experiments to ensure that
the gas temperature is indeed a good representation of the temperature along the cell
path (by placing PRTs in the path), and to place PRTs permanently inside the cell
during experiments using some kind of protective coating to prevent acid attacking

the sensors, should reduce the temperature uncertainty;

e Due to the lack of crystalline solid PSC refractive index data derived from aerosol
spectra, measurements of such particles would be of great use to the community — the

differences between thin-film and aerosol crystalline spectra have been highlighted,
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justifying new aerosol measurements in the laboratory. Previous generation of solid

particles could be used as a blueprint for future experiments;

e Measurements of depolarisation of a plane-polarised radiation source through the
cell volume would indicate whether aerosol particles are non-spherical (i.e. solid) if

pronounced depolarisation were observed;

e Vapour transfer tests could be conducted to confirm the independence of vapour
pressure as measured along the beam path to the coldest points in the cell. The
findings of Niedziela et al. (1999) are used here to support the assumption that buffer
gas pressure is high enough to isolate colder areas of the cell, so that the retrieved
vapour pressure is in equilibrium with particles observed along the beam path — this

is supported by the composition validation using retrieved volatile partial pressures;

e Lower temperatures are required to simulate the coldest parts (such as in lee waves)
of the polar stratosphere. A different coolant would be required to attain tempera-
tures below 190 K since ethanol freezes in the current configuration below this cell

temperature.

Further practical experiment suggestions:

e Cell window material could be changed (from BaFs) to (a) reduce the cut-off wavenum-
ber for greater spectral coverage into the infrared, and (b) use a material with trans-
mission properties that are less sensitive to temperature variation. The same prop-
erties of high resistance to HNO3z and H2SO4 would be required of any replacement

material;

e Separate PRTs could be used to directly log the temperature of cell windows for

improved modelling of any temperature-dependent transmission effects;

e A radioactive source could be introduced to seed for nucleation of ice particles in

a cloud of supercooled liquid aerosol or a supersaturated gas medium (to simulate
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nucleation by cosmic rays in the stratosphere);

e A protected fish-lens camera, inserted into the top of the cell (i.e. an adapted small
web-cam) could be used to image the cell contents to address if/where any ice forms
on the sides of the cell when solid aerosol is formed and to assess the mixing of aerosol.
A coloured tracer could be fed into the gas/aerosol flow to help determine the degree

of turbulent mixing, and confirm residence times;

e Shock cooling by a pre-cooler placed before the cell could be used to freeze liquid
aerosol, or/and to homogeneously nucleate solid aerosol from supersaturated gas

phase;

e Automatic recording of flow-rates, errors in co-added spectrometers scans, and scan

duration would assist analysis and determination of spectral uncertainties.



Appendix: Retrieval Theory

Spectra of aerosol and gas lines are characterised by fundamental physical parameters. De-
termination of these quantities is an central part of the analysis presented in this thesis.
These parameters cannot be determined directly from measured spectra, which are complex
functions of the physical parameters (and hence indirect measurements). Such functions
relate, for example, how the spectral signature of gas lines are modified by pressure, tem-
perature and gas concentration. In deriving these data from spectra we are presented with
an inverse problem. The retrieval programs used for this analysis extract information from
spectra by comparing measurements with the output from a forward model, reducing the
differences iteratively to a minimum by varying the physical parameters represented in the
model. The forward model is essentially a representation of the complex functions that re-
late spectra to physical parameters. Formulation of a representative forward model requires

a good understanding of the physics of the problem.

Structure of a generic retrieval program. The quantification of information and as-
sociated uncertainties contained within measured spectra can be undertaken by a retrieval
program by varying a state vector, x, of variables that are used to represent the measure-
ments, y, by means of the forward model, F(x). An optimal estimate of the values of the
state vector is found; this processes is described in depth elsewhere (Rodgers, 2000). A

flow-chart representation of a standardised retrieval program can be seen in figure 9.2.
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Read in measured data and uncertainty

f

Read in apriori data and uncertainty

f

[Copy first guessinto state vector, X

!

First forward model (FM) run

Calculate retrieval cost (compare FM
output to measurements)

Calculate new X by optimal estimation

f

[Run FM, and calculate new retrieval cost

f

Is new retrieval cost < old retrieval cost ?

)
]
)
| )
]
)
)
)

Yes No

(Store new estimate of X ) Restore previous X values,
+ and increase step size

Ischangein cost, or changein X, below
convergence threshold, or has the max.
number of iterations been reached ? J

No

Yes

[ Store state vector, save results, and END ]

Figure 9.2: Representation of a generic retrieval program.

Effectively an (i + 1)'® estimate of the solution is found from the ' estimate using :

_ _ -1
X411 = X+ [(1 + ’)’)Sa 1 + I(CZFS6 1K,:|

[K7S7' (y — F(x:)) — 87" (% — Xa)]

In this equation x, represents the a priori state vector, S, the covariance matrix of the a
priori, S¢ the covariance matrix of the measurements, K the weighting matrix and -y the step
size. Tteration using this equation simultaneously minimises the x? difference between the
state vector and its a priori and the x? difference between the measurements and the output

of the forward model, which are combined to produce the total retrieval cost. Iterations
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continue until a pre-set convergence criterion is met, usually when the retrieval cost has
fallen below a threshold. Caution must be taken where a number of minima are present
in the x? surface. Figure 9.3 illustrates a simple one-dimensional case where it would be
possible for the retrieval to fall into one of five local minima rather that the (lowest) global
minimum should the first guess start far outside the slope of the global minimum in state
space. It is clear that the real situation will be conceptually more intricate since the x?
surface will have multiple dimensions corresponding to the number of elements in the state
vector, but the principles are the same. Hence, it may become necessary for the user to
prompt the retrieval by adjusting the first guess to avoid an incorrect solution. The real
solution in cases where the forward model poorly represents true physics may not be the

lowest point in the x? surface.

Chi—squared cost

State vector element

Figure 9.3: Ilustration of local and global x? minima in a 1-D state vector case.

The forward model represents the physics of the problem by describing the transfor-
mation between the state vector and the measurements. Since all models are a simplification
of reality, forward model errors propagate from: (1) numerical approximation (e.g. poor
gas characterisation, and use of finite-resolution reference forward model (RFM) spectra
in gas model), (2) parametric errors (e.g. incorrect temperature), and (3) physical errors

(over-simplified modelling of processes).
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