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Introduction

Aerosols and clouds interact with radiation by various mechanisms and thereby influence the climate. Such
interactions were labelled the most uncertain influence on climate change by the most recent report of the
Intergovernmental Panel on Climate Change (IPCC, 2014). The two readily interact with each other because
an aerosol particle can ‘become’ a cloud droplet as water condenses onto it (and vice versa). They exist in
a dynamic equilibrium driven by thermodynamics. Aerosol that can form cloud droplets are known as cloud
condensation nuclei (CCN).

Cloud droplets tend to effectively interact with radiation such that clouds are expected to reflect a sub-
stantial amount of sunlight into space, producing a cooling effect on the climate (Dines, 1917). This is known
as the cloud radiative effect (CRE) and its magnitude is a function of droplet number and size, with small
droplets being more efficient reflectors than large ones (Twomey, 1967). However, the shortwave CRE is
irrelevant over bright surfaces, such as snow, as the land would reflect the light in the absence of the cloud.
Once droplets freeze, ice nuclei scatter thermal radiation, resulting in a warming effect (Manabe et al., 1964).
Hence, changes in the location or properties of cloud can produce positive or negative global radiative effects
(as reviewed in Stephens, 2005).

Aerosol particles are less effective at diverting radiation than cloud droplets so, while they will produce
a direct cooling effect (Haywood and Shine, 1995), there is significant interest in their influence on a cloud’s
equilibrium and the resulting change in CRE. These are known as aerosol-cloud interactions (ACI). Various
theorised mechanisms are reviewed in Lohmann and Feichter (2005). The most widely confirmed of these,
described in Twomey (1977), is the first indirect effect: when CCN are introduced into a cloud with fixed
liquid water, the average droplet size decreases. Measuring ACI is broadly a matter of observing the change
in some cloud parameter as a function of the aerosol loading and requires global coverage which can only
currently be provided by passive imagery.

The aerosol index (AI), a product of AOD and Ångström exponent, is widely used as a proxy for CCN
(Liu and Li, 2014; Nakajima et al., 2001). There is increasing discussion about how representative it is (Stier,
2016) as there are variables that alter both cloud properties and AOD, such as humidity. A change in such a
‘confounding variable’ could bemistaken for an ACI (Gryspeerdt et al., 2014). Using amore direct measure of
CCN would be preferable (Gryspeerdt et al., 2017). While satellite retrievals have been proposed (Rosenfeld
et al., 2012), they have yet to be applied or validated globally in a systematic fashion. The scales over which
data is considered can also produce erroneous ACI due to spatial variations (McComiskey and Feingold,
2012; Grandey and Stier, 2010).

It is therefore necessary to estimate the aerosol loading within cloud. Nearby aerosol properties can
be useful as they are spatially correlated over some distance (usually cited as 50 km from Anderson et al.
(2003) though Shinozuka and Redemann (2011) showed that it can vary significantly). The most common
method is pre-averaging (e.g. Christensen et al., 2016; Quaas et al., 2008), whereby data is averaged over
regions sufficiently large to observe both aerosol and cloud, typically daily 1∘×1∘. Process studies use high
resolution data, directly pairing clouds with nearby aerosol properties (Christensen et al., 2017; Bréon et al.,
2002). This can be computationally intensive, but allows filtering that canmitigate the influence of confounding
variables. A less common method is data assimilation, whereby data products drive a reanalysis model to
produce continuous fields of aerosol and cloud properties (Amiri-Farahani et al., 2017; Bellouin et al., 2013).
Numerous studies of ACI have used models (recent examples include Neubauer et al., 2017; Gryspeerdt
et al., 2017).

This report summarises the two sections of the ERACE project to study ACIs using passive imagery.
Firstly, products from the Aerosol and Cloud_cci projects are used to calculate various broadband radiation
fluxes to quantify the radiative impact of aerosol and cloud. Those are validated against both space and
ground-based observations and are then evaluated for trends. Secondly, an extension of Ebmeier et al. (2014)
using improved data (and the derived fluxes) and considering a number of different aerosol sources to observe
and map ACI. First indirect effects are observed at many sites and the change in cloud albedo is found to vary
with aerosol type.

Data

The cloud parameters used in this study are calculated from TOA visible radiances and infrared brightness
temperatures in narrow bands centred at 0.55, 0.67, 0.87, 1.6, 3.7, 11, and 12 μm. Aerosol parameters are
derived from the first four of those. They were measured by the Along-Track Scanning Radiometers: ATSR-
2 operational on the ERS-2 platform from June 1995 to October 2008 and the Advanced ATSR (AATSR),
which was operational from March 2002 to April 2012 on the ENVISAT platform. These made two near-
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simultaneous views of each pixel at nadir and an inclination of 55∘ at 10:30 local solar time. Only the nadir
view is used for cloud retrievals while both views are used by the aerosol retrieval to separate the signatures
of the atmosphere and surface.

AATSR 

11 µm 0.87 µm  

ALL-SKY ALBEDO OUTGOING LONGWAVE 
FLUX 

BUGSRAD 
applied to 
AATSR 

GERB 

ALL-SKY ALBEDO OUTGOING LONGWAVE 
FLUX 

a) b)

c) d)

e) f)

Figure 1: AATSR observations over the Gulf of
Guinea on 20 June 2008 showing the (a) 0.87𝜇m
reflectance and (b) 11𝜇m brightness temperature.
The (c) all-sky albedo and (d) outgoing longwave flux
at TOA calculated using BUGSrad compare favour-
ably to collocated observations from GERB (e and f,
respectively).

The retrievals are performed using the Optimal
Retrieval of Aerosol and Cloud (ORAC), an open-
source implementation of the optimal estimation
method (Rodgers, 2000) to calculate the optical thick-
ness and effective radius of cloud or aerosol particles.
It was used because it produces both aerosol and
cloud data in a consistent fashion. The version 2.0
cloud retrieval is described in McGarragh et al. (2017)
and Stengel et al. (2013). The version 4.01 aero-
sol retrieval is a new implementation of the algorithm
described in Thomas et al. (2009) that uses the
Cloud_cci processing chain to retrieve aerosol at full
sensor resolution, which is then averaged into 10× 10
superpixels.

Broadband fluxes

Methods

Broadband radiative fluxes are computed using BUG-
Srad (Stephens et al., 2001). BUGSrad is based on
the two-stream approximation and correlated-𝑘 distri-
bution methods of atmospheric radiative transfer, de-
rived from the algorithm described by Fu and Liou
(1992). It is applied to a single-column atmosphere
for which the aerosol/cloud layers are assumed to be
plane-parallel. Eighteen bands spanning the electro-
magnetic spectrum are used to compute the broad-
band flux. Application of this code to satellite data
(CloudSat and MODIS) has previously shown excel-
lent agreement with CERES (Clouds and the Earth’s
Radiant Energy System) measured broadband fluxes
(Henderson et al., 2013). Here, a similar strategy is
adopted to that study to compute the top and bot-
tom of atmosphere broadband radiative fluxes using
the Level 2 ATSR aerosol and cloud optical products.
PAR has been extracted from BUGSrad using a sim-
ilar methodology to that described in Su et al. (2007).

The primary inputs to BUGSrad are the particle
effective radius, optical thickness, and solar zenith
angle output by an Aerosol_cci product. Vertical pro-
files of temperature, humidity, and ozone are interpol-
ated from ERA-Interim reanalyses (Dee et al., 2011).
Total solar irradiance measurements from the SOHO
(Solar and Heliospheric Observatory) and SORCE
(SOlar Radiation and Climate Experiment) instruments are gap-filled and homogenised using the method
described in Loeb et al. (2008). Constant concentrations are assumed for the well-mixed gases: CH4 =
1.8 ppm, N2O = 0.26 ppm, and CO2 = 380ppm. The visible and infrared surface albedo are assumed to be
independent of wavelength. Cloud base height is calculated as described in Meerkötter and Zinner (2007)
from the cloud top height, optical depth, and effective radius (from the Cloud_cci product) by assuming a
semi-adiabatic profile. A pixel is deemed to be overcast or clear when the properties of the cloud or aerosol
are used, respectively. Radiative fluxes are calculated twice: once using ingested aerosol/cloud properties
and again assuming the pixel is aerosol/cloud free to calculate the aerosol/cloud radiative effect.
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Figure 2: TOA (a) shortwave upwelling, (b) shortwave downwelling, and (c) longwave upwelling fluxes calcu-
lated by BUGSrad from the ORAC MODIS Terra product compared to the CERES product over the SAFARI
field site. Point colour indicates the cloud fraction from 0% (black) to 100% (red), highlighting different biases
in the presence of low cloud fractions. Results of a linear regression fit are detailed at the top of each plot.

Validation

Initial validation of the top of atmosphere fluxes was performed by comparison to the ARG (Average Rectified
Geolocated) product from the broadband radiometer GERB (Geostationary Earth Radiation Budget) onMSG-
2 (Meteosat Second Generation). This is collocated with AATSR, though the two observations are separated
by about eight minutes. Fig. 1 shows a granule containing three key conditions: 1) deep convective clouds
with low brightness temperature in the north, 2) clear-sky in the middle, and 3) patchy cumulus in the south.
The spatial pattern of radiative flux is consistent between the products in all three conditions (accounting for
their different spatial resolutions) and potentially provides a more useful representation of the flux from cirrus
clouds. Examined in detail, differences in OLR are less than 3Wm−2, which is acceptable as the uncertainty
on the GERB-measured OLR is 1% and typical OLR values are of order 300Wm−2 (Clerbaux et al., 2009).
Bias in the all-sky albedo is much larger (∼13%) and outside of GERB’s measurement uncertainty. Upwelling
fluxes are highly correlated with equivalent values derived from CERES observations (not shown), but with
biases in excess of the expected uncertainty. The discrepancy is most pronounced for pixels with a low cloud
fraction. This implies that it may have been inappropriate to assume that the surface albedo is constant in all
bands.

The broadband algorithm was revised to more accurately represent the surface. The white and black
sky albedos were estimated from the MODIS MCD43 product (Wanner et al., 1997), interpolating to the six
shortwave bands used in BUGSrad. Thermal emissivity was interpolated from the University of Wisconsin
(Madison) baseline fit global emissivity database (Seemann et al., 2008). Fig. 2 repeats the comparison to
CERES. The shortwave upwelling flux is now satisfactory for low cloud fractions (black and blue points), but
the overall bias was not greatly reduced. In the longwave, the bias increased slightly and it continues to under-
estimate the flux in low cloud fraction conditions. This may be an inherent problem in the BUGSrad Rayleigh
scattering code. The longwave bias again increases when the surface emissivity is included, implying a bias
in the skin temperature estimated from ERA-Interim.

Though the broadband fluxes calculated by BUGSrad are biased, they are highly correlated with inde-
pendent observations and provide a higher spatial resolution than existing products, providing an improved
ability to identify the radiative effect of specific aerosol and cloud features. Further validation against in situ
data revealed that use of the ORAC retrieved surface temperature reduced the biases. This shouldn’t be
surprising, as the retrieved surface temperature is radiatively consistent with the other properties, but there
is some hesitation to its systematic use as that temperature is neither validated nor designed for scientific
application.

Results

Radiative effect is the difference between the observed flux and that expected from a clear-sky atmosphere
(i.e. without cloud or aerosols) and is important to quantify for aerosol and cloud because of their strong influ-
ence on climate and climate change. Fig. 3 shows the global distributions of cloud radiative effects over the
summer months of 2008. The observed net global cloud radiative effect of −24.7±2.5Wm−2 is in agreement
with the range of −16.7 to −24.5Wm−2 found by Loeb et al. (2008) while the radiative fluxes are consistent
between AATSR-BUGSrad and GERB in clear-sky conditions. Quantitative values estimated from aerosol
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Figure 3: Cloud radiative effect, the difference in outgoing TOA broadband radiation between clear- and all-
sky conditions, in the short (left) and longwave (right). Global mean values and standard deviations (weighted
by latitude) are provided in brackets and are in agreement with the net value observed by CERES.

and cloud radiative effects agree with past studies (e.g. Ramanathan et al., 1989; Thomas et al., 2013). The
spatial pattern of CRE in Fig. 3 is physically reasonable, with large negative forcings in the stratocumulus re-
gions off the west coasts of the US and Peru and strong positive forcings in the monsoon-dominated regions
of southeast Asia.

The entirety of the AATSR data record was processed such that changes in CRE could be investigated
with a linear trend analysis, shown in Fig. 4. In the shortwave, the strong negative trends above 60∘ N may
result from the reduction in Arctic sea ice extent, while there are signs of marine stratus brightening off the
western coast of the US. The cause of the strong positive trend in the Southern Ocean is unclear, but may be
related to increased sea ice extent. The influence of El Niño is clear in the longwave trend from the distinctive
‘V’ pattern over the equatorial Pacific (corresponding to themovement of the Pacific warm pool towardsChile).
Increasing cloud top height is also evident off the coast of the African biomass burning region, though this is
not expected to be related to aerosol invigoration as these are not predominately convective clouds.

Impact of localised aerosol sources

The second part of this project revises and extends the work presented in Ebmeier et al. (2014) (which will
hereafter be referred to as E14). Such averaging over time usually isn’t appropriate because aerosol prop-
erties will vary significantly with the type of particle and change rapidly in response to removal processes.
Hence, the analysis is restricted to regions where a single type of particle is emitted continuously. There,
aerosol properties are expected to be a function of time since the particles were emitted, which corresponds
to a distance from the source along the wind vector. Hence, rotating data to align with the wind direction
should collate observations in similar aerosol conditions. Data upwind will sample ambient conditions while
downwind is perturbed by emission, providing a range of aerosol environments with which to map ACIs. To
minimise the influence of the surface, averages aremade at a similar resolution to the satellite data (1× 1 km).

Figure 4: Decadal (linear) trend in (a) short and (b) longwave upwelling flux over the AATSR record (2002–
2012). In the longwave, note the influence of El Niño from the characteristic ‘V’ shape off the Peruvian coast.
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Figure 5: An application of the rotation technique to a scene over Hawaii on 9 Sep 2008. (a) False-colour
image from AATSR (Red = 670 nm, Green = 870 nm, Blue = 550 nm). (b) Aerosol optical depth (orange-
red) and cloud optical depth (blue-green) retrieved by ORAC from that data. White indicates data removed by
quality control (mostly clear sky within 7 km of a cloud). The wind direction reported at Mt. Kilauea by ECMWF
data is indicated by an arrow. (c) The same data after mapping onto the wind-corrected grid, centred on the
summit with wind blowing from left to right.

Methods

Figure 5 illustrates the action of the rotation technique on a plume of aerosol emitted fromMt. Kilauea, Hawaii.
The left panel shows a false-colour image observed by AATSR. The aerosol and cloud properties retrieved by
ORAC from that image are shown in the centre panel, with an arrow indicating thewind direction at the summit.
The right panel shows the same data after rotation. That is added to a running mean, eventually combining
several years of observations into a single rotated image. ACI are expected to appear as a change in the
average cloud properties as the aerosol index changes downwind of the source.

Rotation is a standard image processing technique. This study used the openCV library (open source
computer vision, http://opencv.org). Using a nearest-neighbour library routine, a segment of the swath
is mapped to polar coordinates centred on the source. A rotation is made by ‘rolling’ the angular dimension
of the result (i.e. one ‘roll’ of the sequence [1,2,3,4] gives [4,1,2,3]). This mapping is only approximate as the
size of a satellite pixel is not constant across the swath and the image is a projection onto a sphere while the
library treats it as flat. However, it has been found to be reasonably accurate while being fast and providing
continuous coverage. The maximum radius considered is 300 km, comparable to the 512 km width of the
AATSR swath. The position of the site is converted to a column and row in the swath (𝑐𝑣, 𝑟𝑣) by using a
quadratic fit. Errors in that process are believed to be small as 25 km perturbations in the position produce
insignificant changes in the averaged fields.

Control
Volc
BC
OC
SO2
Various

Figure 6: Map of all sites considered in this study.
Colour denotes the dominant type of aerosol, as
determined by the CMIP6 anthropogenic emissions
database. (’Various’ indicates that no one aerosol
type is dominant.)

Thewind direction is calculated from theEuropean
Centre for Mid-range Weather Forecasting (ECMWF)
interim reanalyses (ERA-Interim, Dee et al., 2011).
As catalogued at the Centre for Environmental Data
Analysis (ECMWF, 2014), the 10m wind components
(zonal 𝑢 and meridional 𝑣) are reported on a reduced
Gaussian grid (∼ 0.7∘ × 0.7∘) every six hours. These
are bi-linearly interpolated in space to each location
and then linearly interpolated to the time of the satel-
lite overpass. The wind direction is tan−1(𝑣/𝑢). That
is translated onto the polar grid by finding the position
0.1∘ away from the site in the direction of the wind.
The coordinates of that point in the swath (𝑐𝑤, 𝑟𝑤) are
found as for the site itself. The rotation required to
orient the image with the wind direction is then 𝜃 =
tan−1[(𝑟𝑤 − 𝑟𝑣)/(𝑐𝑤 − 𝑐𝑣)].

E14 used the wind field at the height of the vol-
cano summit while this study uses the surface wind
field. This was changed because the effective injection height for non-volcanic sources is unknown. The
analysis was repeated for two sites using the wind at various heights through the planetary boundary layer,
finding very similar results, so this is not considered a significant source or error.
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Figure 7: Variation around Mt. Kilauea of (top
to bottom) aerosol index, cloud effective ra-
dius, cloud albedo at 550 nm, top-of-atmosphere
shortwave upwelling radiation, cloud top pres-
sure, and cloud optical depth averaged over the
complete AATSR mission. For brevity, all eight
meteorological conditions are combined. In the
polar plots (left), the summit is at the origin and
the wind blows from left to right. Histograms
(right) show the distribution as a function of dis-
tance from the summit, overplotting the median.

The Aerosol_cci dataset averaged the 1 km ORAC
retrievals into 10 km superpixels. Only the lower resol-
ution data is presented here for practical reasons, res-
ampling the 10 km cells to 1 km using the Cloud_cci
mask. Aerosol_cci post-processing counted the number
of cloudy pixels within the 3× 3 area centred on each aer-
osol retrieval and rejected any retrievals adjacent to more
than 3 cloudy pixels. In light of Christensen et al. (2017)
finding that contamination extends about 15 km from the
edge of a cloud, this study used a 15× 15 box instead,
providing a compromise between maximising coverage
and minimising pixels where neither retrieval is reliable
(the white area of fig. 5b).

Before averaging, each pixel is classified by one of
eight conditions. Land and sea are separated as ORAC
uses different models for land and sea surfaces, which
suffer different errors. Relative humidity and lower tropo-
spheric stability have been shown to strongly constrain
the interaction of aerosol and cloud (Chen et al., 2014).
A pixel is classified as wet if the free tropospheric humid-
ity is greater than 40% and dry otherwise while it is clas-
sified as stable if the lower tropospheric stability is less
than 17∘ C and unstable otherwise. The latter two defin-
itions follow Neubauer et al. (2017) and the values are
interpolated from ECMWF data onto the satellite swath
within ORAC.

The rotated images are combined through a running
mean (Finch, 2009), giving the mean, variance, and num-
ber of data in each rotated bin at 89 sites around the
globe, while cloud top pressure (CTP) and the LW and
SW upwelling radiance were averaged at a subset of
these. The sites, mapped in Fig. 6, are:

(1) 24 sites of significant emissions, evaluated using
the CMIP6 (coupled model intercomparison project) an-
thropogenic emissions estimates for 2000-2014 (Hoesly
et al., 2017). Organic carbon, black carbon, and sulphur
dioxide emissions were combined and searched for bins
with an unusually large mean;

(2) 19 sites of frequent flaring activity, determined by
using the World Fire Atlas (Arino et al., 2012) to count the
occurrence of hot-spots in 0.05∘ bins;

(3) 11 volcanoes that were labelled as significant
emitters of SO2 in Carn et al. (2017), had a significant
eruption during the AATSR mission, or were evaluated in
E14;

(4) 15 of the world’s most populous cities;
(5) 9 locations at the authors’ discretion that sampled regions of the world otherwise neglected (e.g. the

Sandwich Isles were highlighted by Gassó (2008)); and
(6) 11 controls where there is no obvious emission source, including the 3 non-volcanic islands evaluated

in E14.
The sites in groups 1-4 are selections from a much larger population due to limited computer storage.

This subset was selected by visual inspection using Google Earth with the aim to sample a variety of land
surfaces, types of emission, and regions of the world. Coordinates were centred on the largest industrial
complex within the highlighted region or, in their absence, the centre of the region. The CMIP6 database was
used to classify the dominant type of aerosol emitted at each site.

To be clear, this analysis was not expected to work at every single site as the selection criteria were
purposefully vague. This was, in part, because the most robust means to determine if an aerosol source
is dominant is to use the analysis itself. As such, the 89 sites were not changed once the study began.
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Further, some sites were selected specifically to test the limitations of the technique: the controls lack an
aerosol source; ‘Hamborn’ is within a highly industrialised area with numerous sources; ‘Rural China’ is a
crop-burning area where emissions will be seasonal; and ‘Erebus’ is in darkness for several months of the
year.

Results
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Figure 8: Distributions of the cloud variables shown in
Fig. 7 as a function of AI. Boxes show the median and
quartiles for 0.1 increments of logAI, with whiskers giv-
ing the 1st and 99th percentiles. Bins that contained
less than 1%of the total area are excluded. Pixels over
land are in red and over sea in blue. Wet, unstable
atmospheres are shown to the left and wet, stable to
the right. A linear regression to the underlying data is
overplotted in black and printed in the bottom corner of
each plot. A star denotes data where orthogonal dis-
tance regression failed to converge and a simple re-
gression was applied instead.

TheKilauea volcano in Hawaii is one of themost sig-
nificant natural sources of SO2 (Carn et al., 2017).
Its plume can clearly be seen in most satellite aero-
sol products over the relatively clean oceanic back-
ground. E14 observed a first indirect effect down-
wind of Kilauea well outside of natural variation,
making it an obvious candidate for an initial invest-
igation.

Figure 7 shows full-mission averages there for
each variable evaluated. There is little variation up-
wind while the plume is obvious downwind. The
plume is relatively narrow, producing broad histo-
grams downwind as they sample both clean and pol-
luted air. AI increases from 0.1 to 0.15–0.25 while
CER decreases from 16 to 10-15 μm, an unambigu-
ous first indirect effect of similar magnitude to that
observed in E14. Cloud albedo is enhanced by up to
0.1 with a corresponding increase in upwelling SW
radiation, though these are constrained to the core
of the aerosol plume. A decrease in cloud top pres-
sure hints at cloud invigoration, but that should be
viewed with scepticism as it continues a trend seen
in the upwind data. Examining the full field, there is
a general decrease in CTP downwind, correspond-
ing to a drop in lower tropospheric stability, that is
restored in the presence of aerosol. However, COD
also increases downwind, which may imply an in-
crease in the LWP. The large variations near the ori-
gin relate to discontinuities between retrievals over
land and sea.

The functional form of CAI in this region is es-
timated by producing two-dimensional histograms
of each cloud property against AI, as shown in Fig. 8.
This treated each pixel in the rotated field as an inde-
pendent datum. Pixels which averaged fewer than
10 observations (which corresponds to less than one observation per year) were removed as outliers. Bins
which represented less than 1% of the total area (either by containing few bins or many bins near the origin)
are not plotted for clarity. As a simple model of the relationships, an orthogonal-distance regression to all data
underlying each histogram was performed, accounting for each pixel’s standard deviation in both variables.
If that failed to converge, a standard linear regression was used instead. Note that at Kilauea relatively few
observations were obtained in dry conditions or over land.

Firstly, larger AIs are observed in unstable conditions than stable, which may result from increased AOD
in the presence of convection. Cloud effective radius and cloud top pressure decrease with increasing AI in
unstable conditions but appear to remain constant in stable conditions. This may be because the effects are
only detectable at the largest values of AI. Cloud albedo and COD increase at similar rates in both stable and
unstable conditions, which implies the change in albedo is dominated by the change in optical thickness rather
than the indirect effect. Likely, the threshold chosen to divide dry and humid conditions was inappropriate.

Regardless, the analysis was applied to all 89 sites to estimate the rate of change of cloud effective radius
and albedo with logAI. The distribution of these is shown in Fig. 9, flagging each site by the dominant type
of aerosol in the AeroCom climatology developed by Stefan Kinne (personal communication, 2017). Sea-
salt and organic aerosols show minimal variation in clouds as a function of AI. Dusty regions usually show
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Figure 9: Distribution of the rate of change of cloud effective radius (top) and cloud albedo (bottom) against
logAI for the 89 sites considered, classified by the dominant type of aerosol present at that site in the clima-
tology developed for AeroCom by Stefan Kinne (colour). The columns combine land and sea across the four
meteorological conditions.

decreases in effective radius but minimal sensitivity to cloud albedo (except in dry conditions, where there is
a chance that dust is being mis-classified as cloud, which tends to decrease effective radius as dust particles
are smaller than cloud droplets). There is significant variation in the response sulfate aerosols.

Conclusions

The broadband fluxes, though far fromperfect, have proven useful in the study of the radiative impact of clouds
and aerosols, contributing to the publication of Popp et al. (2016), Christensen et al. (2017), and Sus et al.
(2017) and are being used to evaluate the UK Earth System Model. After extensive validation, the remaining
biases in these products is believed to results from assumptions in the radiative transfer codes used and the
ORAC forward model, making them difficult to reduce further.

The evaluation of ACI from wind-rotated satellite data has produced intriguing, if incomplete, results.
Fairly unambiguous signals have been observed at a variety of sites around the globe, but the simplistic
wet/dry classification was insufficient to correct for humidity-mediated effects in most circumstances. The
analysis will be adjusted to produce multidimensional histograms (rather than means) accounting for the hu-
midity, stability, and liquid water path at each observation. In addition to correcting a few minor bugs, it is
hoped that this will separate the influence of meteorology on cloud from the influence of aerosol.

This project contributed to the following presentations:

• October 9–13 2017: AeroCom Conference (Helsinki, Finland);

• July 13–14 2017: Royal Meteorological Society Annual Conference — Weather and Climate Impacts
(Exeter, UK);

• March 21–23 2017: International Conference on Aerosol Cycle (Lille, France);

• May 9–13th 2016: Living Planet Symposium (Prague, Czech Republic);

• April 13–15th 2016: ACPC Workshop (Oxford, UK);

• March 21st 2016: NCEO Staff Meeting (Reading, UK);

• October 5–9th 2015: AeroCom Conference (Frascati, Italy);

• June 12th 2015: EOS Seminar (Leicester, UK).
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