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Abstract

The CLouds and Aerosol Radiative Interaction and Forcingstigation (CLAR-
IFI) project was carried out as part of ESA's Changing EadieSce Network Initiative.
The goal of the project was to quantify the radiative effdetlraviolet (UV)-absorbing
aerosols above clouds, using a new method based on spamdysesctral reflectance
measurements and radiative transfer modelling.

Aerosols play an important role in the global energy balatgeabsorbing and
scattering solar radiation, and more importantly, by myidd cloud properties and
atmospheric column stability. These important secondfiects in the global energy
balance are currently far from understood and CLARIFI wesigtesd to help unravel
an important part of this problem using existing satelliteasurements.

The unique broad spectral range of the space-borne spestgnf®canning Imag-
ing Absorption Spectrometer for Atmospheric Chartogra@$IAMACHY) was used
to separate aerosol radiative effects in the UV, and clodihtize effects in the short-
wave infrared (SWIR). In the UV, aerosol absorption from & strong, creating a
strong signal in the measured reflectance. In the SWIR, blwgpand scattering effects
from smoke are negligible, allowing the retrieval of clouarameters from the mea-
sured spectrum using existing retrieval techniques. Tleetsal signature of the cloud
can be modelled using a radiative transfer model (RTM) aecctbud parameters re-
trieved in the SWIR. In this way, the aerosol effects can lerdened from the mea-
sured aerosol-polluted cloud shortwave spectrum and ttaeliea aerosol-unpolluted
cloud shortwave spectrum. The difference between the gpaict directly linked to the
aerosol direct radiative effect (DRE), which can be quasdifor each SCIAMACHY
cloud scene. The aerosol DRE retrieved using this appraanbti dependent on re-
trieved or assumed aerosol properties, which means a hdgetien in the uncertainty
of the derived aerosol DRE as compared to existing methods.

During project CLARIFI a large LookUp Table (LUT) of precomned cloud re-
flectance spectra was created for the fast computation cdehesol DRE for SCIA-
MACHY cloud scenes. This LUT contains the shortwave reflectespectra for arange
of aerosol-unpolluted water clouds which are likely to begant under smoke layers.
It was shown that this LUT can be used to simulate the refleetapectrum of a SCIA-
MACHY cloud scene or other space-borne spectro(radio)metising SCIAMACHY
data, the aerosol DRE was quantified for a region over thehSatiantic Ocean in
the boreal summer months of 2006—2009, when smoke from atgefires is present
over a persistent marine stratiform cloud deck. The ae@B# averaged through Au-
gust 2006 was found to B8 + 8 Wm~2 with a mean variation over the region in this
month of22 Wm~2. The largest aerosol DRE over clouds found in that month was
132 + 8 Wm~2, which is a significant portion of the incoming solar radiati heating
the atmosphere locally.

The results were presented at several workshops and conéseand a paper was
published in the peer-reviewed literature, describingrtteghod and these results for
the first time.



1. Introduction

The radiative effects of atmospheric aerosols potent@iypensate for the increases in the effects
of greenhouse gases, but the magnitude and even sign ohtitegffect is uncertain, due to their
influences on clouds [e.glaywood and BoucheR000;Lohmann and Feichte2005]. This makes
the aerosol climate effects one of the least certain compsra# global climate modelsyl et al,
2006;Forster et al, 2007]. Even the aerosol direct radiative effect (DRE),abmponent of aerosol
climate forcing that neglects all influences on clouds, ilsorly constrained, due to the hetero-
geneous distribution of aerosol sources and sinks and tliemnte of clouds on global observations
of aerosols. In particular, the characterisation of adnpsiperties in cloud scenes has been proved
challenging. Locally, the aerosol DRE can be very large andidate the climate forcing.

Recently, many studies have focused on the southern Afregion to study the aerosol DRE over
clouds, where annually recurring biomass burning everntsarocal dry season (June - September)
produce light-absorbing aerosols that are advected ovenenstratiform clouds [e.gSwap et al.
1996;Herman et al. 1997;Torres et al, 2002;de Graaf et al.2007]. Modelling studies of aerosol
DRE differ in magnitude and sign, but all studies show thatEHRE strongly depends on the un-
derlying surface. Over dark surfaces like the ocean, thiéestag effects of the aerosols dominate,
leading to a negative DRE, while over bright surfaces andddahe scene albedo is decreased due
to aerosol absorption, leading to a less negative or pedRRE Keil and Haywood 2003;Abel

et al, 2005;Tummon et a).2010]. These results depend on the diurnal cycle of cloagdsNyhre

et al, 2003], while semi-direct effects change the results amdevan dominate the DRESpkaeda
etal, 2011]. The semi-direct effect is strongest for absorbemsols inside the boundary layer, but
still significant for aerosol layers that are located abénvetioundary layerJohnson et a).2004].

Over China, annually recurring rice straw burning also eadght-absorbing aerosols which are
advected over the ocean and over clouds. The total upwelfingwave flux as measured by Clouds
and the Earth’s Radiant Energy System (CERES) was foundedueed by more thart0 Wm—2
over cloud scenes with high values of Total Ozone Mapping8pmeter (TOMS) Aerosol Index
(Al), indicating absorbing aerosol layers over the cloudsy et al, 2003].

All studies show a very strong dependence on aerosol migsigdd properties. During the SA-
FARI2000 field campaign, valuable information on scattgproperties of biomass burning aerosols
over clouds were obtained from air-borne measuremeétdagyood et al.2003]. On a global ba-
sis the retrieval of aerosol properties in the presencemfdd is challenging. Most current satellite
aerosol retrieval algorithms rely on cloud screening befetrieving aerosol information [e.ganré

et al, 1996;Torres et al, 1998;Veefkind et al.2000;Diner et al, 2001;King, 2003;Hauser et al.
2005]. Therefore, studies of the aerosol indirect effecmfspace—based instruments are necessar-
ily often restricted to aerosols in the vicinity of cloudsgdeRedemann et 312009;Costantino and
Bréon 2010]. However, in some cases cloud and aerosol informato be separated in the radi-
ation received at the top-of-atmosphere (TOA). Absorbieigsols reduce the scene reflectance in
the UV and visible spectral region, which may be used toee¢rthe spectral optical aerosol prop-
erties in individual cases by fitting the reflectance spectrmmodel resultsde Graaf et al, 2007].
However, the large number of aerosol properties determittie reflectance spectrum will result
often in multiple solutions. Aerosols also significantlyeat the polarised light reflected by clouds
under certain scattering geometries, which can be usedii@derosol optical properties in cloudy
scenes\Vaquet et al.2009;Knobelspiesse et al2011]. This can be used to derive aerosol DRE
over clouds using space-borne polarimeter measuremerttse tase of active remote sensing, like
lidar, the atmospheric scattering properties are velyicasolved, allowing for separation of aerosol
and cloud properties and the computation of aerosol DRE deeids in a small but global track
[Chand et al. 2008;Wilcox 2010]. Using space-borne lidar measurements, the adbé¥iBlover
marine clouds was found to change sign from negative toipesit a cloud fraction 0.4, which
can be used to constrain modelling resulthgnd et al. 2009]. Heating rates can be computed
when aerosol vertical profiles are available. Using s&etlioud products and Ozone Monitoring
Instrument (OMI) Aerosol Index (Al)Torres et al, 2007] as a proxy for aerosol presence, the liquid
water path and thicknesses of clouds was found to increasetfre presence of aerosols above the
clouds and the subsequent heating of the atmospkéledx, 2011]. This implies a negative semi-
direct radiative effect of the aerosols. In another moréssteal study the OMI Al was found to
decrease the local planetary albedo through the direct estdrfilirect effect, which allowed for the
retrieval of the aerosol DRE in cloudy scenes in the tropaecal sub—tropical oceanBdters et al.
2011]. The accuracy of these results are strongly influebgetie accuracy of the aerosol optical



and microphysical parameters that are used to represeatthal ambient aerosols.

During project CLARIFI the aerosol DRE over clouds was qifeeut over the South-Atlantic Ocean.
A methodology was designed to quantify the aerosol DRE frioereflectance difference of mea-
sured aerosol-polluted cloud spectra from SCIAMACHY anddelted aerosol-unpolluted cloud
spectra. This will be formally derived in section 2. The altjon is illustrated in section 3, using
SCIAMACHY measurements. The modelled cloud spectra weredtin LookUp Tables (LUTS),
which are described in section 4.

2. Aerosol direct radiative effect over clouds

A radiative forcing or radiative effect of an atmospheriastituent: can be defined as the difference
in the netirradiancé& E at a certain level with and without the forcing constitueng[Forster et al,
2007;Liou, 2002]:

AEI — Enet net (1)

with z = ~without =

where the netirradiance is defined as the difference bettteetiownwelling and upwelling irradi-
ances,

Eret = g — BT, (2)

Therefore, at the TOA, where the downwelling irradiancéesincoming solar irradiance, for all
scenes, the radiative effect of aerosols overlying a clewgiMen by

AETOA _ g1 TOA _ pt TOA 3)

aer cld cld + aer’

whereE], 9% is the upwelling irradiance at the TOA for an aerosol-frerid scene and, | %

+ aer

is the upwelling irradiance for an aerosol-polluted clogdree. By equation (3), if energy is ab-
sorbed in the atmosphere by the aerosols, the radiativenépis positive.

The monochromatic irradiandg(\) can be found by integrating the monochromatic radiaf{ce
over an entire hemisphere solid angle

E\) = /Q I(X) cos ©dS2, 4)

which can be written in polar coordinates as

™

21T o1
() = Lofo) /0 /0 RO\ 11, &: 10, o)y (5)

where 1 is the cosine of the solar zenith anglethe cosine of the viewing zenith angle, and
¢o and ¢ the azimuth angle of the incoming and outgoing beam reldtivihe scattering plane,
respectively.u Ey is the TOA solar irradiance incident on a horizontal surfang and R is the
reflectance, defined as
wI()\)

R(\) = —+—. 6
) o Eo(N) (©)
The Earth’s reflectanck at the TOA is the quantity measured by SCIAMACHY (first ordeyguct)

and computed by a Radiative Transfer Model (RTM) for all Isv8elow, R and all other quantities
refer to quantities at the TOA.

The (local) plane albedd for a scene is defined as the integralbbver all angles

1 "2 1
o) = = [ [ RO 0110 00, )

5



By substituting equation (7) in (5) and integrating over elangth, the aerosol effect at the TOA
(equation (3)) becomes

AFEqer = / MOEO (Acld — Aaa + aer) d. (8)
0

For the simulated case the plane albedo can be obtained lfremadel results, by integrating the

reflectances in all directions. However, for the measuree edth clouds and aerosols, only the
reflectance in the measured direction is known. Therefbeeptane albedo for this scene must be
estimated.

A measure for the angular distribution of the scatteringgyas a function of the scattering angle
for a scene is the anisotropy factBr

B = R/A. 9)

Assuming that the anisotropy factors are the same for ttenc®d polluted cloud sceneB;q =
Beid + aer, €quation (8) can be written as

AFEue ~ AESY =

aer

dA.

/OO ,UOEO (Rcld — R + aer) (10)
0

Baa

Equation (10) is used to derive the aerosol DRE over clouats 8CIAMACHY measurements of
Rec1d+aer @and model results aR. g and B.yq.

3. Application to SCIAMACHY

The algorithm is illustrated in Figure 1. The SCIAMACHY reftance spectrum observed on 13
August 2006, 09:19:43 UTC is shown in red. This is a typicahsuement of a scene with smoke
from the African continent that was advected over a marineléwel cloud layer. The geometry for
this scene wa§, 6y, ¢ — ¢o] = [18.5°,43.2°,131.0°]. The TOSOMI total ozone columf was
248 DU. The FRESCO cloud pressure and cloud fraction vé@=hPa and).6, respectively. The
cloud droplet effective radius and cloud optical thicknessrieved from the SWIR, wergl.2 ym
and14.4, respectively. With these parameters an aerosol-ungdlitibud reflectance spectrum was
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Figure 1: SCIAMACHY measured reflectance spectrum (red)®Adgust 2006, 09:19:43 UTC of the scene
indicated by the arrow in Figure 4b; and the modelled eqaivalinpolluted cloud reflectance spectrum (blue)
for this scene. The difference between these two specthaydabelled ‘Aerosol absorption’) indicates the
irradiance absorbed by the aerosols (see Figure 2). Thenpsges to model the cloud scene were retrieved at
various parts of the spectrum (ozone (O3) between 325-33%lond fraction (CF) and cloud pressure (CP)
at 760 nm, cloud phase index (CPI) around 1700 nm, cloud alptieckness {.14) and effective radiusr{s)

at 1246 and 1640 nm). The AAl is retrieved from the reflectarate340 and 380 nni[Istra et al, 2011].
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Figure 2: Various terms of equation (10) for the selectedade Figure 4b. a) Reflectance difference between
the blue and red curve in Figure 1. b) Anisotropy factor. @olming solar irradiance for this scene. d)
Irradiance absorbed by the aerosols above the clouds.

modelled, which is indicated by the blue curve. The measaretimodelled spectra are close for
wavelengths longer that246 nm, due to the assumption that the aerosol absorption oftick-
ness is negligible at these wavelengths. At wavelengthdestthan about 100 nm, the reflectance
spectra start to deviate, which is indicated by the yelloeaarThe difference increases with de-
creasing wavelength. This is caused by the aerosol absorpfitical thickness, which increases
with decreasing wavelength. At wavelengths below a3t nm the differences disappear, be-
cause at these wavelengths the strong ozone absorptiocesethe reflectance to zero. The aerosol
absorption in the scene is confirmed by the high value of thé&A.2.

The aerosol DRE over clouds for this scene was evaluated esjnation (10). The various terms of
this equation for the scene shown in Figure 1 are given inréigwas a function of wavelength in the
SCIAMACHY spectral range. The reflectance differefi@q — Reida+aer) IS given in Figure 2a,
which is the same as the yellow area in Figure 1. It decreagbswavelength, except at those UV
wavelengths where ozone absorption is so dominant thatdildtion is absorbed. This term contains
all the absorption effects in the scene which are not inaared in the modelled cloud scene, and
which are attributed to aerosol absorption. The anisotfapyor for the modelled cloud scene
B.1q is plotted in Figure 2b; it is typically).8 - 1.0. The anisotropy factor for the aerosol-polluted
cloud scene is not known, but a modelling study showed a ahahtgss than 1% in aerosol DRE
due to anisotropy changes from aerosol effects for scagengles less than 6@see section 5).
The solar irradiance at TOA Ey is given in Figure 2c. The total incident solar irradianoanfir
240 — 1750 nm can be obtained by integrating the given irradiance specand wa$/03 Wm—2.
The spectral irradiance change due to aerosol absorpign — Fcia+aer) Can be obtained by
combining these three terms according to equation (10)jsaplbtted in Figure 2d. By integrating
over wavelength the total aerosol DRE over cloids,., was found to b& 24 Wm~=2 for this scene.
Note that the spectral range of SCIAMACHY covers 92% of thiarsenergy spectrum, which is
sufficient to capture the entire spectral aerosol DRE owerdd. The aerosol DRE becomes zero due
to ozone absorption of the radiation bel8®) nm and it also becomes zero for wavelengths longer
than1246 nm, assuming that the aerosol absorption has become rglagound that wavelength.
The integration over SCIAMACHY's spectral range does nirtoduce an additional error as long
as the aerosol absorption has become negligible aroTswinm.
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3.1. Horizontal and vertical distribution of aerosols and ¢ouds

The algorithm can be applied to any ocean scene that contaites clouds. This is illustrated
in Figure 4. In August 2006 a two-week period of high AAl ovéouwds was observed over the
South-Atlantic Ocean off the west coast of Namibia. Thesmes/can often be observed in this area
from June to September, which is the local dry season. THeA#g values are caused by smoke
from vegetation fires on the African mainland, which are ative over the Atlantic at altitudes of
typically 1 - 5 km [e.g.Herman et al. 1997;Torres et al, 2002;de Graaf et al. 2007].

A typical horizontal distribution of the cloud and aeroseldis off the west coast of Namibia is
shown in Figure 4a and b, where SCIAMACHY CF and AAlI measumgisi@re overlaid on a
MERIS RGB image. Clearly, the horizontal distributions ef@sols and clouds are very variable.
Furthermore, they change rapidly from day to day.

The corresponding aerosol DRE field over marine clouds igvalio Figure 4c, for all scenes over
the ocean, containing water clouds (GP15) with effective cloud fractions greater tha3. It
shows the unprecedented details of measured absorbed/dneegrosols over clouds. Clearly,
the aerosol DRE is highly variable with location, droppirfGto zero at the edges of the smoke
field, corresponding with the AAI gradient. The maximum aidRE over clouds measured by
SCIAMACHY on this day isl24 Wm~2, indicated by the arrow. The measured reflectance spectrum
for this scene was given in Figure 1. The minimum DRE was leas(, which is not an indication

of a negative aerosol DRE, but caused by the uncertaintyeofrtbasurements. The scale is cut at
—1 Wm~2, indicating that the aerosol DRE has vanished and aerogaluted clouds remain.

The vertical configuration for the event in Figure 4 is shovging a spatially closely collocated
CALIPSO overpass. The CALIOP 532 nm and 1064 nm backscagteals shown in Figure 3 were
acquired during the night eight hours before the Envisatgags. They show the strongly reflecting
cloud layer at around km altitude and the vertically extensive smoke layer betwatgoutl and

5 km altitude. The red arrows indicate the location of the e/ibt in Figure 4, where the AAI
reaches the high value df2. Clearly, clouds are overlain by absorbing aerosols, cautsie high
AAl value and the strong aerosol DRE at this point.

3.2. Regional monthly averaged aerosol DRE over clouds

The regionally averaged aerosol DRE over marine clouds wssrmiined over the South-Atlantic
Ocean between 2@ — 10N and 10W — 20°E in August 2006, see Figure 5. In this month a period
of strong biomass burning was observed from about 10 — 21 gtu@nly water cloud scenes were
averaged. Clear-sky scenes and scenes with ice clouds veearded, by allowing only scenes
with cloud fraction higher thaf.3, cloud pressures higher th&00 hPa and cloud phase index
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Figure 3: CALIOP 532 nm backscatter signal, on 13 August 2@@6n 01:19:46 — 01:26:43 UTC, showing
the vertical distribution of aerosols between 1-5 km (yeltreen) above the clouds at around 1 km (gray),
along the CALIPSO track marked in white in Figure 4b. The nedwa corresponds to the white dot in the track
in Figure 4b.
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CALIPSO track 13/08/2006 01:04:39 - 01:51:10 UTC

ENVISAT track 13/08/2006 09:13:27 — 09:22:48 UTC ENVISAT track 13/08/2006 09:13:27 — 09:22:48 UTC ENVISAT track 13/08/2006 09:13:33 — 09:22:48 UTC
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Figure 4. MERIS RGB composite showing the horizontal cloistribution over the west coast of Africa on 13 August 2006nf 09:13:27 — 09:22:48 UTC, overlaid with a)
SCIAMACHY/FRESCO effective cloud fraction; b) SCIAMACHY Bsorbing Aerosol Index; ¢) SCIAMACHY Aerosol Direct Radiat Effect [Wm™2], retrieved over marine
clouds only. This shows the horizontal distribution of smaker clouds over the Atlantic and the subsequent positiRE Bue to the absorption of radiation by the aerosols over the
clouds. The vertical distribution of clouds and aerosabsglthe white CALIPSO track in Figure 4b is shown in Figure BeTistance between the CALIPSO track and the selected
pixel (shown by the arrow) is 300 km. The aerosol absorptinthé selected pixel is analysed in Figures 1 and 2.



Figure 5: Monthly averaged aerosol DRE over marine clouds*@.3, CP > 700 hPa, CPI< 5) measured
by SCIAMACHY in August 2006 over the South-Atlantic Oceartvoeen 20S and 10N and 10W and 20E.
Note that complete spatial coverage of SCIAMACHY nadir nneasents is only once per six days. Therefore,
gridbox values are averages of about 4 — 5 SCIAMACHY measentsn

below5. No selection on aerosol amount was made. Figure 5 showeatieas in the aerosol DRE
over clouds, which has never been shown before using acesdunements. Some of the structures
are caused by the low sampling of SCIAMACHY, but most is duthtvariable cloud and aerosol
fields, which change rapidly in days and even within one day.

The maximum DRE over clouds in a SCIAMACHY pixel in August Z0@as132 +8 Wm~2, and
the regionally and monthly average of the aerosol DRE owards in August wag3 &+ 8 Wm—2
with a standard deviation during this montha2fWm=—2.

The aerosol DRE was determined over the South-Atlantic @deang 2006—2009. Histograms of
the data are shown in Figure 6, for July 2006 and July 200hodlgh the average aerosol forcing
over clouds is rather similar for these months, there aar diéferences evident from the histograms.
In 2006 more extreme events are visible, with cloud scenemganore thanl00 Wm~2 of solar
radiation absorption by aerosols. This kind of detail isyaelached based on measurements. These
events can be important in future studies of aerosol seratiéffects on clouds, which can now be
easily selected from the data.
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Figure 6: Histograms of aerosol DRE over clouds in the Séutantic region for a) July 2006 and b) July
2007.
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Table 1: Spectral cloud reflectance LookUp Table nodes

Parameter Nodes

wavelength\ [nm] 295 310 340 380 430 610 867 1051 1246 1640
cloud optical thickness.q 2 4 8 12 16 20 24 32 48

droplet sizereg [pm] 3 4 6 8 12 16 20 24

cloud base height.;q [km] 0 1 4 8 12

total O; column(2 [DU] 267 334 401

surface albedol 0 05 1

droplet size eff. variance.s  0.15

number ofdy, 6, ¢ — ¢o 36 36 19

4. Modelled Cloud Shortwave Reflectance Spectra

In order to simulate aerosol-free cloud reflectance spectdds of TOA reflectances have been
generated. With these LUTS aerosol DRE over clouds can beedefor SCIAMACHY pixels
directly. The Doubling-Adding KNMI (DAK) RTM Btammes2001] was used for the simulations
of the reflectances. DAK computes the vectorised monochtiomedlectance and transmittance of
a pseudo-spherical atmosphere, using the polarised douitiding methodje Haan et al. 1987].
The internal radiation field of the atmosphere is determined finite number of layers, each of
which can have Rayleigh scattering, gas absorption, armsakand cloud particle scattering and
absorption. The atmosphere was divided in 32 layers, stingla standard mid-latitude atmosphere
gas and temperature profilariderson et a).1986]. The standard ground pressure Was3 hPa.
Water clouds were simulated inlakm thick layer using a gamma-distribution with effectiveliia
varying betweent and16 microns and an effective variance bb. This value is between typical
values for stratus and stratocumulttahsen 1971]. Cloud optical thickness,yq ranged fron2 to

48. Only water clouds were modelled, which are the most likelgencountered when aerosols
overlie the cloud. However, the height of the clouds was metricted to lower levels alone; the
height of the cloud bottom ranged frairto 12 km. The TOA reflectance was computed at between
60° x 19 to 156G x 19 different geometries, depending on the required reisolinh the RTM.
This was scaled down to 3&olar and viewing angles and 19 azimuth angles for all mozkies.
The surface albedo is accounted for analytically, by assgriti Lambertian and separating the
contribution to the TOA reflectance from the surface and theaphere [cfChandrasekharl960;

de Graaf et al. 2005]. In that case three surface albedo nodes suffice ihUWe Table 1 lists all
the 3.2 x 10* nodes of the LUT, each simulating cloud scene reflectanczs at 10* geometries.

An example of the modelled cloud scene TOA reflectances st Figure 7. It shows the main
dependencies of cloud reflectance spectra, whichrar€see the different curves in the plots) and
surface albedo (compare top and bottom panels). At SWIR lemagths the cloud droplet size starts
playing a role due to absorption by fluid water. This increaséh increasing.q and increasing
cloud droplet size (compare left plots,fr = 4um) and right plots (g = 16um)). The TOA
reflectance of a cloud scene is almost independent on thathefighe cloud base (not shown). At
visible and UV wavelengths the effect of a changing ozonerool density can be observed in green.

The LUT was generated for 10 wavelengths in the shortwaveadtgrand used to derive aerosol
DRE from SCIAMACHY. However, the algorithm is not restridtéo one instruments. It can be
used to simulate the shortwave reflectance spectrum of whteds, which may be compared to
measurements from spectro(radio)meters or a combinafiorsmuments sampling the shortwave
spectrum. Examples include OMI+MODIS on the Aura and Agwfpfms, flying synchronous in
the A-train, and the future missions of TROPOMI and VIIRS @EBA satellite and NOAA NPP)
and a combination of OMI and the future UV-NS on Metop-SG.

5. Accuracy
5.1. Unpolluted cloud spectra accuracy assessment

The LUTs described in the previous section also provide dapendent calibration tool for satellite
measurements of unpolluted (aerosol-free) cloud refleetapectra. One example of a modelled
and a measured unpolluted cloud reflectance spectrum isnsimolaigure 8. The measured cloud
reflectance spectrum on 14 August 2006 at 10:30:04 UTC oeeddlith-Atlantic Ocean is shown in
various colours, according to different integration tinfidg of SCIAMACHY. Parts of the spectrum
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Figure 7: Subset of the LUT showing water cloud scene refteetapectra for one geometry, a cloud base
height of 0 km, a total ozone column of 267 DU and varyigg , cloud droplet size and surface albedo (red).
The green curve shows the water cloud scene reflectanceapect r..q of 48, but with the total ozone
column changed to 401 DU.

12



1.0 T T T T T

SCIAMACHY spectrum 14—AUG=2006 10:30:03.73757 g.;gs s
[ SCI_NL__1PRI PA20060814_093518_000060642050_00194_23294_9224 N1 — Yos n
060814_0935_scia_sc_cai.sav : 2948 — 05s
— | O
—— simulated
L surf. albedo
3
o 06— ]
€
2 - i
g h
B 04 P A= —2.29
05 = 247.6 DU
[ T cpi = 2.94
cp = 856.1 hPa
0.2— | cf= 0.68
L cot = 14.3
fgg = 15.4 um
0.0 -2
Foee = =51 Wm
0.015F =
0.010— Difference (Simulated — Sciamachy) -
0.005— | 9 = 20.8°
% 0.000F - = 43. 9;
~0.005— 3 ¢- ¢D= 55.6
-0.010— |
-0.015 = |

28295 340 380 430 610 867 1051 1246 1640750
Wavelength [nm]

Figure 8: Simulated (black) and measured reflectance spettin aerosol-unpolluted water cloud scene on
14 August 2006 at 10:30:04 UTC at different ITs: 0.25 s (r&d), s (green) and 1 s (blue). The absence of
absorbing aerosols above the clouds was ensured by a reegatile of the AAl of—0.8. This scene was
characterised by a cloud phase indexp# cloud fraction 0D.7 and a cloud pressure 866 hPa, indicating

a low level marine cloud. The retrieved,4 for this scene wag4.3, ther.s was15.4 um. The simulated
cloud spectrum for these cloud parameters, the scene ggoamet a total ozone column @ft8 DU, is shown

in black. The modelled surface albedo is shown in cyan. Thieatance difference between the simulated and
measured cloud scene is shown in the lower panel. The sarspde@ is the blue spot in the middle of the red
box over the South-Atlantic Ocean as shown in the inset.

that were sampled with an IT of 0.25 s, and co-added, are slwwed, parts that were sampled
with an IT of 0.5 s, and co-added, are shown in green, and hetsvere sampled with an IT of 1 s
are shown in blue. The entire spectrum has an IT of 1 s. Thenabsaf UV-absorbing aerosols
was confirmed by a negative AAl value ef0.8. The FRESCO cloud fraction and cloud pressure
were(.7 and856 hPa for this scene, respectively, indicating a marine loxelleloud. The cloud
optical thickness and droplet effective radius for thisngceverel4.3 and15.4 um, respectively.
The simulated unpolluted cloud reflectance spectrum ubiesgt parameters is shown in black. The
difference between the simulated and measured reflectgpedra is plotted in the lower panel
of Figure 8, and shows that the difference is in general verglis(< 0.015) for this scene. The
differences are well within the uncertainty of SCIAMACHYreflectance measurements of about
3%. Apparently, an unpolluted cloud reflectance spectrum eaadeurately extrapolated from the
SWIR to the visible and the UV.

The differences between the modelled and measured speettaiased by SCIAMACHY's mea-
surement uncertainty and the errors in the retrieval of linectoptical thickness and effective droplet
size. Minor causes are interpolation errors in the LUT anskjlaly scattering by aerosols in the
scene that cannot be distinguished from clouds. The latterseare random, but SCIAMACHY
measurement ang,q andr.g retrieval errors may be systematic. The presented caspicatyor
SCIAMACHY measurements of unpolluted water cloud specft@omplete accuracy assessment
and the consequences for the retrieval uncertainty areptes inde Graaf et al[2012].

5.2. Polluted cloud spectra accuracy assessment

To fully understand the processes involved in the obserg#datances, model calculations were
performed which simulate not only the unpolluted cloud s;énit also a polluted cloud scene. The
cloud layer was simulated inlakm thick layer with variable optical thickness, simulatedofore.

A Mie model for smoke was used with a refractive index at 550afirh54 — 0.018:. This number
was found for aged smoke during the SAFARI 2000 campditgyjvood et al.2003] and was used
for all wavelengths longer th&$0 nm. However, for the UV spectral region the imaginary retivac
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Figure 9: Top panel: modelled aerosol-polluted cloud rédlece spectrum (purple), together with the mea-
sured SCIAMACHY scene reflectance (black) and the modebigialent aerosol-unpolluted cloud reflectance
spectrum (blue) on 10 August 2006 at 09:13:51.89 UTC. Thieajphickness of the model aerosol laygk.
was 0.6 at 550 nm. Bottom panel: Difference between the simulated and oredsaerosol-polluted cloud
reflectance spectra (dashed purple) and the differenceebatihe simulated unpolluted and polluted cloud
reflectance spectra (solid purple).

index was maodified in line with recent studies that have iat#id that biomass burning aerosols
are characterised by a significant fraction of organic canffaC) [e.g.Kirchstetter et al. 2004;
Bergstrom et a].2007], which is produced mainly by incomplete combustiomcpsses. The light
absorbing efficiency of OC increases strongly with decrepsiavelength in the UV. In contrast,
aerosols dominated by black carbon (BC) have wavelengttpi@ddent refractive indices (‘gray’
aerosol). These aerosols are found more in industrial wastucts, where combustion processes
have been optimised. The wavelength dependence of thechatwsorption is expressed by the
absorptionAngstrom exponent, which is different for different typefsaerosols. The absorption
Angstrom exponent for African biomass burning aerosalenffSAFARI 2000 observations was
found to be around.45 in the spectral region frord25 to 1000 nm [Bergstrom et a].2007;Russell

et al, 2010]. Satellite observations from OMI proved better ditteith aerosol models that had
absorptioPAngstrom exponents fro.5 to 3 in the UV [Jethva and Torrgs2011]. The absorption
Angstrom exponent for the smoke model used here2v@isin the UV. This fitted the wavelength
dependence of the reflectance spectrum well when appliednadel scene of smoke and clouds,
see Figure 9. A bi-modal log-normal size distribution modat used, based on the ‘very aged’ (5
days) biomass plume found over Ascension Island during SAFR2000 Haywood et al. 2003].
The geometric radii for this haze plume used in the simufatibere were. = 0.255 um and

r¢ = 0.117 um for the coarse and fine modes, with standard deviatigns 1.4 andoy = 1.25,
respectively. The fine mode number fraction Wa#)97.

The aerosol extinction optical thicknesg, of the aerosol layer was fitted so that the total irradiance
change of the modelled scene matched that of the measuneel $é&r a scene on 10 August 2006,
at 09:13:52 UTC this yielded &,., of 0.6 at 550 nm, see Figure 9. The reflectance spectrum of
this modelled scene is shown by the purple curve, while thesmed reflectance spectrum is given
in black and the modelled unpolluted cloud reflectance spetin blue. The differences between
the modelled aerosol-polluted cloud scene and the meaauncethodelled unpolluted cloud scenes
are given in the lower panel. The simulation follows the nueeshents closely over most of the
spectral region, confirming the wavelength dependenceedditioke refractive index. Below about
400 nm the slope of the reflectance spectrum is slightly overeg#d, so the absorptigingstrom
exponent should probably be smaller in this spectral refgiothis scene. The polluted cloud scene
is analysed to assess the errors involved in adding aerwsalsloud scene.
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Figure 10: Changes in the anisotropy factor due to aerosdlsei scene. a) Top panel: Net irradiance change
(absorbed energy) as a function of wavelength for a scend®dkugjust 2006 at 09:13:51.89 UTC. The blue
curve shows the irradiance change using the anisotropgrfatthe modelled aerosol-unpolluted cloud scene
Bea as in equation (10), while the purple curve shows the irrazbachange with the actual (modelled) aerosol-
polluted cloud scene anisotropy. Bottom panel: Anisotrigayor for the modelled unpolluted cloud sceBgq
(blue) and the modelled polluted cloud sceBg4+aer (purple). b) Anisotropy change as a function of solar
zenith angle for selected wavelengths due to the presertbe akrosols. The modelled scene was the same as
in a). The dotted lines with open symbols show the anisota@nge for a viewing zenith angle of 1The

solid line with filled symbols shows the anisotropy changesfeiewing zenith angle of 40

5.3. Anisotropy factor

From the model results the anisotropy factor of the aerpstilited cloud scenB.4.t .. Can now be
determined for any geometry. For the scene shown in Figuine @nisotropy factor of the aerosol-
polluted scene is slightly different from that of the aelasapolluted cloud scene, see Figure 10a.
As mentioned above, the optical thickness of the aeroselrlay, was fitted so that the aerosol
DRE, using equation (10), was the same for the modelled akpadluted cloud scene as for the
measured scen@4 Wm~2). When the actual anisotropy factor of the modelled aerpstilited
cloud scene was used, as in equation (8), the aerosol almsospifts slightly from the UV to more
visible wavelengths (see top panel in Figure 10a). Sincepdak of the solar irradiance is in the
visible, the total aerosol DRE increased by 0.9% (fi&hv5 to 84.48 Wm—2).

A modelling study showed that the angular redistributiorscdttered radiation by aerosols is de-
pendent orr,.,, wavelength and geometry. The dependence,gnis linear, with an increasing
change for increasing,.,. The change in anisotropy as a function of solar zenith aisgié/en in
Figure 10b for several wavelengths. It is relatively smadlray wavelength and viewing zenith angle
for solar zenith angles below B0For larger solar zenith angles the change can be larger.

5.4. Cloud optical thickness and droplet size retrieval

The cloud microphysical parameters cloud optical thickngg and cloud droplet effective radius
rog Ccan be derived from the cloud scene reflectance in the vigibtethe SWIR. llakajima and
King, 1990;Platnick et al, 2003]. In Figure 11 the effect of absorbing aerosols onrétiseval of
cloud microphysical parameters is shown, followktgywood et al[2004]. The left panel shows the
difference between the cloud microphysical retrievalscfean (black) and smoke polluted (white)
clouds using the 867 nm and 1640 nm channels, which is thelersyth pair used for many instru-
ments like Advanced Very High Resolution Radiometer (AVHRRawamoto et al.2001], Mod-
erate Resolution Imaging Spectroradiometer (MODMgafnick et al, 2003], Spinning Enhanced
Visible and Infrared Imager (SEVIRIRoebeling et al.2006] and SCIAMACHY byKokhanovsky
et al. [2005]. As was shown bydaywood et al[2004], the TOA reflectance for a polluted cloud
is lower than that for a clean cloud, due to the aerosol alisorpTherefore, without a correction
for this effect, the retrieved cloud optical thickness afidaive radius will be underestimated. The
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Figure 11: Clean cloud (black) and smoke polluted (white ATr€flectances at one geometry (as given) using
different channels: 867/1640 nm (left panel), and 12460164 (right panel).

right panel shows the effect of using the 1246/1640 nm wangltepair instead of the 867/1640 nm

wavelength pair. At 1246 nm the extinction coefficient issthtimes lower than at 867 nm and even
only 11 % of that at 555 nm. Note that an aerosol optical théslsnof 0.6 at 555 nm represents a
dense smoke layer. Therefore, a retrieval algorithm wasseto retrieve cloud parameters using
SWIR wavelengths only, to minimise absorbing aerosol ¢ffeom smoke.

5.5. FRESCO retrievals

Using the modelled polluted cloud scene, the changes in ERE®trievals due to aerosol absorp-
tion were assessed. The change in FRESCO CP and FRESCO Giereasing AOT is shown
in Figure 12. FRESCO CF is increasingly affected by aerobebegption, while FRESCO CP is
affected only for AOT larger than aboui at550 nm. Since the maximum AOT for smoke over the
South-Atlantic Ocean is abouts at532 nm [Chand et al.2009], the influence of aerosol absorption
on the FRESCO CP retrieval is expected to be small. Furthernsace cloud height has a small
influence on the aerosol DRE, the error from FRESCO CP retrigvcertainties can be neglected.
The FRESCO CF is underestimated by ab@atfor an AOT of1.5 at 550 nm. Note that the AAI
for an AOT of1.5 at550 nm is already as high &s
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Figure 12: Change of FRESCO cloud pressure (red) and claatidn (blue) retrievals, for increasing aerosol

load above a cloud at two solar zenith angles and nadir vidw. XFaxes show the AOT of the smoke layer at
three different wavelengths. The water cloud, with a cloptical thickness of 20, was placed between 1 and
2 km, while the absorbing smoke layer was placed between % &nd
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6. Conclusions

During project CLARIFI a completely new and innovative madhwvas developed to retrieve the
aerosol DRE over clouds using space-based spectrometsureezents and RTM results of cloud
scene TOA reflectances. In order to avoid the difficultiesatrieving aerosol parameters from
satellite instruments in general, and in cloudy scenes itiqudar, only cloud parameters are re-
trieved from the measurements, along with scene paramtbi@rsare needed to characterize the
cloud reflectance spectrum. The latter include generaliylave parameters like scattering geom-
etry, total ozone column and surface albedo. Cloud fraaimhcloud height can be retrieved using
the FRESCO algorithm, relatively unaffected by aerosotamination. Cloud droplet effective ra-
diusr.g and cloud optical thickness,q can be retrieved in the SWIR with also well-established
algorithms used for MODIS and SEVIRI, among others. Howes@ecial care must be taken when
retrieving these parameters in aerosol contaminated doades. Absorption by aerosols in the
cloud retrieval bands can bias the retrieved cloud parasietdich is relevant in the current con-
text. Therefore, the cloud parameters are retrieved as theiSWIR as possible, where the aerosol
extinction optical thickness,., becomes negligible. Aerosols attenuate the radiation reifist
ciently at wavelengths comparable to their own sizes. Ttdams that a retrieval ofg¢ andr. 4 at
wavelengths away from the optically active range of the s@sowill be optimal.

With the retrieved cloud and scene parameters a reflectgrezram can be simulated for an
aerosol-unpolluted cloud scene. This reflectance speatamibe compared with the measured re-
flectance and the aerosol DRE can be determined for any watet scene for which the reflectance
spectrum is measured in the solar spectral range, whilsalerdcrophysical property assumptions
and retrievals are avoided. The differences between thetrspean be attributed directly to aerosol
absorption, although scattering effects may also remowadrradiation in the viewing direction.
The latter effectis indicated by a change in anisotropydiagthich was shown to be small compared
to the reduction in the reflectance due to absorption, forkemo

The aerosol DRE over clouds from SCIAMACHY was averaged flarlaudy scenes in a box over
the South-Atlantic Ocean in August 2006. During this pedoadextensive biomass burning aerosol
plume was advected from the African mainland over a permtanarine boundary layer cloud deck.
The maximum aerosol DRE found during this period in a singtelpvas132+8 Wm~2. Such high
values were also found in the reduction of shortwave flux f@BRES in areas with high TOMS
Al near China Hsu et al, 2003]. The regionally and monthly averaged aerosol DRE clegids in
August 2006 wag3 + 8 Wm~2 with a variation over the region in this month 2 Wm=2.

SCIAMACHY'’s 0.25 s pixels have a spatial resolution of approximaigy 30 km?, and global
coverage is reached once every six days. Although with thésgth SCIAMACHY does not have
an optimal spatial resolution, the averaged retrievedsm¢@RE over clouds shows unprecedented
details. The aerosol DRE over clouds is dependent on clovelr@nd aerosol presence, which are
both highly variable. SCIAMACHY has been measuring sudedigssince mid-2002, which can be
used to retrieve time series of the aerosol DRE over cloudsaate this to changes in cloud cover
and aerosol presence.

To retrieve the aerosol DRE at an even higher spatial rasaluthe method presented here for
SCIAMACHY may be used for other instruments as well. For egegnMODIS and OMI, flying

in the A-Train constellation, may be used to retrieve cloathmeters in the SWIR (from MODIS),
while spectral UV reflectance measurements from OMI can led ts determine the aerosol ab-
sorption. The spectral range of OMI covers only the wavdiemggion up to500 nm, but the
current study shows that this will suffice to capture the lmflthe absorbed energy in the solar spec-
trum. The reflectance spectrum in the visible and SWIR mayshimated using the few reflectance
measurements from MODIS at longer wavelengths. With a pngeded cloud reflectance LUT at
OMI/MODIS wavelengths the aerosol DRE in cloud scenes man the estimated at a superior
spatial resolution.

The use of retrieved cloud optical thickness and cloud etogffective radius to construct a (water
cloud) reflectance spectrum implies an implicit separadithhe aerosol DRE in cloudy scene from
that in clear skies. This is one of the areas where obsenstibaerosol DRE are currently lack-
ing [Yu et al, 2006;Forster et al, 2007]. Consequently, the method presented here can corapte
studies that retrieve aerosol parameters in clear-sky dily latter may be used to derive the aerosol
DRE in clear-skies.
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