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Chapter 1

Clouds: formation, classification and influence

Figure 1: An example of an orographic ‘cap cloud’ over Mouijit F
[Source: http://pixdaus.com/pics/4ESNHSUQYyi8g.jpg]

1.1 Cloud formation

Clouds form when the relative humidity of a ‘parcel’ of atrpbsgric air exceeds some critical point.

The relative humidity /) of an air ‘parcel’ at a fixed pressupeand temperatur@’ is given by:

f(p,T) = (1)

wherew is the mass mixing ratio of water in the parcel andis the mass mixing ratio of water
in a saturated parcel. When > wy, the air is said to be ‘supersaturated’ and cloud formation ca
take place. The prevalent mechanism for creating supeesatuair parcels is cooling, due to the
strong temperature dependencewf In the atmosphere, air parcels are cooled by conductien, th
mal emission and the adiabatic expansion of ascendingféimd). Four principal cloud formation

mechanisms can be identified:
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e Large-scale frontal lifting of air occurs when large bodies of air of different densities come
into contact. This process tends to fostnatiform clouds that are very uniform over a wide

spatial extent.

e Thermally-driven updrafts occur when the surface of the Earth is warmed by the sun, im tur
warming the atmosphere directly above it. A thermal updsadteated, causing air to rise and

then cool adiabatically. Clouds formed in this way are kn@soonvective clouds

e Orographically forced lifting occurs when air is forced to rise as it is driven over surface

relief by the wind. An example of amrographic cloud is the ‘cap cloud’ shown in figure 1.

e Radiative coolingoccurs when the atmosphere is cooled due to its thermal emisEhis is

most likely to happen during the night. Fog is formed in thesyw
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Figure 2

Microphysics of droplet formation When air is ‘supersaturated’, water condenses onto small

particles in the atmosphere called cloud condensatioreni@CN], to form small droplets€ 0.5m
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in diameter). For a cloud to form, the rate at which water ens#s onto these droplets must ex-
ceed the rate at which it evaporates from their surface. iBhi®t generally the case; evaporation
and condensation tend to remain in stable equilibrium aaditbplets do not grow. Cloud droplets
develop when the supersaturation of water in the atmosplahes a critical level, at which this
equilibrium breaks down. According to Kohler theory [Kéh 1936], this critical level is dependent
on the particular type of CCN particle and its diameter.

Figure 2 shows examples of ‘Kdhler curves’ for ammoniunpkate crystals of three different
sizes. The peak of each curve corresponds to the level ofsatpeation required for that particular
CCN particle to become ‘activated’. When a CCN patrticle ditsated’, the droplet is able to grow

for as long as the air in the surrounding atmosphere remajersaturated.

Cloud condensation nuclei CCN can range from soot and dust particles to marine organic
molecules and sea salt; they tend to have a relatively sifetitrie in the atmosphere and are most
likely to be found in high concentrations at low altitudeseTability of a particle to act as a CCN

chiefly depends on its size and soluble mass fraction.

1.2 Classifying clouds

Figure 3: A pictorial representation of the major cloud type
[Source: http://www.terrapsych.com/claudassifications.jpg]

There are 10 major cloud types, as shown pictorially in figird hese cloud types can be split

into three main groups based on their typical altitude rgsge table 1). In general, different cloud
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types are formed by the different ‘lifting’ processes auelil in section 1.1 and are seeded by different

CCN patrticles.

Height Cloud Base Base Cloud Particle
range type height (km) | temperature (K) thickness (m) phase
Cirrus (Ci) 5-15 200-240 500-2000 ice
High Cirrostratus (Cs) 5-15 230-245 1000-2000 ice
Cirrocumulus (Cc) 5-15 230-245 100-300 | water/mixed
Altostratus (As) 3-8 240-260 1000-3000 | ice/mixed
Medium | Altocumulus (Ac) 2-8 240-280 100-1000 | water/mixed
Nimbostratus (Ns) 0.5-2 260-280 2000-10000| ice/mixed
Cumulonimbus (Cb 1-4 270-300 2000-20000 mixed
Low Cumulus (Cu) 1-4 270-300 500-4000 water
Stratocumulus (Sc) 0-2 265-295 100-2000 | water/mixed
Stratus (St) 0-2 265-295 100-500 water

Table 1: The properties of the 10 principal cloud types.

1.3 The influence of cloud on our climate

Clouds interact with the Earth’s climate system through dewariety of complex feedback pro-

cesses, however it is possible to split this interactioa into broad mechanisms:

e Transport of heat and moisture. When clouds form, a large amount of latent heat energy is
released into the atmosphere. This release of latent hghatimithe atmosphere has the net
effect of reducing the tropospheric lapse rate from the’‘dajue of 9.8 K knt! to a value of
the order of 6-7 K km'. Since clouds are principally responsible for maintairting lapse
rate, they play a key role in coupling the effect of any radeforcing at the tropopause to
the surface. Clouds thus effect the degree to which chamgé®eiradiation budget at the

tropopause affect the atmospheric conditions and temperat the surface.

e Moderating the planetary radiation budget. Clouds scatter and reflect incident solar radi-
ation back towards space. Upwelling infrared radiatiomrfrihe atmosphere is absorbed by
clouds and re-emitted in all directions. As a result, clotahgl to have a net cooling effect on
the planet during the day and a warming effect during thetniglgher clouds are more likely
to warm the planet, since they ‘trap’ a larger amount of irgdaradiation than low clouds (be-

cause there is a deeper atmospheric column below the cldohd)exact radiative ‘footprint’ of
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a cloud however depends on a combination of its macropHhyeanchmicrophysical properties;

different types of clouds have different effects on the Eamadiation budget.

Cloud radiative forcing The cloud radiative forcing(’, is a useful measure of the impact of
clouds on the planetary radiation budget. In order to definé is necessary to consider a cloudy
‘domain’, incorporating regions of clear sky and overcasfions. In this cloudy ‘domain’, the net

radiative heating over the entire atmospheric column isrgly:

H=S(1-a)—F )

where S is the solar irradiance and is the albedo. The cloud radiative forcing is defined as the
difference between the net column-integrated radiatiegihg in the region/7, and the heating that

would occur in the same region if no clouds were presEat,; -

C=H- Hclear (3)

The cloud radiative forcing can be separated into a shoveWWaWw] and a long-wave [LW] compo-
nent:

C =Csw + Crw 4)

whereCsw = S(Qelear — @) aNACLY = Feear — F.

80 100 -80 20

40 60 -60 -40 20 0
Cloud Amount (%) Net Cloud Radiative Forcing (Wm)

(a) Annual mean cloud amount (b) Annual mean cloud radiative forcing

Figure 4: Annual mean cloud fraction and net cloud radiatoveing, as derived by the MODIS and
CERES instruments aboard the NASA satellite Terra.
[Source: http://science.larc.nasa.gov/ceres/pressases/]
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The cloud radiative forcings,sw andCry have been monitored by the ‘Earth Radiation Budget
Experiment’ [ERBE] [Barkstrom et al., 1990] and, more retethe ‘Clouds and the Earth’s Radiant
Energy System’ [CERES] experiment [Wielicki et al., 1996jigure 4(a) shows the annual mean
(March 2000 to February 2001) net cloud radiative forcingameged by the CERES instrument
aboard the NASA satellite Terra. Figure 4(a) shows the mé&ardamount for the same period, as
observed by the MODIS instrument [Minnis et al., 2003] alboard Terra. The global mean net
cloud radiative forcing is= 48 W m2. Clouds are an integral element of the Earth’s climate syste
and perturbations to the cloud radiative forcing have themdal to play a key role in future climate
change.

According to the latest IPCC report, the role of cloud feadbprocesses in climate models
represents the greatest source of uncertainty in predctdthe impact of rises in greenhouse gas

concentrations [Intergovernmental Panel on Climate Ceaag07].

1.4 Anthropogenic effects on the cloud system

1.4.1 Cloud indirect effects
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Figure 5: A plot showing the principal changes in radiatiwecing originating from an-
thropogenic activity between 1750 and 2005. The error banete the range of uncer-
tainty in each component of the net forcing. From: Intergoweental Panel on Climate
Change [2007].
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When a cloud forms in a region of high aerosol loading, a lawgaber of CCN are available to
‘seed’ cloud droplets. If a fixed atmospheric water contemsisumed, this results in the formation of
a larger number of droplets in the cloud, each of a smallemnseze and in turn increases the cloud
albedo [Twomey, 1997]. This effect is referred to as thet'finglirect effect’ or the ‘cloud albedo
effect’ and corresponds to a net negative radiative foreihthe tropopause. A clear illustration of
the effect is given by the bright tracks observed in decksarime stratocumulus where the cloud has
been contaminated by aerosol from ship exhausts, knowrhastiacks’ [Campmany et al., 2009].
Although the effect has been observed in a number of stuBi&®h et al., 2002; Bulgin et al., 2008;
Koren et al., 2005], it is still poorly quantified in model sifations of climate change [Quaas et al.,
2008]J: figure 5 shows a plot from the latest IPCC report [Saorat al., 2007] which identifies the
cloud albedo as the most uncertain component in the netapabenic radiative forcing.

In addition, aerosols can suppress precipitation and asereloud lifetimes through ‘secondary
indirect effects’ [Rosenfeld, 1999, 2000; Ackerman et 2000]. These effects are referred to as
‘cloud lifetime effects’ and again result in a negative edhie forcing. These effects were not taken
into account in the latest IPCC report, since their leveladéstific understanding [LOSU] was con-
sidered to be too low. Lohmann and Feichter [2005] howevyaotehe current best estimate of the
radiative forcing due to the cloud lifetime effect to b€.85+ 0.55. It is clear that in order to under-
stand climate change, it is vital to understand the effeetenbsols on clouds at a global scale. The
development of accurate cloud climatologies from sagetidta is an important step in achieving this

goal.






Chapter 2

The ATSR-2 instrument

2.1 The ATSR missions

The Along Track Scanning Radiometer [ATSR] instrumentsangiginally designed to make accu-
rate measurements of Sea Surface Temperature [SST] [Dleldet al., 1986; Edwards et al., 1990].
The unique viewing geometry of the instruments allows regaultaneous measurements to be made
of the Earth’s surface through two atmospheric paths oédiify lengths. Thus, it is possible to dis-
criminate the contribution to each measurement arising floe atmosphere and the surfacén
addition, a reduction can be made in the retrieval noisegsamy systematic errors in measurements

from both views can be made to cancel.

(A)ATSR/SLSTR Timeline
19|85 19|90 1995 2U|00 2U|05 20|10 20‘15

ATSR ERS-1 Fails, 10 March 2000
ATSR-2 -_i Sean Mechanism Fails, February 2008
fye I
Development SLSTR-1 -|
M Calibration
o Opr s B

Figure 6: Time series of the (A)ATSR/SLSTR instruments.

The ATSR instruments are carefully calibrated both beforeé during operation, as described
in section 2.6. As a result, the combined data set now coegprisore than 17 years of consistent
measurements. The dates of launch and operation of the ATSRiImMents are summarised in figure
6. The figure also includes the Sea and Land Surface TempeR&uliometer [SLSTR] instruments,

which are scheduled to fly on the Meteosat satellites Sdr@id@and Sentinel-3B in 2012

L Only ‘clear scenes are used for SST measurements; pixataining cloud or optically thick aerosol are rejected.
2 Please consult Nieke et al. [2008] for more details of the BR &issions, which are currently under development.
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2.2 ATSR-2

The second Along-Track Scanning Radiometer instrumenSRR] flies aboard the European Re-
search Satellite ERS-2, which was launched in April 199% ifistrument makes radiance measure-
ments at the top of the atmosphere [TOA] in seven spectrairaia: four in the visible [VIS] and
near-infrared [NIR] and three in the thermal infrared [IRfe VIS/NIR channels, which are required

to perform cloud retrievals, were not present on ATSR-1.

Closed
cycle
I:IZIUIJ]EI’ M antenna
Facal d NS : 5; i l‘.&.‘i Sy, "2
plane ' o o T = LN
ﬂssemhl-r\\ Py = Al Sy - b
Scan _
mirror ; ; S : —————— MW chazsis
IR aptical
bench
Forward baffle
IR chassis

Black body
on-board calibration
target

nadir wiew

Figure 7: ATSR-2 instrument structure. Taken from: LlewHJyones et al. [2001].

2.3 The satellite platform

ERS-2 is in a sun-synchronous polar orbit at a mean altitid&% km, with an inclination of 985

to the equator. The mean local solar time [MLST] for the dedagg node is 10.30 am at the equator.
The satellite takes 100 minutes to orbit the earth and it oyble repeats once every 35 days. Con-
secutive orbits are separated by a distance of 80 km at tfegeqdhe orbit is carefully controlled to
ensure that it remains within a maximum deviationtdf km on the ground andt5 minutes on the
MLST at the equator. As well as ATSR-2, the ERS-2 payloadiides the Global Ozone Monitoring

Experiment [GOME] instrument, a Radar Altimeter [RA], a Mbwave Radiometer [MWR] and a



2.4 Design 11

Wind Scatterometer [WS] [Francis et al., 1995].

2.4 Instrument design

The design of ATSR-2 is shown in figure 7. Radiance measurenaea made in seven wavelength
channels, viewing at both near-nadir and along the tracle difannels used are displayed in table
2. ATSR-2 has a signal to noise [S:N] ratio of 20:1 at 0.5% spéalbedo and noise equivalent
temperatures [NETS] of less thant 0.05 K in all channels. Before launch, the it and 12um
channels were characterised by NEs at 270 K of 21 mK and 25 mK respectively [Mutlow et al.,

1999].

Channel| Bandwidth
0.55um 20 nm
0.67um 20 nm
0.87um 20 nm
1.6 m 0.3um
3.7pum 0.3um
10.8um | 1.0um
12.0pm 1.0pum

Table 2: The ATSR-2 channels: location and bandwidth.

Radiation enters the ATSR-2 instrument through two argsetlavindows, which are baffled to
ensure that the field of view [FOV] is not contaminated by clisunlight. The incoming radiation is
directed by the rotating scan mirror onto a paraboloid mjfrom where it is reflected and focussed
into the visible and infrared focal plane assemblies [FPABE FPAs are maintained at temperatures
of 256K and 80K respectively, in order to minimise noise. ¢ FPAs, the radiance measured in
each channel is converted to an electronic signal which eamamsmitted down to the earth. The
ERS-2 satellite suffers from bandwidth limitations and agsult the swath width is reduced by a
factor of 2 over the ocean.

The viewing geometry of the ATSR instruments is shown in #g8r During a single scan, the
region sampled corresponds to two elliptical arcs on théasarof the Earth, each approximately
500 km wide. In the nadir view, which contains 555 pixels, $heellite zenith angle ranges between
0° and 22. In the forward view, containing 371 pixels, this range isween 53 and 55. The

satellite moves 1 km forward during each scan cycle, coomding to a central pixel size of<l km
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in the nadir view and 1.52 km in the forward view. The scan cycle repeéts times per second.
Given a mean instrument altitude of 785 km, the central fodwéew pixel lies approximately 1000
km in front of the corresponding nadir pixel at any momentimet The nadir and forward view
measurements of a single ‘point’ on the Earth’s surfacetivdtefore be separated by150 seconds,
which is shorter than the timescale of typical atmosphemcgsses. As a result, the two views can

be treated as ‘simultaneous’; providing two different meaments othe samescene.

ATSR
Instrument

- Sub-satellite Track

Madir view swath

3 { 555 nadir pixels
Flight Direction 1 km resolution )

Forward view swath

( 371 along track pixels
1.5 km x 2 km resolulion )

Figure 8: The (A)ATSR viewing geometry, taken from Mutlowakt[1999]

2.5 ATSR-2 Data

The ATSR-2 data used in the Oxford University and Rutherfdypgleton Laboratory ATSR Cloud

Retrieval [ORAC-ATSR] is in the form of an ‘ungridded brigiatss temperature/reflectance’ [UBT]
product. The data is stored in exactly the same way as it ignaglated by the instrument, on a
scan by scan basis. A ‘line’ of pixels in the product recordesponds to a curved swath of pixels

of varying sizes on the Earth’s surface. Radiance measuntsnie the ATSR-2 visible channels
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are stored as a 12-bit count (thus taking a value between @@8t), which must be converted to a
‘sun-normalised reflectance’ before being ingested inrkdRAC-ATSR retrieval code. This is done
using calibration tables, which are produced using infdiomafrom the visible calibration system
[VISCAL] on board ATSR-2 [Mutlow et al., 1999]. The groundainates of each pixel are also

stored in the UBT files, along with quality control informatiand a cloud mask.

2.6 Instrument calibration

The calibration of the ASTR-2 instrument is well documenbgdMutlow et al. [1999] and Smith

et al. [1997]. A brief summary of the post-launch calibratie presented below.

IR channels As shown in figure 9, ATSR-2 images two calibration blackypdargets during
each scan cycle. These are maintained at 265K and 305K tesghgonvhich lie near the limits of
the range of brightness temperatures typically observetidjnstrument [Mason et al., 1996]. The
blackbodies are monitored continuously to ensure that taiperatures remain constant. Approx-
imately once each year, a ‘blackbody crossover test’ isoperéd in which both blackbodies are
allowed to reach the same ambient temperature and theomadiic signals are compared [Smith,

2008].

ScanDirection

Wishle

Calbratim
Target Mirror

Blackhody IR Caltration Target s

LLONG-TRACK EARTHYIEW :
HADIR EARTHY IEW

Figure 9: The (A)ATSR scan cycle, taken from Llewllyn-Joresl. [2001].
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Visible channels  The ATSR-2 visible calibration system [VISCAL] is describdoroughly by
Smith et al. [1997]. At one point in each orbit, when the suatimormal incidencg sunlight is
admitted to the instrument through a UV filter and reflectetb dine FPAs using an opal mirror. The
VISCAL provides a radiance equivalent to a’25Signal from a Lambertian scatterer, which is used
as the ‘upper’ measurement for the visible calibration. fozadiance signal, obtained from the

cooler of the onboard blackbodies, is used as the ‘lower'sneanent.

The harsh conditions of space tend to degrade the ATSR-2Z\MSdetectors. In addition, the
cooled optical surfaces of the ATSR-2 instrument are prore gradual build-up of condensation,
which can cause short-term fluctuations in the measuredlsidinis therefore vital to monitor the
performance of the entire VISCAL system vicariously. Thesdone by analysing measurements
made of stable sites on the Earth’s surface for which thedstional reflectance distribution function

[BRDF] is well known [Smith, 1997; Smith et al., 2002].

2.7 ATSR-2 performance

The performance of the ATSR-2 instrument over its lifetimeeaported by Mutlow et al. [2000]
and Smith et al. [2002]. In general, the instrument has béénta fulfil its original specification,
although interruptions to the data record have been causptbblems with the scan mechanism, as

well as routine outgassing.

2.7.1 Outgassing

Several times each year, for a period of approximately twe @ a time, the FPA is warmed up in
order to vaporise any contaminants that have built up oruittase [Mutlow et al., 1999]. During
this time no measurements can be made in the IR channelgskHirthe visible calibration are also
likely, due to the rapid change in the throughput of the Vesithannels. This ‘outgassing’ process

also contributes to the degradation of the FPAs.

3 Sunlight is admitted to the instrument when a baffled tubetvforms the ‘inlet’ of the VISCAL system is pointing
directly at the sun.
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2.7.2 Problems with the scan mechanism

ATSR-2 was taken out of operation between December 1995nd 996 due to a problem with its
scanning mechanism. The instrument was re-started ancehasaily performed well ever since, al-
though occasional ‘jitters’ in the scan mechanism haveigtesd According to Mutlow et al. [1999],

these ‘jitters’ are manifested as slipped lines of data % of forward view scenes. At present,

forward view measurements are not used in the operationsibveof the ORAC-ATSR retrieval.

2.8 The AATSR instrument

Although the cloud retrieval algorithm described in thisgd was designed for ATSR-2 data, it can
readily be applied to data from the Advanced Along Track 8camRadiometer [AATSR], currently
flying aboard the ESA satellite Envisat. AATSR is almost sl in operation to ATSR-2, but
it does not suffer from the same data-downlinking limitaso For a complete description of the

AATSR instrument please consult Llewllyn-Jones et al. [00

2.9 Other cloud retrieval algorithms using ATSR-2 data

Apart from the scheme described here, two major cloud ketischemes exist for ATSR-2 data. The
first, developed at University College London, uses a steratching algorithm to retrieve cloud

fraction and cloud top height [Muller et al., 2007; Denis kf 2007]. The scheme is analogous
to a scheme that has been applied to the MISR instrument &e)and the technique has been
validated extensively [Naud et al., 2007]. The second tegha developed by Gonzalez et al. [2002]
is specifically designed to detect optical and microphygiesameters of cirrus clouds overlying a
layer of water cloud. It uses a radiative transfer model toegate look up tables [LUTSs] of predicted
TOA radiance measurements in the 0,8%, 1.6m and 3.7um channels, which are then inverted

using an evolutionary scatter search technique.
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2.10 Other cloud measurement instruments

2.10.1 Satellite-borne instruments

AVHRR The Advanced Very High Resolution Radiometer [AVHRR] instrents have flown aboard
the US National Oceanic and Atmospheric Administration M) polar-orbiting satellites since
NOAA-6 (launched in 1979), as well as the TIROS-N (launchetid78) and MetOp-A (launched in
2006) satellites [Kidwell, 2009]. Apart from the very firsV¥ ARR (which flew aboard TIROS-N),
the instruments make nadir radiance measurements in &blehsnnels in the visible and infrared.
AVHRR has a resolution of-1 km at the nadir point. Cloud algorithms have been develdpethe
instrument at NOAA [Stowe et al., 2002; Jacobowitz et alQ30nd the Royal Netherlands Mete-
orological Institute [KNMI] [Roebeling et al., 2003], aspaf the ‘satellite application facility on
climate monitoring’ [CM-SAF] [Woick et al., 2002]. Thesegalrithms have been used to create cloud
climatologies that span more than three decades. The AVHRIRIments do not have an on-board
calibration system and there is some debate about theitigyiath any long term trends observed in
AVHRR data [Thomas et al., 2009]. Although there is evideofca drift in calibration between the
AVHRR instruments, many efforts have been made to improse#taset using vicarious calibration
methods, such as the monitoring of stable sites on the Basthiface or of deep convective cloud

systems [Rao and Chen, 1996; Doelling et al., 2004; Ignatal;,e2005].

CALIOP The Cloud-Aerosol Lidar with Orthogonal Polarisation [CI&P] flies aboard the Cloud
Aerosol Lidar and Infrared Pathfinder Satellite Observa{l@ALIPSO] platform, which flies as
part of the National Aeronautics and Space AdministratidA$A] ‘A Train’ formation [Winker
et al., 2004, 2006]. The instrument measures backscatligfgdntensity at 532 nm and 1064 nm,
thus producing high resolution vertical profiles of cloudtectly below the CALIPSO track, which
are collocated with and near simultaneous to cloud obsensafrom other A-Train instruments.
CALIPSO also carries a Imaging Infrared Radiometer [IIR]iethis used to detect the emissivity
and effective radius of cirrus clouds, taking measureman&7, m, 10.5um and 12um [Winker
et al., 2006]. The IIR has a swath width of 64 km, centred or3A&IOP track, and a resolution of

1x1 km. An example of cloud data derived from the CALIOP instamntis given in figure 10.
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532 nm Total Attenuated Backscatter (km! sr-1)
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Figure 10: Total attenuated backscatter at 532 nm, as daasbgthe CALIOP instrument.
[Source: www.alg.umbc.edu/usag/images/calipsol.jpg]

CPR The Cloud Profiling Radar [CPR] is a 94 GHz nadir viewing raalamard the NASA satellite
CloudSat, which flies as part of the A-Train [Stephens et28l02]. The instrument has a vertical
resolution of 500 m, an along-track resolution of 1.7 km andheross-track resolution of 1.4 km.
The instrument is primarily used for cloud detection, to makcurate measurements of cloud top

height and to retrieve cloud effective radii.

MERIS The Medium Resolution Imaging Spectrometer [MERIS] fliesngiside AATSR on the
ESA platform Envisat, imaging the Earth in 15 visible chdamneth a resolution ot 300x300 m
[Louet, 2001]. MERIS is predominantly used to make measergmof ocean colour, however a
cloud screening and aerosol retrieval algorithm that eggptéosynergy of data from the MERIS and
AATSR instruments is currently under development [Nortlalet2008]. Cloud algorithms using a

synergy of AATSR and MERIS data are likely to be developedhertear future.

MIPAS The Michelson Interferometer for Passive Atmospheric S [MIPAS] is a Fourier
Transorm [FT] spectrometer that also flies aboard Envisatfer et al., 2007; Louet, 2001]. Al-
though MIPAS is predominantly used for Ozone and trace gasvals, a cloud retrieval scheme for
the instrument has recently been developed at Oxford UsitygiHurley et al., 2009]. Although the
horizontal resolution is poor, MIPAS is sensitive to thirrgs clouds high in the atmosphere, which

nadir viewing instruments often fail to detect.

MISR The Multi-angle Imaging Spectroradiometer [MISR] imagles Earth in 4 channels in the
visible and IR at a wide range of different viewing anglesdinat- 26.1°, + 45.6’, + 60.0°, - 70.5)
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Figure 11: A MERIS image of the southern coast of Bangladesh.
[Source: www.seos-project.edu/modules/world-of-insigeages/bangladesimeris.jpg]

[Diner et al., 1998]. The principal purpose of MISR is to pid®/information on how the surface,
aerosols and clouds influence the planetary radiation liudgenaking measurements of the scat-
tered sunlight at different angles. The multiple viewingylas of the MISR instrument have also
been harnessed by using stereo-matching techniques i@vestloud top height [Moroney et al.,

2002]. Examples of the MISR cloud fraction products are givesection 4.1.

MODIS The Moderate Resolution Imaging Spectroradiometer [MQDOII8s aboard the NASA
satellites Terra and Aqua [Salomonson et al., 2002, 1986traT launched in 2000 as part of the
‘A-Train’, has a MLST of 10:30 am for the descending node at ¢lquator, while Aqua, launched
in 2002, has a MLST at the equator of 13:30 pm for the ascenubag. MODIS has &5° swath
width and thus global coverage can be achieved ev@rgays. The instrument makes TOA radiance
measurements at 36 bands in the visible and near-infrared:esolution of at leastx11 km. Many
cloud climatologies have been developed using MODIS datiathe most widely used are those of
Platnick et al. [2003] and Minnis et al. [2003]. The exteestoverage of the MODIS instrument and

the ability to gain information on the diurnal cycle of claudsing both Aqua and Terra data have
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made MODIS data a widely used resource. MODIS is also usetbiode surface information; the
MODIS bidirectional surface reflectance [BRDF] product jWar et al., 1997] is used as a constraint

in the cloud retrieval described in this report.

SCIAMACHY The Scanning Imaging Spectrometer for Atmospheric Chaajgg [SCIAMACHY]
is the succesor to the GOME instrument that flies alongsid8RAP on ERS-2. SCIAMACHY
flies aboard Envisat and makes measurements of the solaticadihat is transmitted, reflected and
backscattered by the atmosphere [Louet, 2001; Bovensntain £999]. SCIAMACHY measure-
ments are made over a range from 240 nm to 1700 nm and in skleamels between 2000 nm and
2400 nm, at a resolution of between 0.2 nm and 0.5 nm [Burrdwk,e1995]. A cloud retrieval has
been developed for SCIAMACHY at the University of Bremen gRanovsky et al., 2005], products
from which have been compared with the cloud climatologydbed in this report [Rozanov et al.,

2006].

SEVIRI The Spinning Enhanced Visible and Infra-Red Imager [SEViI&An instrument aboard
the European Organisation for the Exploitation of Meteogatal Satellites [EUMETSAT] platforms
Meteosat-8 and MeteoSat-9. SEVIRI images the Earth in 12ralg, 8 in the thermal IR with a
resolution of 3«3 km and 4 in the visible with a resolution of up tox1 km [Aminou, 2002]. A
number of SEVIRI cloud retrievals exist, which allows a rargj retrieval methods to be compared
using the same data [Thoss, 2008]. The Optimal Cloud Ar&a[{3CA] retrieval [Watts et al., 1998]
developed for SEVIRI was used as the basis for the developofiéime ORAC-ATSR cloud retrieval
algorithm described in this report. Thus, the interconmgmariof OCA retrievals with other SEVIRI

retrievals can yield insights into the operation of the ORAISR algorithm.

2.10.2 ISCCP

The International Satellite Cloud Climatology Project$ISP], which was established in 1982, uses
data collected from a number of weather satellites to gémexaclimatology of cloud properties
and cloud-type distributions [Rossow and Schiffer, 199 ]particular focus is to study the diur-
nal, seasonal and interannual variations in the distoputif clouds and their properties [Rossow

and Schiffer, 1999]. Although the ISCCP dataset extend® flane 1983 to the present it is not
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necessarily regarded as a reliable source of informatiotraasin cloud properties [Evan et al.,

2007].

2.10.3 In-situ instruments

CFARR The Chilbolton Facility for Atmospheric and Radio ResedrfDFARR], is a ground-
based remote sensing facility in Hampshire, UK. A numbemstruments used for cloud remote
sensing are operational at the 3jiacluding a cloud camera, three radar instruments (3 GBI 13z
and 94 GHz) and a lidar ceilometer [Wrench, 2009]. The ligatrument measures the attenuated
backscattered coefficient at 905 nm, and can thus be usettigveecloud base heights and cloud
optical properties. The 3 GHz Chilbolton Advanced Meteogiatal Radar [CAMRa], has a dual-
polarisation capacity and can therefore measure the stzersantation of cloud particles, as well as

detecting atmospheric wind fields using Doppler methodgiffaod, 1995].

ARM The Atmospheric Radiation Measurement [ARM] progfdidtokes and Schwartz, 1994]
operates a number of field sites, mobile facilities and &&@lities for monitoring the atmosphere.
An array of instruments similar to those at Chilbolton argtatied at each site and a wide variety of

cloud data is routinely produced.

FAAM The Facility for Airborne Atmospheric Measurements [FAAM]an aircraft used to un-
dertake a wide variety of atmospheric science studies. @angp are frequently undertaken over
CFARR or collocated with satellite data to allow the interguarison and validation of different data
sets. Recent cloud campaigns undertaken using the FAAN&é#iioclude the Met Office RAIN-
CLOUDS study, the VOCALS experiment and the CONSTRAIN eipent’.

4 For more information on CFARR, please visit http://wwwibbiton.rl.ac.uk/.

5 Please consult http://badc.nerc.ac.uk/data/chilbdtiofurther information on the Chilbolton instruments.
8 For more information on ARM sites and the ARM project, pledis http://www.arm.gov/about.

" For details of FAAM campaigns, please consult http://wvaarh.ac.uk/public/campaigns/index.html.



Chapter 3

The retrieval algorithm

3.1 The inverse problem

Retrievals of cloud properties are an example of a solutiotiné ‘inverse problem’, as defined by
Rodgers [2008,b]. In an inverse problem, we wish to estimate the values ofesset of parameters,
x, which cannot be measured directly. In order to do this, w&enspme set of measuremempts
which are related ta through the relationship = F(x). This relationship is then approximated by
a ‘forward model',y = f(x). The solution is obtained by finding the inverse functiors- f~*(y)

and thus using the set of measurementis calculate estimates of each of the parameters in the ‘stat

vector’, x.

3.2 Retrieval method

The current version of the Oxford and Rutherford Appletonosel and Cloud [ORAC] retrieval
scheme [Poulsen et al., 2009] is designed to use inform&tomfive of the ATSR-2 nadir channels
(0.67um, 0.87um, 1.6um, 10.8&:m and 12zm) simultaneously to retrieve the cloud fraction, cloud
optical depth, cloud effective radius, cloud top pressung e land/sea surface temperature on a
pixel by pixel basis. This information is combined wiprioriinformation on the state parameters
in an Optimal Estimation [OE] framework. This allows errgtieates to be calculated for each of the
derived parameters, as well as a measure of the ‘goodnessadftfie solution to the observations.

The details of the OE solution are discussed in section 3.5.

3.3 Origin of parameter information

Although the ATSR-2 and AATSR instruments were designedeaidopm accurate SST retrievals,
they are also appropriate for the retrieval of cloud prapsrtMeasurements taken in each channel
will be moderated in some way by any cloud in the scene, asudt relsthe complex interaction

between atmospheric radiation and the cloud, the surfatth@ratmosphere. The key features of this

21
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interaction are summarised in the following paragraphsclvtiescribe the origin of the information

on each of the ORAC-ATSR cloud state parameters.

3.3.1 Cloud optical depth, 7

The cloud optical depth has a strong influence on measursna¢rall wavelengths. The visible
reflectance measurements are directly related to the nushbeattering objects in the scene and thus
the cloud optical depth. A large range of optical depths caddtected using the visible channels,
because these measurements do not saturate until very diggs\of optical depth are reached. In
the thermal channels, the cloud optical depth is relatedadhermal emission and absorption of the
cloud. These both reach their maximum value at relatively\alues of optical depth however, so

the thermal channels can only provide optical depth infaimneor optically thin clouds.

3.3.2 Cloud effective radius, R.g

Radiation interacts with cloud droplets through reflectidiffraction and absorption. These pro-
cesses affect the fraction of the incident sunlight that&tsred into the ATSR-2 FOV by a cloud.
Diffraction and reflection tend to scale with surface arelilevabsorption is related to the total vol-
ume of the droplets. The cloud effective radius, as definesention 3.4.5 is thus related to the
‘balance’ between reflection, diffraction and absorption.

At visible wavelengths, where scattering dominates, tiereery little internal absorption and
so the effective radius only has a very small effect at a gmetical depth. At IR wavelengths,
the absorption dominates and the effect is similarly sm@hannels that are sensitive to the cloud
effective radius lie in the NIR/SIR where both absorptiod apattering are important. In the ORAC-
ATSR retrieval the 1.6m channel provides the majority of the information on theud@ffective
radius. In this channel a higher reflectance is observed $analler effective radius, at a fixed value

of optical depth.

3.3.3 Cloud top pressure, p.

The cloud-top pressure is related to the temperature ofi@l@ad thus its IR emission. In addition,

the cloud top pressure affects measurements in the vidialenels by moderating the absorption of
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the atmosphere above and below the cloud. In most situdtimusver, this effect is negligibly small

and only the thermal channels provide significant infororati

3.3.4 Cloud fraction, f

In general, the ATSR-2 channels respond very differentliclear-sky’ and ‘overcast’ conditions.
As a result, the cloud fraction tends to dominate the signallichannels. There are a small number
of ‘difficult cases’ however; for example when thin cloudscocover a bright land surface (low
contrast in the visible channels), or when low clouds exisilaost the same temperature as the
land/sea surface (low contrast in the IR channels). Disisigng between thick aerosol plumes and

cloud and between ice cloud and a snowy surface can be difficul

3.3.5 Cloud phase

Ice crystals and water droplets are usually differentidtetheir different absorption characteristics
in the 1.6um channel. At a fixed optical depth and effective radius, iceid will have a higher
transmission than water cloud because irregularly shapedrystals are less efficient at photon

capture than spherical water droplets.

3.4 The forward model

At present, ORAC-ATSR is based on a decoupled three-laygkatiee transfer [RT] model of the
atmosphere in which a single cloud layer sits between twerkapf ‘clear sky’, all overlying a
Lambertian land or ocean surface. The properties of theddiayer are calculated separately from
the typical ‘clear sky’ properties for each pixel. Due torsfgcant differences between the radiative
transfer in the thermal [IR] and solar [VIS] channels twoa@pe models are used for the different
radiation sources. For most of the ATSR-2 channels, it isiptesto useeitherthe solar modebr the
thermal model, but in the 3. [SIR] channel there are significant solar and thermal dauttions.

For that reason, the 3./ channel is not used in the ORAC-ATSR retrieval scheme.
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3.4.1 Radiative transfer - ‘solar radiation stream’

The solar RT model is depicted in figure 12, neglecting thea¢fdbf atmospheric absorption. In
this case, the first contribution to the TOA radiance is thredbidirectional reflectance® (Rgp)

of the cloud layer. For an optically thick cloud, the transsmn is zero and this is the only contri-
bution. More generally, the transmission through the cl@ayer can be written as the sum of the
direct transmission, (Tpg) and thediffuse transmissionof scattered radiancézp), since any

directionality of the radiance is lost on reflection by thelerying Lambertian surface.

Rgp(bs, by, ¢) Ts(bs)RTn(6v) Tw(0s) R2RrpTh(6y)

\ / (Tac) / (Tuc) /
(Toe) \ / )R R& / ‘

Lambertian Surface R Rrp
[ ]

Figure 12: Cloud layer - surface interactions in the solawfod model.

The radiance reflected by the land or ocean surfdgéd;) RR;) is assumed to be diffuse and is
partially transmitted, by the cloud layer. This partial transmission forms the sdammponent of
the TOA radiance. The remaining terms arise due to multgflections between the cloud layer and
the surface. Each of these terms is thus attenuated by & tdd® Rrp, whereRyp is the reflectance
of the cloud layer to diffuse radiance aid is the surface reflectance. The total radiance measured

at the instrument is thus given by:

R =Rgp (6., 6,,0) ®)
+ Tw(6s) RsTp (6y)
+ T(6s) R2Tp (6 ) Ren
+ T(6s) RITo (6y) R,

8 In the RT model(s), transmission is treated as a fractiormigrty and reflectance as a ‘sun-normalised reflectance’,
R = nI/F,, wherel is the reflected radiance ai{ is the solar irradiance.
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We have defined, as the solar zenith angl, as the satellite (instrumental view) zenith angle and

as the relative azimuth angle between the Sun and the tat&tuation 5 can be simplified to give:

R = RBD(‘957 ‘9v7 ¢) + TB(‘95>TD(‘9V)RS(1 + RSRFD + RSR%‘D + - ) (6)

This result can be expressed as the limit of a geometricserie

TB (QS)TD (ev)Rs

R=R 9878V7 +
BD( ¢) (- Role)

(7)

\ / T / Above cloud /
The \ / \ / Below cloud

Lambertian Surface
[ ]

Figure 13: Cloud layer - atmosphere - surface interactioriké solar forward model.

Finally, it is necessary to include the transmittances efdtmospheric layers above and below
the cloud deck{,. andT;,. respectively. The effect of these layers on the solar FM @Eated in

figure 13. The TOA reflectance for a pixel completely covergdlbud is now given by:

T(0s)Tn (6y) R
(1= RsRepTi(0a))

Rovercast - Tac(es)Tac(ev) RBD(esa eva ¢) + (8)

Again, 6, is the solar zenith anglé, the satellite (instrumental view) zenith angle anthe relative
azimuth angle between the Sun and the satellite. The #qgieves a mean angle for the path of
diffuse radiation to the instrument, definedt&s. For a completely clear pixel the solar reflectance

at the satellite is given by the surface reflectance and théabmospheric transmittance and so:

Rclear sky — Rsﬂot (es)ﬂot (9\7) (9)



26 3 The retrieval algorithm

where the total transmittandé.; is given by
Tiot(0) = exp™ Tt Toe) (10)
Thus, the radiance measured in a pixel with fractional clomr f is given by:

R = fRovercast + (]- - f)Rclear sky (11)

3.4.2 Radiative transfer - ‘thermal radiation stream’

Rl RDTac BbCTDTdL T(pc m dL

Rl 2
\4 / / / Rlc
R}, /

Lambertian Surface
i ]

Figure 14: Cloud layer - atmosphere - surface interactinriee thermal forward model.

The thermal RT model is analagous to the solar model, agaisisting of a single cloud layer
lying between two layers of ‘clear sky’. As shown in figure idere are four contributions to the
TOA reflectance. The first two terms correspond to thermassioin of the upper atmospheric layer;
the upwelling radianceR]. and the reflected downwelling radianég.RpT,.. The second two
terms arise from the transmission of upwelling radiancenftbe atmospheric layer below the cloud
layer, JR’,TDCTDTac and from the thermal emission of the cloud layer it9e{fl’(p.)) E,,T... The total
reflectance for the fully cloud covered pixel is thus given by

R!

overcast —

= Rl 4+ R RpTye + R ToToe + B(T(pe)) B Tac (12)
Thus, as in the solar case we can write the TOA reflectancegartty cloudy pixel:

fRovercast + ( f)Rllear sky (13)
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3.4.3 Defining the ‘clear sky’ atmospheric properties

Atmospheric gas absorption Atmospheric gas absorption is calculated for each of theRATS
visible channels using the Moderate Resolution AtmosphE@nsmission [MODTRAN] database
[Brown et al., 2004] which provides climatological atmospés of HO, CO,, O3, N,O, CO and CH,

for a number of regions during Summer and Winter. The totalaasorption over the instrument
band passes is convolved with the filter transmission fonstifor each channel. The data used in
the retrieval scheme is based on the mid-latitude Summéitgg@nly. This approximation should
not bring about a significant source of error since the ATS&hakel windows are largely free of gas
absorption features that vary over short timescales. Isdla channels, atmospheric gas absorption

tends to be much weaker than scattering by cloud droplets.

Atmospheric radiative properties The radiative properties of the atmospheric layers above
and below the cloud deck are calculated separately fronotineafd model using a version of the Ra-
diative Transfer for the TIRO®Operational Vertical Sounder [RTTOV-7] package [Saundéra.,
1999]. RTTOV-7 employs a regression fitting method to caltailthe spectral transmittance be-
tween a range of standard pressure levels and the top ofrttesphere, using reference temperature
and humidity profiles obtained from the European Centre fedMm-Range Weather Forecasting
[ECMWEF, 2006]. The RTTOV packad&has been comprehensively validated and subject to a great

deal of development over recent years [Saunders et al.]2002

Standard pressure levels (mbar)

01| 2 [05]10]| 15| 2 3 4 5 7
10| 15| 20| 25| 30 | 50| 60 | 70 | 85 | 100
115| 135| 150 | 200 | 250| 300| 350 | 400 | 430| 475
500 | 570| 620| 670| 700 | 780 | 850| 920| 950 | 1000

Table 3: Standard pressure levels.

Using the RTTOV packagd,,., T}.., R.. and R,,. can be calculated at a wide range of pressure
levels for each of the required channels. A large number\al$¢eare used to ensure an accurate

interpolation. The data is stored in radiative transfer edd®TM] files which can be accessed

°® The Television Infra-Red Observation Satellite ProgranR[IS] is the name given to a series of NASA weather
satellites. The TOVS instrument flies on the ‘new generatidTIROS satellites, TIROS-N, the first of which was
launched in 1978.

10 please visit http://www.metoffice.gov.uk/researchfiptej/mwpsaf/rtm for more information on RTTOV
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quickly during the retrieval process.
The attenuation optical depths provided by RTTOV are cateul for a nadir path, so a simple

scaling law is applied to calculate the transmission of atelhatmospheric path. We have:

7(0) = 7(0) X sec(0) (14)

and therefore

T(0) = 7(0)* (15)

Since the ‘clear sky’ atmospheric transmission tends teelaively high, this approximation is not

expected to be a significant source of error.

3.4.4 Defining the surface properties

Over both land and ocean pixels, an effective Lambertigiasamust be calculated for incorporation
into the RT model. Over land, this surface is calculatedgitie MODIS BRDF product [Scatterfield
et al., 2004] developed by Wanner et al. [1997]. Data fromytsar 2002 is used as a reference,
because the ATSR-2 mission pre-dates the launch of MODtvittual missing pixels are assigned
a nearest neighbour value, batpriori’ values are used to fill larger gaps. The product is averaged
onto a sinusoidal grid at the required resolution.

The technique developed by Sidran [1981] is used to cakeule albedo over the ocean. The
degree to which the sea surface is ‘roughened’ by wind is ftextiasing the Fresnel equations and
Cox and Munk statistics [Cox and Munk, 1958]. The ‘roughness’ of the ocean is related to the
number of specular reflections occuring from its surfacethnd the albedo [Sidran, 1981]. Surface
wind speed data over the ocean is obtained from the EuropeammeCfor Medium-Range Weather

Forecasting [ECMWEF, 2006].

Sun-glint  Over some ocean regions, the surface contribution to thbl@iFOA radiance can
become very large, due to the specular reflection of sunfight the ocean surface. This ‘sun-glint’
principally affects measurements in the nadir view, dueésggeéometry and the reduced transmission
in the forward view. At present, cloud retrievals are notemaken in the ‘sun-glint’ domain. An

example of the effect of ‘sun-glint’ is shown in section 5.2.
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3.4.5 Defining the cloud properties

Water clouds In the ORAC-ATSR retrieval scheme, water cloud dropletstagated as spheres
and their scattering properties calculated using Mie thfdre, 1908; Wiscombe, 1980]. The optical
properties are averaged over a modified gamma distribufibie. frequency of finding a droplet of

radiusr for a mode radiusm is given by the relation:
n(r) = 2.373 x rbezp-6r/m) .

The effective radius is defined as the area weighted meansraflithe cloud droplets:

R o rin(r)dr
eff =

T rn(r)dr an

In this case we havB.; = 1.5 x r,,. Refractive index data for water droplets is taken fromrrand

Pollock [1969]; values at the central wavelength of eaclnobhare used.

Ice clouds The scattering properties of an ice cloud can be modelled bistaibution of ice
crystals with known refractive indices. In this scheme tbeacinus cirrus’ distribution of Takano
and Liou [1989] is used, along with refractive index dataakdted by Warren [1984] .

The ice cloud properties are then calculated using a coribmaf ray-tracing and T-Matrix
methods as described by Macke et al. [1995]. Typically, ragihg methods are used for larger ice

crystals, while T-matrix methods are used for the smallgstats.

3.4.6 Deriving the Cloud Radiative Transfer Properties [CR  P]

The Discrete Ordinances Radiative Transfer package [DI§Q@®esen, 2005; Stamnes et al., 1988]
is used to generate look up tables [LUTSs] of cloud radiatik@pprties given the viewing geome-
try, the cloud phase, the cloud optical depth and the effeatroplet size. The required radiative

properties are shown in table 4.

1. Beam bi-directional reflection Rpp is the direct reflection of the solar beam from the cloud

deck. It is a function of the full viewing geometry.
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Effective | Optical| Solar | View | Relative
Quantity Channels radius depth | zenith| zenith| azimuth
- (rer) | (1) | (0) | 6) | (9)
Beam bi-directiona VIS 0 0 0 0 0
reflectanceRpp
Direct beam VIS 0 0 0
transmission]zp
Diffuse VIS 0 0 0
transmissiony ygp
Diffuse ALL 0 0 0
transmission/
Diffuse
reflection, Rpp VIS - H
Diffuse
reflection,Rp IR - H -
Emmisivity, e, IR O O O

Table 4: Cloud radiative properties required by the ORACSRIforward model(s).

2. Direct beam transmissionTyp, is the fraction of the solar beam transmitted through tbhad|

layer.

. Diffuse beam transmissionTypp Is the fraction of the solar beam transmitted through the

cloud layer having undergone multiple scattering. Thispais strictly a function of the full
viewing geometry, but a flux version integrated over therstéaith and relative azimuth angles
is used here. This is done because a Lambertian surfaced$ube solar forward model, and
so any angular dependence of the diffuse beam transmissilomewost on reflection.Txgp

andTyp are added to give the tothkamtransmission through the cloud, denoted’ gs

. Diffuse transmissionTy, is the transmission of isotropic radiation through the didayer,

which is dependent on the instrument zenith ardgle

. Diffuse reflection Rrp represents the reflection of isotropic radiation by the dlayer in the

solar model. This is treated as a flux quantity, again becaagangular dependence is lost on

reflection from the Lambertian surface.

. Diffuse reflection R, represents the reflection of isotropic radiation by the dlayer in the

thermal model. It is a function of the full viewing geometry.
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7. Emissivity e, represents the efficiency with which Planck radiation isteadiby the cloud. It

is dependent on the instrument zenith angle.

Minimum | Maximum | Point | Number

Parameter : .
value value | spacing| of points

log(T) 0 2.408 0.301 9

ref (Water) 1pum 23um 2um 12

reg (iC€) 20um 50um 10um 4

0, 0° o 1 10

0, 0° o 1 10

0] 0° 180 18 11

Table 5: The ORAC-ATSR LUT points in phase space.

The structure of each of the LUT dimensions in ‘parametecsjpia given in table 5. The value
of optical depth used in the LUTs corresponds to the optldakhess of the cloud &t55.m. For
each of the channels used in the ORAC retrieval the optigathgle’ is given by the relation:

i

=1 x 25t (18)
ext

where th&)' is the extinction coefficient in channielThe current version of the ORAC retrieval uses
a linear interpolation scheme to establish the reflectanlees and their derivatives from the LUTSs.
A new bicubic interpolation scheme has been developed Bon#éxt version of the retrieval and is

described in the following chapter.

3.4.7 The solar gradient model

In order to invert the Forward Model [FM] using the Levenbdgrquardt algorithm, which employs
a combination of steepest descent and Newtonian descenhgtessary to calculate the derivatives
of the TOA radiance with respect to the state parameters.ddiitian, the gradients of the TOA
radiance with respect to model parameters such as the sudfiectance are used to calculate the
forward model ‘error budget’. This ‘error budget’ gives tredative contribution made to the total
retrieval error by each of the model parameters.

The derivative of the radiance equation with respect tothetibnal cloud cover f is given by:

OR
B—f - Rovercast - Rclear sky (19)
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and with respect to some other state variable

8_R o aRovercast
or ox

aRclear sky

+(1=f—p (20)

This notation becomes cumbersome when derivativég Qf.... are taken. Here, we denal®, e, cast
by R, omit any explicit angular dependencies and combine theebloud two-path transmittances

to giveT = T,,.(05) T (0y):
TeTp RT3

R. =T |Rpp + (21)

We can simplify the expression even further, using the é&id to denote the cloud-surface inter-

action terms:
TBTDRSTéC

S:
1 — R.RepT2

(22)

We therefore have

Ry =T [Rpp + 9] (23)

The derivatives of this expression with respect to each efctbud parameters;), the ‘clear sky’
transmittances7,./T}.) and the surface reflectan¢®&;) are given below. Primes are used as a
shorthand for a partial derivative with respect to the aurvariable. The gradient values for the cloud
radiative properties are supplied to the FM by the LUT inbégion routines. For a full derivation of

the gradients given here, please consult Watts et al. [1998]

e Gradient of R, with respect to effective radius(r.):

OR, ST Ty + T 1] RJI2R,
7T / B D S+ bc”"FD 24
OT e [ BD TpTs i [1 — RyRppT{] 24)
e Gradient of R, with respect to optical depth (7):
OR, S [TpTy + T Tg] RT2 R,
T / B D S+ bc”"FD 25
or [ BD ToTs i [1 — R RppT2] (25)

e Gradient of R, with respect to surface reflectance R;):

OR, 1 RepTER
=TS | = e 26
OR. la*u—&mﬂ@ (26)
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e Gradient of R, with respect to atmospheric transmission7,):

gi; = — R [sec(f) + sec(8,)] (27)

e Gradient of R, with respect to atmospheric transmission(7i,.):

8R. 1 RFDRS
=2TS5The | =5 28
ITh,e v | T2 T = RRep T (28)
e Gradient of R_ with respect to surface reflectance R;):
OR,
=T(0,)T(0, 29
55 = T0)T(6.) (29)
e Gradient of R with respect to the total transmission(T'):
OR,
5T — —Ro[sec(bs) + sec(6,)] (30)

3.4.8 The thermal gradient model

The thermal gradient model is entirely analogous to ther gpkadient model and the same notation

is employed in this section. The expression for the TOA nacka(equation 13) is written:

R' = fR. +(1— f)RL (31)
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and therefore

OR! 3R1

o 1o (32)
OR! OR] (33)
8’/’ off n 8’/’ off

OR' OR]

Ope d Ipe (34)
OR'  OR| OR!

The expressions for the cloudy-sky FM gradient with respeetach of the state parameters follow

from equation 12:

e Gradient of R, with respect to cloud optical depth(r):

OR| T, OF, OR
o _ 1 2°D Zom L 22D
87' TaC |inc 87' + B(T<p'3)) 87' + Rac 87' :| (36)
e Gradient of R, with respect to cloud effective radius(r.):
OR] T, OF OR
o " RT D B(T . m Rl D 7
aTCff |: be aTCff + ( (p )) aTCff + ac 87’01{ (3 )
e Gradient of R, with respect to cloud top pressure(p.):
IR, HR! OR) OB(T(p.)) OR)
° _ ac T bcT C E ac
e Ope | pe 2T Tape T op o (38)
OT e
+%[%%+MMW%+%%]

3.5 Inversion by Optimal Estimation

The basic principle of Optimal Estimation [OE] is to idegtihe retrieved state with the greatest

probability, conditional on the observations and arpriori information. The conditional probability
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of some state is represented as follows:
P(x) = P (x]y,xp,b) (39)

wherex is the state vectos is the measurement vectos, is thea priori information onx andb
is a vector including the ancillary data required by the famvmodel, known as ‘forward model pa-
rameters’. In the ORAC-ATSR retrieval these parametersidectemperature and humidity profiles,

as well as surface reflectance and emissivity. The full statéor,x, is defined as

X = [T, Teft, Do, [, T5] (40)
Likewise, the model parameter vectbr,is defined as

b=[T, H,, R, €] (41)

whereT,, and H, represent the temperature and humidity profiles respdgtive represents the

surface reflectance amgthe surface emissivity.

3.5.1 Definition of the retrieval ‘cost’, J

The errors in the measuremenéspriori and model parameters are assumed to be normally dis-
tributed with zero mean and variance and are representduebyectorsS,, S, andS, respectively.

As a result, the conditional probability can be written ie tfuadratic form:

P(x) o< exp [=(y(%) = ym)S;  (y(X) = Ym)"]
x exp [—(x — X,)S  (x — xa)T]

x exp [—(b; — b)S; ' (b, — b)7] (42)

wherey(x) is the vector of measurements predicted by the forward mimiehe state(x), y,,
denotes the actual measurement vectorlanubs been written for the (unknown) true values of the
model parameters. The terms represent the weighted dewsatif the current statex) from the

measurement vectoy., ), thea priori state(x,) and the model paramete(is; ) respectively.



36 3 The retrieval algorithm

Maximising probability is equivalent to minimising the ragtye logarithm and thus in the re-

trieval the ‘cost’,J, is minimised, where

+ (by — b)S; (b, — b)” (43)

The expression is minimised with respect to the state vigrigbn order that the derivative of is
independent of the third term ahddoes not enter the solution. Since there is no explicit dépece

on b, the cost function to be minimised can be reduced to:

+ (x — %) (x — %) (44)

. 9J _ _
= = KIS, (y(x) — ym) + ;' (x — x4) (45)
2
J" = % = KIS, 'K, +S;" (46)

The weighting function matri¥, is composed of the forward model gradients, as defined imsect
3.4. It has dimensions, by n,, wheren, is the number of measurements andhe number of state
variables. The expression fdf’ results from the assumption thKt, is independent ok and thus
that the radiative transfer is linear #n Although this is only the case near the solution (whéiie
quadratic), the approximation will hold because this isotiyehe region in which/” is employed in
the minimisation (see section 3.5.2).

The characteristics of the minimisation problem are agvadt

1. Continuous first and second derivativesjofwith respect tax) exist. This implies that it is
possible to use fastest-descent algorithms that use thedoadient. Such algorithms tend to
approach the minimum faster than other methods, partiguldren the initial ‘guess’ is far

from the solution.
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2. Multiple minima are unlikely. As a result, excessive damsearches to avoid them need not

be employed.

3. Inthe region of the solution is likely to be approximately quadratic while significanvide
tions from this behaviour are expected elsewhere. Thismalke a quick convergence from a

poor starting position unlikely.

3.5.2 Minimising the cost function

As a result of the characteristics outlined in the previoetion, the Levenburg-Marquardt algo-
rithm [Levenburg, 1944; Marquardt, 1963] is used to mininike cost function. This algorithm
uses a weighted combination of steepest descent and Nantdascent methods, dependent on the
characteristics of the cost function. Thus, the robustoétize steepest descent method far from the
solution is combined with the efficiency of Newtonian desaeethod in the region of the solution
(where/J is quadratic).

Starting at some ‘first guess’ statg, the state vector is perturbed by a series of steps.)x,,.
Each stefjox,, ) depends on the current value of the cost functidfx)). When the retrieval solution
is found, the retrieved state is denotedsbyhile y denotes the final estimate of the measurement

vectory computed fronk using the FM.

The steepest descent algorithm The direction of the steepest ‘downward’ gradient in the cos
function at some point in phase space is defined by the vectoF (x). This vector is likely to be

in the direction of the minimum, although a move-ef/’(x) through state space may ‘overshoot’
the minimum itself. The step is therefore typically scalgdsbme valuey, so thatéx = —a.J'(x).

If the step results in a decrease in the cost, a step with ahigdue ofa can be attempted and
likewise if the step results in an increased cost a step wstinaller value oty can be attempted. As
x approaches the solutids), the gradient will become small. As a result, steepest dess@ften

slow to ‘converge’ on the final solution. It is, however, highobust.

The Newtonian descent algorithm This algorithm is used to find the root of the equation
J'(x) = 0. The Newtonian step is therefore defineddas= —.J'(x)/.J"(x). If the cost function

is quadratic in the region of, this method will find the solution in just one iteration. Aretother
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hand, where the behaviour of the cost function is far fromdgaigc, the method can easily lead to a

step in the wrong direction, due to variations in the sign’gfx)

The Levenburg-Marquardt algorithm As stated, this method employs a combination of steep-
est descent far from the solution, and Newtonian iteratiosecto it. The dependence of the step size

on the cost function is as follows:

6x = —(J"(x) + al)"'T (x) (47)

where [ is the unit matrix (of sizew, x n,) and« is the ‘control variable’. Whemx > J” the
step tends to approximate steepest descent; when/” the step tends to approximate Newtonian
descent.

The average of the diagonals #f(x,) is used to define a value for the initial steg

Tr(J"(x0))

Ny

Qp = MQstart X (48)

If a step results in decreaseén J(x), the step is taken andis decreased, thus changing the behaviour

of the next steppowards Newtonian descent

A

MQstep (49)

QOpy1 =

If a step results in aincreasein J(x), the step isot taken. Before another step is attemptet

increased (thus changing the behaviour of the minimisatiosards steepest descgas follows:
Oén+1 = Oy, X MQSth (50)

The control paramete® Qs..: and M Qy., have default values of 0.001 and 10 respectively.

Parameter scaling  There is a great deal of variation in the sensitivity of the iR®del to the
different parameters in the state vector. For example, ltheddop pressure has a very weak effect
on the observed visible reflectance measurements when cedathe cloud fraction, as shown

in table 6. Thus, the weighting function matr, will contain elements covering a wide range
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State | ‘Unit’ change in| Equivalent change in visible
Parameter  parameter reflectance in channél
Pe 1mbar ~0.01%
f 1 ~ 60%

Table 6: The sensitivity of the solar FM to the state paramseig, f.

of orders of magnitude. Although this is scientifically alK_* will often be ill-conditioned as a
result. In order to avoid this problem it is appropriatest@alea number of the state parameters.

It is observed that converting the cloud fraction term to eceetage coverage increases the
number of retrievals that converge. This linear scalingsdus effect the location of the minimum
of the cost function or its shape in phase space; it only hasgffiect of changing the size of the step
parameter in the early stages of the minimisation.

Using a non-linear scaling factor will also leave the logatof the minimum of the cost function
unchanged. However in this case the shape of the minimunievidlistorted, which can increase the
likelihood of convergence. In the ORAC-ATSR scheme theagptilepth is scaled logarithmically,

since the forward model response is more linear when optegath is expressed as a logarithm.

State parameter boundaries  The state space in which the minimisation is undertakenysph

ically bounded in many dimensions, as shown in table 7. Ttetate limits’ prevent the retrieval of

State parameter Upper limit | Lower limit
f 0 1
T 0 255
R.s (water) 1pm 23um
R (ice) 20um 50um
p. (Water) 100hPa 1000hPa
p. (ice) 100hPa 1000hPa
T, - -

Table 7: Limits on the ‘state parameter space’ in the ORAGRTcloud retrieval.

unphysical values. A good example is the cloud fraction,clwhmust lie between 0 and 1. Rather
than reject stepéx; that cause one of the state parameters to cross a ‘bountizwalue of that
parameter is ‘clamped’ at the boundary value and the miitiois problem is effectively reduced by
one dimension. This means that boundary values are readiilgved for the cloud fraction, without

affecting the step sizéx; and thus the minimisation in the other parameters.
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Phase changes During the retrieval process phase changes are driven byatle of the ef-
fective radius. If the ‘first guess’ statg for some scene consists of water cloud, then the retrieval
will change the cloud phase to ice if a st&pis taken that increases the effective radius beyond the
boundary value of 23m. Likewise, if a ste@x is taken reducing the effective radius of an ice cloud
to below 20um, the phase will be changed to water. For each retrieved, @xaaximum of three

phase changes is allowed.

Convergence criteria If the parametet; is poorly constrained in some particular situation, the
cost function will be almost flat in the; dimension. In this case, the minimisation can oscillate
or prove unstable, despite the minimum in the cost functiawirig been located. As a result, the

iteration process is stopped when the change in cost betsueerssive iterations becomes negligibly
small. At present, the retrieval is treated as having c@eeéwhenyJ, < 0.05. This convergence

criterion prevents any instability in the minimisation pealure.

3.5.3 Quality control information

Some means of quality control on the retrieved product isyaakpect of any inverse problem. Three

key quality control diagnostics are provided using theroptiestimation framework:

e Cost, J, is a measure of the ‘goodness of fit’ of the solution to the sueaments and argy
priori constraints. A high cost is indicative of a scene that is [ya@presented by the forward

model, for example a scene containing multi-layered cloud.

e Forward model parameter errors give an indication of the error in each of the retrieved
parameters. Scenes with a low cost, but high parametesaredikely to result when there is
insufficient information in the signal. A scene with a verwloloud fraction would be prone

to large model parameter errors, for example.

e Number of iterations. A failure to converge indicates no solution can been fouldie
instant convergence suggests that the signal does noticanificient information on the

State.

Model fit  The cost at the solutio,(x), is a measure of the ‘quality’ of the solution to within the

errors assumed for measurements andagpijori data. If, at the solution, none of the state variables
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z; deviate from thei@ priori valuesz,, by significantly more than tha priori error (Sy,) and none
of the FM predicted measurementsdeviate from the actual observationsby significantly more
than their expected nois&(), then .J(x) will be of ordern, + n, (wheren, is the number of

measurements and the number of variables in the state vector).

As a result of the lack ad priori information, there are generallgwerdegrees of freedom than
ny + ny. The cloud fraction, for example, can contribute barely afys expected, value to.J. As
a result, an acceptable solution is likely to have a cost@btfaler ofn, + n, — ny,, Whereny, is the

number of state variables that is bounded but lacking amyifsignta priori information.

The retrieval keeps separate records of the measuremeatgrati contributions to the cost/(,
andJ, respectively). In the case of a particularly high cost, tleenents ofy — y andy — x, can be

examined to find the measurement or state variable respensib

Because/ depends on the estimation of values frandS,, the cost of a ‘good’ retrieval is
unlikely to be exactlyr, + n, — ny, as expected. A value that is too low suggests an overestimati
of the measurement errors, while a value that is too highestggeither an underestimation of the

noise levels or an insufficiently ‘tight’ convergence cribe.

3.5.4 Linear error analysis

Optimal estimation allows rigorous errors to be calcuatecach of the retrieved state parameters
z;. If the radiative transfer model is assumed to be linear ewicinity of the solution, it can be

showrt! that the solution for the minimum of the cost function:

+ (by — b)S; (b, — b)” (51)

is found where

%= (S;'+ KfS;lKX)—l(Sglxa + KfS;ly) (52)

11 please consult Rodgers [20f)@or a complete derivation.
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The ‘inversion operator’, defined &, = 0%/0y is thus given by:
D, = (S;' + KIS, 'K,)'K[S;! (53)

Following the convention of Rodgers [208]0three error sources are identified: ‘null space’, or
a priori smoothing error, measurement error and model parametar &irese errors are expressed

in the form of the covariance matric8s, Sy, andSg respectively.

Null space error  The null space errd8y is given by the expression:
Sx = (DK, — I)S, (DK, — I)” (54)

‘Null space’ errors arise when there is a lack of informatiorthe measurement system. For
example, over a scene containing thick cloud, the ATSR-@adigill contain almost no information
from the land/sea surface; thus the retrieved surface teanpeT, will be subject to a large ‘null
space’ error. This can be seen intuitively from equationsiidce bothD, andK will tend to zero,

leavingSy ~ S..

Measurement mapping error The measurement ‘mapping’ errBg; expresses the effect of

errors in the ATSR-2 measurements on the retrieval solution
Su = D,S,D!. (55)

Model parameter mapping error The model parameter mapping ery expresses the effect
of errors in the forward model parameters on the retrievait®m. In the ORAC-ATSR scheme this

error is included in the measurement error mafjx
Ss = (DyKy,)S,(DyKy,)" (56)

Error on the retrieved state  (X) The total error ork is thus given by the sum of the null space
and measurement errors:

Siot = (S5 + KIS, 'K,) ™ (57)
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As stated, all of the error terms are expressed as covamaatie&es. The correlations implied by the
off-diagonal terms in these matrices can be used to intetipeenformation content of the measure-
ments. It is unrealistic to routinely output the full coarce matrices for all three error sources in
the operational code. The ORAC-ATSR output contains ordystijuare root of the diagonals for the
total error,St. It is important to note that error estimate applies to edaate parameter separately;

a high expected error in one parameter does not necessagly a high error in another. The error

estimate is conditional upon the correct solution beinghtbusing an accurate set of fixed model

parameters.

3.6 Statistical constraints on the retrieval

The solutionx is constrained by the quality of the measurementsapdori information. These
constraints are taken into account using the OE method,édgttor covariance matrices and.S,

respectively. The details of how these matrices are cakliia outlined in the following sections.

3.6.1 A priori information

At present, very littlea priori information is provided to the ORAC-ATSR retrieval. Gloluty-
time/nighttimea priori values are set for each of the state parameters, for ice atet wlauds.
Given this lack ofa priori information, the diagonals of theepriori error covariance matrixg, are
effectively set to infinity. This means that tlaepriori will not bias the retrieval of parameters for
which there is some signal in the ATSR-2 measurement. ar'pgori information will only be in-
corporated in the solution when there is no signal in the ARSReasurement, and in this case the
total errorS,.; will be approximately equal to the priori error (~ oo). Thea priori values used in
ORAC-ATSR and their errors are given in table 8. There is rrostation between tha priori errors

used in the ORAC-ATSR scheme, so the covariance méirixas zero off-diagonal elements.

Parameter: T Toff Pe f

Water cloud valug 1.2 8 um 800 Pa 1

Ice cloud value | 1.2 30um 400 Pa 1
A priori error | 3x10° | 1x10° um | 1x10° Pa| 1x10°

Table 8:A priori values used in the ORAC-ATSR cloud retrieval.
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‘First guess’ values It is important to distinguish the role of ‘first guess valuesm the a priori
information. These values are used as the initial statéhfoitération process,, butdo not provide
any statistical constraint on the solution. In ORAC-ATSEg & priori data is used to set the first
guess state, but this need not necessarily be the case. mietiess’ information should rarely
have any effect on the retrieval except to alter the numbéerdtions require before the solution is
reached. In rare ‘difficult’ scenes however it is possiblat th different choice of first guess value

may result in convergence where a previous value did not.

3.6.2 Measurement errors

The measurement error covariance matfly, is made up of the radiometric noise in the ATSR-
2 measurements, the forward model parameter eBg¢@nd any limitations in the forward model
itself. These contributions are discussed briefly belowafmore detailed discussion consult [Watts,

2000; Watts et al., 1998].

¢ Instrument noise in each of the ATSR-2 channels used in the retrieval is cheriged by a
NEAT. For each of the visible channels, the NE is converted to a ‘noise equivalent per-
centage reflectance’ before being incorporated Bitowhile for the thermal channels it is

incorporated directly.

e Limitations in the forward model are likely to cause errors that will be highly correlated
between different channels. Very little is known of the matof these errors however, so they

are assumed to be uncorrelated.

e Model parameter errors are mapped onto the measurement errors as follows:

Syb = K1, SpK{, (58)

This ‘equivalent model parameter noise’ [EQMPN] is thenedidirectly to the covariance
matrix S,. In ORAC-ATSR, Sy, includes errors on all the RT model parameters except the

surface emissivitye,) and ECMWEF profilesT'(z)/H (z)).
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The ORAC-ATSR cloud products

In order to develop and improve the ORAC-ATSR cloud retrigves necessary to understand the
conditions under which the algorithm performs ‘well’ anddenwhich it performs ‘poorly’. To some
extent, this can be achieved by analysing the quality copacameters generated by the retrieval,
but these parameters can only yield the success of thevatseheme within the accuracy of the
forward model. In order to validate the retrieval schemas mecessary to compare the retrieved
products with cloud data generated using different insémt® and retrieval methods. Over the past
year, a combination of these approaches has been takenotmitiie future development of the

ORAC-ATSR retrieval, as described in the following section

4.1 The GEWEX cloud assessment study

The Global Energy and Water Cycle Experiment [GEWEX] is aqaroject of the World Climate
Research Programme [WCRP] with the principal aim of devielpmodels capable of reproducing
the past and predicting the future behaviour of the globalrtipgical cyclé?. In 2005 a Cloud
Assessment [CA] study was initiated as part of the GEWEXamtjin order to assess the reliabil-
ity of long-term cloud data from a variety of satellite instient$®. To date, monthly mean maps
of high (< 440 Pa), mid-level (44€ 680 Pa) and low>* 680 Pa) cloud properties from a number
of instruments have been compared and their seasonalivaganalysed over six latitude bands
[Stubenrauch et al., 2009]. ORAC-ATSR data has been sudmitittthe next stage of the project, in
which a greater variety of parameters will be investigateithe same way, as well as using probabil-
ity density functions at a resolution of up to1 km. Some examples of the products that have been

submitted to the GEWEX CA study are included below.

The ORAC-ATSR cloud assessment data Monthly mean values of cloud fraction, cloud top
pressure, cloud optical depth, cloud effective radius amaiccwater path for high, mid-level and low

clouds were prepared on a1 km grid for the GEWEX CA study. In each case, quality control

12 For more information on GEWEX, please consult http://wwewgx.org/.
13 please consult http://climserv.ipsl.polytechniqugduexca/ for more information.

45
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MISR multi-year mean cloud amount: Mar ATSR multi-year mean cloud amount: Mar
T : T T : T
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Figure 15: A comparison of ORAC-ATSR and MISR cloud fractitata for a ‘mean March’. The
bottom left hand plot shows the absolute percentage diféerbetween the MISR and ATSR images
and the bottom right plot shows the scatter of the retrieveddcfraction in each 1x 1° pixel.

thresholds were applied to the data, which are summarisiadbia@ 9. Each threshold was selected in
order to provide a balance between data quality and statistignificance (quantity of data). Over
the ocean a®<5° smoothing filter was passed through the data in order to eethecstandard error

on the mean values reported in eack 1° pixel.

Parameter Constraint
Retrieval cost/ < 30

Error on cloud top pressurg, < 400 Pa
Error on cloud optical depth, < 50+ (0.8x7)
Error on cloud effective radius,s | < 10 um

Table 9: Quality control constraints on the ORAC-ATSR GEW&»ud assessment data.

It is important to note that in order to properly account foe tnonthly mean cloud fraction, even
failed retrievals must be considered. Pixels in which theeaeal fails are assigned anpriori cloud
fraction of 60%. The relative high, mid-level and low clouddtions on the other hand, can only be
calculated using pixels for which there is a cloud top pressetrieval. No quality control is applied

to any of the cloud fraction data, since it would be likelymntroduce some bias.
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MISR and ATSR cloud fraction Figure 15 shows a comparison between the MISR [Diner et al.,
1998] and ATSR cloud fraction products. Since there is nai@ant overlap between the opera-
tion periods of ATSR-2 and MISR, the comparison has beenntgidcen for a ‘mean March’, using
ORAC-ATSR data from 1997-2000 and MISR data from 2001-2@&r the ocean, there is a good
agreement between the two (of the orderaf0%), but the ATSR cloud fraction is generally lower
in regions of persistent cloud cover. The MISR data shows ehgueater land/sea contrast than that
of ORAC-ATSR and the agreement between the two productsrigplarly poor over land in the
northern hemisphere. Over Greenland and Antarctica ik&hlithat the ORAC-ATSR algorithm is
detecting surface ice as cloud, but the reason for the lasgesppancy between the two datasets over

land in the northern midlatitudes is not clear.

MISR multi-year mean relative high cloud amount: Mar ATSR multi-year mean relative high cloud amount: Mar
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Figure 16: A comparison of MISR and ATSR relative high clotatfion data for a ‘mean March’.
The bottom left hand plot shows the absolute percentagereiite between the MISR and ATSR
images and the bottom right plot shows the scatter of théeeven relative high cloud fraction in
each 2 x1° pixel.

Given the important radiative effects of high clouds, itreresting to also compare the relative
fraction of high cloud retrieved by each instrument. Thebgldistribution of high cloud seems to
be very consistent between the two instruments, althougA@RTSR tends to retrieve a smaller

relative high cloud fraction than MISR. Again, there is aatlendication over Antarctica that snow
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covered surfaces lead to difficulties in the ORAC-ATSR extal scheme.
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Figure 17: A comparison of MODIS and ATSR mid-level cloudiocgk depth data for a ‘mean
March’. The bottom left hand plot shows the absolute peagmdifference between the MODIS
and ATSR images and the bottom right plot shows the scattbeattrieved mid-level cloud optical
depth in each 1x 1° pixel.

Mid-level cloud optical depth Figure 17 shows a comparison of the mid-level cloud optical
depth derived by the MODIS science team [MODIS-ST] retrigiPdatnick et al., 2003] and by
ORAC-ATSR. Again, data for a ‘mean March’ is used, incorpmigaMODIS Terra data from 2001-
2008. The spatial distribution of mid-level cloud optica&pdh observed by the two instruments is
very similar, but ORAC-ATSR tends to detect a lower opticgbtth in most regions. Sea ice retrieved
as cloud is likely to account for the high optical depth repdroy ORAC-ATSR over the ocean at
latitudes greater than 6R. This effect is not observed in the MODIS data because theDNBO
instrument has an operational sea ice and surface snowdteetibn algorithm, which is used to
‘mask’ such pixels from the cloud retrieval [Hall et al., B)9The potential for the development of

a similar mask for the ORAC-ATSR retrieval is discussed ictisa 5.4.

Cloud water path  Two parameters of particular interest to cloud modelleestae cloud ‘ice

water path’ and ‘liquid water path’. Cloud water path is uasd parameter in large scale global cir-
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Figure 18: A comparison of MODIS and ATSR cloud ice water padita for a ‘mean March’.
The bottom left hand plot shows the absolute percentagereifte between the MODIS and ATSR
images and the bottom right plot shows the scatter of theeveul ice water path in eacl? £1°
pixel.

culation models [GCMs], such as those used by the IPCC tagiredure climate change [Solomon
et al., 2007]. Climatologies of cloud water path producedatellite instruments have a key role to
play in the validation of these models.

In the ORAC-ATSR scheme, the cloud liquid water path anddlce water path are calculated
using the retrieved cloud optical depth and effective radiu
10 p;

4. . : :
Cloud water path= 30 x - x Effective Radius< Optical Depth (59)
. qi

wherep; is the density of water/ice cloud respectively ands a parameter related to the extinction
coefficient of the water/ice particles integrated over tAeSR-2 channels. The density of water
droplets is assumed to be 1.0 kg trand the value off ... t0 be 2.119; the density of ice cloud
crystals is assumed to be 0.917 kg*hand the value of;.. to be 2.0.

A comparison of the ATSR and MODIS cloud ice water path is givefigure 18. Both the ATSR
and MODIS images show a similar spatial distribution of icatev path. The majority of pixels lie

close to they = z line, although at high values of liquid water content400 g cn13) ORAC-ATSR
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predicts values- 40% greater than MODIS. There is evidence of poor retridwalsoth instruments

over the ocean at latitudes greater than, @though it is particularly clear in the ATSR data.

4.2 ORAC-ATSR quality control information

Fraction of retrievals failing to converge: January 1998 Fraction of retrievals failing to converge: July 1998
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Figure 19: The fraction of retrievals that fail to convergeldhe mean retrieval cost, mapped at a
1° x 1° resolution, for January and July 1997.

Figures 19(a) and (b) show the fraction of ORAC-ATSR retulsthat fail to converge, mapped at
1°x 1° resolution, for the months of January and July 1997 resgagtiOn a global scaley 20% of
the retrievals fail to converge but much higher failure saee observed in some regions. The effects
of sea ice are likely to be responsible for the high fractibfaibed retrievals in the Arctic Ocean, the
Sea of Okhotsk and the Ross Sea. There is also evidence ¢hattieval is less likely to converge
over mountainous regions: the Andes appear to correspoadigh failure rate { 40%) in figure
19(a) and in figure 19(b) the Himalyas, the Rocky mountairdthe Sierra Nevada correpond to
high failure rates. Increasing the number of retrieval$ tbaverge is a key target for future versions

of ORAC-ATSR.
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Figures 19(c) and (d) show the mean retrieval cost for Jgraradt July 1997. Regions bordering
the Sahara show a consistent high cost, which is likely toumetd a poor characterisation of the
surface reflectance. The high cost observed in the regionddé Iduring July could be due to the
presence of multi-layered clouds; a study of multilayeuddlistributions by Heidinger and Pavolo-
nis [2005] reports a high occurence of multilayered cloutharegion during July. The areas of high
cost near the equator in January could also be the result bfagared cloud systems. Close to the
poles, high costs are likely to result from sea ice ‘contation’ of the scene. In January, a high cost
is observed over the Andes and over the Victoria desert inrAlies, this is once again likely to be

the result of a poor characterisation of the surface refieeta






Chapter 5

Improving the ORAC-ATSR Cloud Retrieval

In the previous chapter, several limitations were iderdtiirethe present version of the ORAC-ATSR
cloud retrieval scheme. In this chapter, recent work to ouprthe retrieval algorithm is described

and strategies for future algorithm development are putdod.

5.1 New interpolation schemes for ORAC-ATSR

Figure 20 shows histograms of the retrieved values of wadeidooptical depth, effective radius and
pressure for four orbits from the 1st of January 2001. ‘Sgikee clearly visible in each histogram,
corresponding to values that are preferentially retrideeéach parameter. In each case, the location
of these ‘spikes’ is correlated with the locations of the Lphints (see table 5). There is no scientific

reason for these ‘spikes’; they arise as an artefact of thieval process itself.
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Figure 20: Histograms of the water cloud top pressure, waterd optical depth and water
cloud effective radius as retrieved by ORAC-ATSR for foupits from the 1st January 2001.

It might be expected that the histogram ‘spikes’ would cgpnd to retrievals with a high cost
or a large parameter error, but this is not the case. Thevettivalues that fall in the ‘spikes’ do
however correspond to a larger than typical number of i@mat This is illustrated in figure 21,
which shows the mean number of retrieval iterations as atifumof retrieved water cloud effective

radius.
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Histogram showing the mean number of retrieval iterations
as a function of water cloud effective radius
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Figure 21: Histogram showing the relationship between #igeved
water cloud effective radius and the number of retrievahtiens.

The correlation between the number of iterations and thiepmetial retrieval of certain parame-
ter values indicates that the origin of the parameter ‘spikes in the inversion of the FM using the
Levenburg-Marquardt algorithm. The Levenburg-Marquardersion is driven by the FM gradient,
which is calculated using derivatives derived from the LWf<loud radiative properties and the

external RTM files.

5.1.1 Development of new interpolation schemes for ORAC-AT SR

At present, linear interpolation methods are used througtiee FM: atmospheric transmission and
emission data from the RTM files are interpolated to the curceoud top pressure level and LUTs
of cloud radiative properties are interpolated to the airkgewing/solar geometry, cloud effective
radius and cloud optical depth. This linear interpolatesults in FM gradients that are discontinuous
at the LUT/pressure level boundaries.
Over the past year, two new interpolation schemes have baaiaped’ for the ORAC-ATSR

FM that are able to provide a continuous FM gradient. It wgseeted that these schemes would
produce parameter histograms free from the ‘spikes’ oleseiw the ORAC-ATSR data retrieved

operationally.

¢ In the first scheme, a cubic spline interpolation is used tinage the values of atmospheric

transmission and emission at the current pressure levehead scheme is then used to inter-

1 Interpolation routines developed by Press et al. [19876],9%ve been used as the basis for the schemes described
here.
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polate the LUTSs of cloud radiative properties to the curgaametry, before a bicubic spline is
used to interpolate in the final two dimensions; cloud optiegpth and cloud effective radius.

This scheme is referred to as tiécubic scheme’

e The second scheme is analogous to the first, but the biculgipiation used to interpolate
the LUTs in cloud optical depth and cloud effective radiuseiglaced by two separate cubic
spline interpolations. This scheme is referred to as2hecubic spline scheme’or the‘2D

cubic spline scheme’
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Figure 22: An example of the interpolation schemes test@RAC-ATSR. In each case, the LUT for diffuse
transmission(1p) in the 0.67um channel has been interpolated onto a uniformx220 point grid in param-
eter space. The interpolated transmission values are simotle first column, the second column shows the
transmission gradient with respect to optical depth anditie column shows the gradient with respect to
effective radius. Each row corresponds to a different pakation scheme.

Examples of the application of the original linear integi@n scheme, the bicubic interpolation

scheme and the 2D spline interpolation scheme to the célwolaf the diffuse transmission of a
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water cloud at 0.67m are given in figure 22. While the interpolation method doetshave a great
effect on the transmission calculated at any point in patemspace, it has a clear effect on the
gradient with respect to the optical depth and effectiveusdThe smooth gradients calculated by
the two new interpolation schemes are more likely to leadjoiek convergence of the ORAC-ATSR
retrieval and to eliminate the artefacts in the retrievenididata. Four orbits were processed using

each scheme and histograms plotted of each of the cloud ptgemnas shown in figure 23.
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Figure 23: Histograms of the water cloud top pressure, Wegecloud optical depth
and water cloud effective radius as retrieved by ORAC-AT8Rféur orbits from the
1st January 2001. The blue line represents the originahdimgerpolation, the red line
represents the ‘bicubic sceme’ and the green line represeat2D spline interpolation
scheme.
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The new interpolation schemes do indeed remove the majofitiie ‘spikes’ in the retrieved
data, although a small number of features persist. Themen® vidence that these features occur
where there is a steep forward model gradient, but furthessitigation is underway to establish the
exact cause ddll of the retrieval artefacts.

It is interesting to investigate the effect of the interpimia schemes on the retrieved products on
a pixel by pixel basis. Itis not expected that the use of a&wbffit interpolation scheme would change
the retrieved value of a parameter by more than twice thaspa€the LUT points in that parameter.

We would not, for example expect a change in effective radiusore than 4:m in any pixel.

‘Water Cloud Effective Radius

2 x cubic spline interpolation
2 x cubic spline interpolation

Bicubic spline interpolation

1 10 100 1000 1 10 100 1000

(a) Linear and Zspline interpolation (b) Bicubic and X spline interpolation

Figure 24: A comparison of ORAC-ATSR effective radius mtdls when different interpolation schemes
are implemented in the FM.

A comparison between the effective radius retrieved wheditiear and 2D spline interpolation
methods are used is given in figure 24(a). Although the mgjoffi points lie within 4um of the
y = x line, a significant number of points lie outside this ranghdugh the scatter observed in the
other parameters tends to be much smaller, this scatteraitedi that the interpolation method used
can have a profound impact on the retrieval. Figure 24(bjvsitbe same comparison between the
bicubic spline and the 2D spline interpolation methods. iAga great deal of scatter is observed,
although a higher fraction of the points do lie withinuh of each other.

The clear impact of the interpolation scheme used in théexetr on the retrieved parameters
indicates that a great deal of analysis is required befomnainterpolation scheme is implemented
operationally. The interpolation schemes have been testemsively to check for any errors in the
code and a model to establish the exact cause of the ‘spikdbei retrieved parameters is under

development. Although there is compelling empirical ewicke for the implementation of a higher
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order interpolation scheme, further work is needed to éstathe best scheme to use.

The study on LUT/RTM interpolation has not yet been completaut a number of improve-

ments to be applied to the ORAC-ATSR interpolation schenaee lalready been identified and are

discussed briefly below.

e Look up table format. At present, the ORAC LUTs are stored as ASCII files. When the

LUT values are imported into the retrieval they are treatetflaating point numbers’ by the
FORTRAN code. The difference in precision between thesa faimats can result in ‘noise’
being added to the data. Although this is unlikely to haveaificant effect on the interpolated
values, it can have a significant effect on the gradient edéewhere there is a low information
content in the LUT (the LUT gradient ks 0). When a spline interpolation is employed in the
retrieval, small changes in the LUT values can cause theesplio ‘oscillate’; there is some
evidence of this behaviour in the gradient of the diffus@graission in the 0.6Zm channel
with respect to effective radius, as shown in figure 22. Infeitthe LUTs used in the ORAC-

ATSR retrieval will be stored in a binary format to eliminateise’ in the data.

Spacing of LUT points. Currently, points in the LUTs of cloud radiative propertaa® dis-

tributed evenly in parameter space. In order to achievetaraterpolation, it is more appro-
priate to distribute the LUT points according to the gratlwith respect to each parameter.
Thus, a large number of LUT points should be placed where tadignt is steep and very
few where the gradient is shallow. This would increase tleigcy of the interpolation and
reduce the potential for ‘oscillations’ to occur if a cubpise interpolation were implemented
in the scheme. The ORAC-ATSR interpolation scheme hasdlreaen generalised to allow

non-uniform spacing of LUT points and to allow different Lybint spacing in each LUT.

Phase transitions in the ORAC-ATSR retrieval. At present, phase transitions in the ORAC-
ATSR retrieval are driven by the retrieved effective radius future versions of ATSR, a
retrieval will be performed for both ice and water cloud ahd best fit selected using the

guality control parameters; this approach may allow sorasti€ication of mixed phase clouds.
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Figure 25: Sun normalised reflectance measurements in @7g.t channel: forward
and nadir view.

5.2 Developing the forward-view retrieval

The most recent version of the ORAC-ATSR cloud retrievahdass generated using only nadir-
view measurements from the ATSR-2 instrument. During trs pear, the retrieval code has been
developed to perform retrievals using measurements #&ibher the nadiror the forward view. A
scene over the southern Atlantic Ocean has been chosen feacerthe nadir and forward view

retrievals. The scene was observed by ATSR-2 on the mortiitiged st January 2001.

Figure 25 shows the sun-normalised reflectance measure@7u® for both viewing geome-
tries. The effects of sun-glint are clearly visible in thelmaview data, but elsewhere the measure-

ments in the two views are highly correlated.

Figure 26 shows the brightness temperature measuremedésimide 11m and 122m channels
for both views. There is a very high correlation between tleasaurements in the 14m channels,
but a greater brightness temperature difference betweehliim and 122m channels is observed in
the forward view measurements. A large brightness temperalifference between the i and
12um channels is a well-known indicator of thin cirrus cloud$owls have a greater transmission in
the 1um channel than the 12n channel and so the Lin tends to ‘see’ deeper into any cloud than

the 12:m channel. When thin cirrus is present, it dominates theasigmthe 12:m channel while
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Figure 26: Brightness temperature measurements in then(Channel
6) and 12um (Channel 7) channels: forward view and nadir view.

the 11um receives significant contributions from the atmosphelab#he cloud, resulting in a large

brightness temperature difference between the channels.

5.2.1 A note on parallax

It is important to note the effect of parallax on the ATSR-8ud measurements. The latitude and
longitude values assigned to each ATSR-2 measurementgrixddased on the ground location that
the instrument would observe undelear sky’ conditions. If the scene is cloudy however, this will
not correspond to the actual location of the cloud over théhEBsasurface, as shown in figure 27(a).
It is straightforward to correct for the parallax using theut top height, the instrument zenith
angled,, (which gives the magnitude of the correction) and the umagnt azimuth angle,, (which

gives the direction of the correction as shown in figure 27(BX present, the instrument azimuth
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angleo, is not part of the ORAC-ATSR output however and so this cdiwaacannot be applied.
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(a) Parallax in the ATSR-2 cloud measurements (b) The instrument azimuth angle

Figure 27: The implications of the ATSR viewing geometry tioe collocation of cloud
retrievals using the nadir and forward view radiance meamants.

An indication of the effect of the parallax difference beémethe two views is given by the
magnitude of the correction applied at the Earth’s surfate. forward view has a typical instrument
zenith angle o~ 55° and so the magnitude of the parallax correction at the seiifa@ factor of
~ 1.4 times the cloud top height. It is clear that the effect afglax is likely to account for a
large proportion of the scatter in any comparison betweendal and nadir view retrievals. Until
parallax is accounted for, it is not possible to use anygiithorward statistical methods to compare

the forward and nadir view retrievals.

5.2.2 Comparison of retrieved parameters
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Figure 28: The cloud fraction retrieved by ORAC-ATSR usihg t
nadir and forward view measurements respectively. Retiseare
not performed in the sun-glint region of the nadir view.
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Figure 28 shows the cloud fraction retrieved using the fodwaand nadir view radiances respec-
tively. No retrieval is performed in the sun-glint regiontb& nadir scene. In general the two images
are highly correlated, but there appears to be an anomadgumrof high cloud fraction at a lati-
tude of~ -44° in the nadir view. The origin of this anomalous region is nleac, since no great
discrepancy between the forward and nadir view is visiblariy of the ‘raw’ radiance data for this
region.
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Figure 29: The cloud effective radius retrieved by ORAC-RTS
using the nadir and forward view measurements respectiiRay
trievals are not performed in the sun-glint region of theinaigw.

In figure 29 retrievals of cloud effective radius using datarf the nadir and forward views are
compared. Again, the two views appear to produce highlyisters retrievals, apart from the narrow
‘band’ of anomalous data in the nadir view-at44°. Between the latitudes ef -20° and -28, there
are patchy regions of cloud and ‘edge effects’ are visibdetigularly in the forward view retrieved
data. This is likely to be the result of the increased leveharfizontal inhomogeneity towards the
cloud edge and the different locations of cloud shadowserfahward and nadir views.

Figure 30 shows histograms of cloud top pressure from 1%soitisim October 2000, as retrieved
using the nadir and the forward view radiance measuremesgpgctively. The histograms have been
normalised to allow a comparison between the two views aratlaitrary linear scale is used for the
y axis. In both cases only retrievals with a cesBO that converged in fewer than 8 iterations have
been included. It is clear that a greater proportion of higlid¢ and optically thin cloud is retrieved
using the forward view. This is consistent with expectagiodue to the longer atmospheric path

length of the forward view.
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Figure 30: Histograms of retrieved cloud top pressure aoddcbptical depth. The values retrieved using the
nadir view measurements correspond to the blue line ancethine corresponds to the values retrieved using
the forward view.

5.3 Towards a dual-view cloud retrieval

5.3.1 Why use both views?

The use of both the forward and the nadir measurements fro8RARN the ORAC retrieval scheme
has a number of potential advantages. First of all, the amoimformation ‘ingested’ by the
retrieval is effectively doubled, which should improve ecage and reduce the standard errors in the
retrieved parameters. The addition of the forward view doese than just increase the quantity
of data however: the different viewing geometries haveeddiht sensitivities to the cloud effective
radius, because the phase functions of ice crystals anad diatelets are dependent on the viewing
geometry. The forward view provides more information omthiigh clouds, but the nadir view is
less prone to the effects caused by cloud shadows or clowniogeneity. Using data from both
views there is potential to retrieve in the sun-glint regaomd to resolve multilayer cloud systems

under some conditions.

5.3.2 Potential approaches.

There are two potential approaches for a dual-view clouderetl scheme for ATSR-2. These ap-

proaches are outlined below and their potential strengtsaseaknesses are identified.
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Sequential estimation

The sequential estimation approach involves using a velrigerformed using the measurements
from one view to set tha priori information for a second retrieval, using the measuremiois
the other view. This technique requires the developmentwaina rigorous error budget: with both
a priori information and measurements playing a significant rola@réetrieval, it is very important
to ensure that errors are characterised correctly; thifaodethen allows the full power of optimal
estimation to be exploited. An advantage of sequentiainadion is the potential to use the first

retrieval to identify ‘difficult’ scenes in the second retral.

Increasing the measurement vector

An alternative approach to sequential estimation is torektine measurement vector to include
both the nadir and the forward view radiances. A clear dilfigwvith this approach is the parallax
between the two views, as described in section 5.2.1; ittipossible to properly collocate the nadir
and forward view measurements until a cloud top heighteetitinas been undertaken. With a greater
number of measurements to fit, this method could result irctimyergence of a smaller number of
retrievals. This method is however likely to be more compatelly efficient than a sequential

estimation approach.

5.4 Identifying poorly modelled scenes

The principal source of error in the ORAC-ATSR retrievalntiBed in the previous chapter is the
poor characterisation of certain scenes. The ORAC-ATSR FMiges a poor representation of three
major scene types: multi-layered cloud, snow-covered (aadntainous) regions and ocean regions
containing a significant quantity of sea ice. In order to iayarthe retrieval performance over these
scenes itis first necessary to develop an accurate mearenifyihg them. Sea ice, snow cover and
multilayer cloud masks have all been developed for the AVHIRR MODIS instruments [Hall et al.,
1998; Wind et al., 2009; Minnis et al., 2005; Gesell, 1989idi#wer and Pavolonis, 2005]: given
the similarity of the ATSR-2 and AVHRR channels (and to a éessxtent the MODIS channels) it
should be possible to design similar masks for ATSR-2.

Once ‘difficult’ scenes have been identified, fairly simplierations can be made to the forward
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model in order to better represent the scene. Sea-ice, Bongbe can be easily characterised by
an adjustment of the FM surface reflectance. Finding metfarddetecting ‘difficult’ scenes is an
active area of development in the ORAC-ATSR retrieval. €hisrsignificant evidence that there
is sensitivity in the ATSR-2 measurement to such scenesaiytew ‘mask’ must be validated

extensively before it is incorporated into the operatiopaieval.
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