Atmos. Chem. Phys., 12, 9053877, 2012 iy —* -

www.atmos-chem-phys.net/12/9057/2012/ Atmospherlc
doi:10.5194/acp-12-9057-2012 Chemls_try
© Author(s) 2012. CC Attribution 3.0 License. and Phys|cs

B

Interpretation of FRESCO cloud retrievals in case of absorbing
aerosol events

P. Wang, O. N. E. Tuinder, L. G. Tilstra, M. de Graaf, and P. Stammes
Royal Netherlands Meteorological Institute (KNMI), De Bilt, The Netherlands

Correspondence td®. Wang (wangp@knmi.nl)

Received: 17 October 2011 — Published in Atmos. Chem. Phys. Discuss.: 12 December 2011
Revised: 18 July 2012 — Accepted: 19 September 2012 — Published: 4 October 2012

Abstract. Cloud and aerosol information is needed in 1 Introduction
trace gas retrievals from satellite measurements. The Fast
REtrieval Scheme for Clouds from the Oxygen A band
(FRESCO) cloud algorithm employs reflectance spectra ofCloud and aerosol information is relevant for the trace gas re-
the O, A band around 760 nm to derive cloud pressure andtrievals from satellite spectrometers like the Scanning Imag-
effective cloud fraction. In general, clouds contribute more iNg Absorption Spectrometer for Atmospheric CHartogra-
to the @ A band reflectance than aerosols. Therefore, thePhY (SCIAMACHY) on Envisat Bovensmann et al1999
FRESCO algorithm does not correct for aerosol effects inand the Global Ozone Monitoring Experiment (GOME-2) on
the retrievals and attributes the retrieved cloud informationMetop-A (Munro et al, 200§. Cloud products are used to
entirely to the presence of clouds, and not to aerosols. Focreen cloudy pixels or to correct for the effects of clouds on
events with high aerosol loading, aerosols may have a domithe trace gas retrievals. Various algorithms have been devel-
nant effect, especially for aimost cloud free scenes. We hav@Ped to retrieve cloud parameters from the SCIAMACHY
analysed FRESCO cloud data and Absorbing Aerosol In-and GOME-2 oxygen A band spectral measurements (e.g.
dex (AAl) data from the Global Ozone Monitoring Exper- Koelemeijer et al.2001; Kokhanovsky et 2009 and from
iment (GOME-2) instrument on the Metop-A satellite for the PMD (Polarisation Measurement Device) imagery mea-
events with typical absorbing aerosol types, such as volcani§urementsl(oyola, 2004 Grzegorski et a).2008.
ash, desert dust and smoke. We find that the FRESCO ef- The Fast Retrieval Scheme for Clouds from the Oxy-
fective cloud fractions are correlated with the AAI data for 98N A band (FRESCO) cloud retrieval algorithm has been
these absorbing aerosol events and that the FRESCO clou@eveloped as a simple but fast and robust algorithm for
pressure contains information on aerosol layer pressure. FdPOME, SCIAMACHY and GOME-2 Koelemeijer et a|.
cloud free scenes, the derived FRESCO cloud pressure 8001 Wang et al.2008. FRESCO employs the reflectance
close to the aerosol layer pressure, especially for opticallysPectrum of the @ A band at 760nm to derive effective
thick aerosol layers. For cloudy scenes, if the strongly ap-Cloud fraction and cloud pressure. Aerosols are treated in the
sorbing aerosols are located above the clouds, then the réame way as clouds in FRESCO, because clouds have much
trieved FRESCO cloud pressure may represent the height derger effects on the £A band reflectances than aerosols in
the aerosol layer rather than the height of the clouds. Comeloudy scenes. FRESCO cloud pressures have been validated
bining FRESCO and AAI data, an estimate for the aerosolWith ground-based lidar/radar measuremeité&ar(g et al.
layer pressure can be given. 2008. The FRESCO cloud product has not been investigated
for events with high aerosol loading. It is well-known that the
O2 A band is suitable for the retrieval of aerosol height for
cloud free scenes over the oceaBaljuisson et al.2009
Boesche et al.2009. Therefore, it is interesting to know
if there is any aerosol information in the FRESCO cloud
product, and how to interpret it. The FRESCO retrievals are
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9058 P. Wang et al.: Interpretation of FRESCO cloud retrievals

performed for all scenes globally. For scenes with absorbingGOME-2 level 1 cloud product is based on the FRESCO al-

aerosols the information could be aerosol information, or if gorithm Wang and Stammeg2007). In this analysis we use

there are clouds, a mixture of aerosol and cloud information.an improved FRESCO algorithm, FRESCO version 6 (v6).
The Absorbing Aerosol Index (AAl), derived from UV In order to simulate the reflectance spectrum of a partly

reflectances, is an operational product of SCIAMACHY, cloudy pixel inside and outside the;@ band, a simple at-

GOME-2 and OMI (Ozone Monitoring Instrumentpé¢ mospheric model is used, in which the atmosphere above the

Graaf et al, 2005 Tilstra et al, 2010 Herman et a].1997, ground surface (for the cloud free part of the pixel) or cloud

Torres et al.1998 2007). The aerosol types that are mostly (for the cloudy part of the pixel) is treated as an absorbing

seen in the AAl data are desert dust, biomass burning smoké&ue to oxygen) and purely Rayleigh scattering medium. Re-

and volcanic ash aerosols. The AAl is hardly sensitive toflection occurs only at the surface and the cloud top. Sur-

clouds; therefore it is derived for both cloud free and cloudy face and cloud are assumed to be Lambertian reflectors. The

scenesTorres et al.1998 2012 De Graaf et al.2005 Pen-  reflectanceRsim(%, 8, 6o, ¢ — ¢g) at wavelengthi, viewing

ning de Vries and WagngR011J). It is not straightforward  zenith angled, solar zenith angle (SZA)y, and relative az-

to use the AAI quantitatively, because the AAI is sensitive imuth anglep — ¢ is then given by Eq. (1),

to aerosol particle size, aerosol layer height, aerosol optical

thickness, and single scattering albedor(es et al. 1998  Rsim= cTe(ze)Ac+ cRe(ze) + (1-0)Ts(zs) As + (1-c) Rs(zs). (1)

D.e Graaf et :_il.ZOOE). Both aerosql optical th|cknes§ and If ¢ =1, the surface related terms vanish and Eqg. (1) is

single scattering albedo can be simultaneously derived uséimplified t0 Eq. (2)

ing observations of the AAI and reflectance at a near UV B

wavelength channel if the aerosol layer heightis knoWor{ g —T¢(z50) Asc+ Re(zs0)- 2

res et al. 1998. The AAI has been extensively used in the

studies of biomass burning aerosols, desert dust and volcanidote that the wavelength and angle dependences are omitted

ash plumes (e.daufman et al.2005 Fromm et al. 2006 in Egs. (1, 2) forRsim, T¢, Re, Ts, andRs. In the above equa-

Eckardt and Kuring2005 Dirksen et al. 2009 De Graaf et  tions,c is the effective cloud fraction at the;Q\ band, A

al., 2010a Guan et al.201Q Witte et al, 2011). The GOME- s the cloud albedods is the surface albedo, amtk. is the

2 AAl product is also used to support the Volcanic Ash Ad- scene albeddl' (A, zs, 6, 6o), T(, zc, 0, 6p), andT (A, zZsc,

visory Centres (VAAChttp://www.temis.nl/o3msaf/vagc/ 0, 6p) are the direct atmospheric transmittances for light en-
In this study we focus on the interpretation of the FRESCOtering the atmosphere from the solar direction, propagating

cloud product for strongly absorbing aerosol events, espedown to different levels with surface heighy, cloud height

cially desert dust, biomass burning smoke, and volcanic ash¢, and scene heightc, respectively, then propagating to the

plumes. In order to identify aerosol events we use the AAltop of the atmosphere (TOA) in the direction of the satellite.

as an indicator. We first analyse FRESCO cloud data using’he & absorption and single Rayleigh scattering are taken

simulated spectra with absorbing aerosols and then analysato account in the light paths for the transmittances and the

FRESCO data from GOME-2 measurements for the selectedingle Rayleigh scattering reflectances above the cl&gil (

events. The structure of the paper is as follows. The GOME-and the surfaceRs), respectively Yang et al. 2008. The

2 FRESCO and AAI data and the method used in the analtransmittances and reflectances are pre-calculated and stored

ysis are described in Sect. 2. In Sect. 3 we simulate the efin look-up tables (LUT).

fect of absorbing aerosols on the retrieved cloud pressure, In FRESCO v6, effective cloud fraction, cloud pressure

effective cloud fraction, scene pressure, and scene albeddor cloud height), scene albedo and scene pressure (or scene

Section 4 presents the analysis of GOME-2 retrieval resultdeight) are derived for every pixel. Scene albedo and scene

for scenes containing volcanic ash plumes, Saharan desepressure were already retrieved in previous FRESCO ver-

dust, biomass burning smoke in West Africa, and Russiarsions but only for pixels flagged as having snow/ice on the

wild fires. In Sect. 5 conclusions are given. surface. In the FRESCO algorithm, the cloud height, scene

height and surface height are converted to cloud pressure,
scene pressure and surface pressure using the mid-latitude

2 Data sets and methodology summer atmospheric profildQderson et a).1986. There-
fore, in FRESCO products the terms “height” and “pressure”
2.1 FRESCO cloud data are interchangeable. The effective cloud fraction and cloud

pressure (cloud height) are retrieved using Eq. (1), whereas
GOME-2 is onboard the Metop-A satellite of EUMETSAT. the cloud albedo is assumed to be O®¢lemeijer et al.
Metop-A is a Sun-synchronised polar orbiting satellite with 2001), because cloud albedo and cloud fraction informa-
an overpass time of 09:30 local time (LT) at the equator. Thetion cannot be separated from the @ band spectra due
swath width of the GOME-2 instrument is 1920 km with a to the large pixel size of GOME-2 and other similar satel-
pixel size of 40x 80 kn?. The GOME-2 spectrum covers lite spectrometers. Because of the wavelength dependence of
the wavelength range 240-790 nMuynro et al, 2009. The Rayleigh scattering, the effective cloud fraction derived from
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the @ A band is larger than that in the UV. Surface albedo ters, the aerosol layer height and the aerosol optical thickness

and surface height are taken from auxiliary databases. are the most dominant. Generally speaking, aerosol plumes
Using Eq. (2), the scene albedo and scene pressure are deith large optical thickness and/or located at higher altitudes

rived by assuming the cloud fraction to beKloglemeijer et produce larger AAl values than plumes that are optically thin

al, 2001 Stammes et gl2008 Wang et al. 2008. Large  or are close to the surfacB¢ Graaf et a].2005 Torres et al.

aerosol plumes often cover several GOME-2 pixels. Thus, it1998 Jeong and HSW2008.

seems reasonable to assume an aerosol or cloud fraction of

1 in these situations. The retrieved scene pressure and scede3 MODIS data

albedo are a radiance-weighted average of the cloudy and

cloud free parts of the pixels, because the GOME-2 pixels' "€ Moderate Resolution Imaging Spectroradiometer

are often partly cloudyKrijger et al, 2009. If a pixel is (MODIS) onboard 'the NASA EOS Tgrra .satelllte has an

fully covered with clouds having optical thickness larger than €9Uator overpass time of 10:30LT, which is about 1h later

about 35 Koelemeijer et a].2003), the FRESCO scene pres- than GOME-2 (09:30LT). Because of the difference be-

sure is the same as the cloud pressure. tween the GOME-2 and MODIS overpass times, we cannot
The FRESCO v6 algorithm is an upgrade of the FRESCO+Validate the GOME—Z cloud product by using MODIS data.

(or FRESCO v5) algorithm using new databases and providIhe MODIS RGB images and fire counts maps are used to

ing more output dataWang and van der A2011 Wang visually determine the cloud amount and the location of the

et al, 201). FRESCO v6 uses the high spatial resolu- 2€rosol plume.

tion (0.25° x 0.25°) surface albedo climatology derived from 2.4 Methodology

MERIS (Popp et al.2011) and the latest ®line parameters '

from the HITRAN 2008 databas&k¢thman et &.2009.  The jnterpretation of the FRESCO product for absorbing

Therefore, the effective cloud fraction and cloud pressure; g gq0| events is based on the relationship between the AAI

are retrieved more accurately. Because the absorption in thg\4 the FRESCO products. If the AAI values are corre-
Oz A band is slightly stronger in HITRAN 2008 than in 516 with the effective cloud fractions and/or scene albedos,
HITRAN 2004, the FRESCO v6 global mean cloud pres-hen these two FRESCO products may contain aerosol op-
sure is about 10hPa lower than for FRESCO v5. The Hl-jicq) thickness information. If the AAI values are correlated
TRAN database change has no effect on the FRESCO efgh FRESCO cloud pressures and/or scene pressures, then
fective cloqd frgcnon. The difference bet.ween.the effective hese FRESCO products may contain information on aerosol
cloud fraction in FRESCO v6 and V5 is entirely due 10 peight The FRESCO products may be interpreted differently
the MERIS surface albed®0pp et al.2013). The MERIS ¢4 ¢joud free scenes and cloudy scenes. In order to under-
surface albedo is only available over land; over ocean theang the FRESCO product for absorbing aerosol events, we
GOME surface albedo {1x 1°) is used Koelemeijer etal. ot investigate the FRESCO product using simulatedO
2003. Thus, in FRESCO V6 the effective cloud fraction is panq spectra for scenes containing absorbing aerosols and
expected to be improved with respect to v5 mainly over landgo,ds. Next, strong absorbing aerosol events are selected
and at coastal regions. from GOME-2 AAI global maps for 2010 and 2011 with
AAl values larger than 1. In order to get more significant
statistics, we choose aerosol plumes with an extent of several

_ ) degrees in latitude and longitude. In the analysis we select
The operational GOME-2 Absorbing Aerosol Index (AAI), tq,r typical events with absorbing aerosols: a volcanic ash

produced by the O3M SAF (Ozone and Atmospheric Chem-,;me event, a desert dust event, a biomass burning smoke
istry Satellite Application Facility) of EUMETSAT, is de- e ent and a wild fire smoke event. For all the selected aerosol

rived from the 340/380 nm wavelength paffilgtra et al,  gyents we also verify the plumes using the corresponding
201Q De Graaf et al.2010h. The part of the reflectance  \iop|s/Terra images. For every event we study the relation-

spectrum that contains this wavelength pair is measured S|§hip between GOME-2 AAl and GOME-2 FRESCO effec-
multaneously with the ©A band spectrum from which the 6 cjoud fraction, cloud pressure, scene albedo and scene
FRESCO cloud products are derived. As a result, the GOM E'pressure, respectively.
2 AAl and FRESCO data are collocated. The main advan-
tage of the AAI over other aerosol detection techniques is its
ability to detect absorbing aerosols over both land and sea
surfaces, even in the presence of clouds. The latter property
makes it very suited for the analysis performed in this paper.
The AAI has been shown to be sensitive to aerosol single
scattering albedo, aerosol optical thickness (AOT), aerosol
layer height, scattering geometry, and surface heigbirés
et al, 1998 De Graaf et al.2005. From this list of parame-

2.2 Absorbing Aerosol Index data

www.atmos-chem-phys.net/12/9057/2012/ Atmos. Chem. Phys., 12, 9@&/7~, 2012
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Table 1. Aerosol and cloud microphysics models used in the Mie calculatiggs effective radius of cloud droplet size distributian:
effective variance of cloud droplet size distribution.

Biomass burning aerosols Dust aerosols Clouds
BBA (Case 1) BBA (Case 2)
Size distribution bi-modal log-normal bi-modal log-normal  bi-modal log-normal  two-parameter Gamma
Geometric radius fine mode (um) 0.117 0.117 0.052 reff = 6 um
Geometric radius coarse mode (um) 0.255 0.255 0.670
Standard deviation fine mode (um) 1.25 1.25 1.697 veff = 0.15 um
Standard deviation coarse mode (um)  1.40 1.40 1.806
Number fraction of coarse mode 0.0003 0.0003 0.00435
Refractive index at 340 nm 1.54 + 0.060 1.51+0.03 1.55 + 0.006 1.36+0
Refractive index at 380 nm 1.54 + 0.048 1.51+0.02 1.55 + 0.0042 135+0
Refractive index at 550 nm 1.54 + 0.018 1.51+0.01 1.55 + 0.004 134+0
Refractive index at 760 nm 1.54 +0.018 1.51+0.01 1.55 + 0.004 1.33+0

Table 2. Aerosol and cloud optical properties from the Mie calculations. SSA: single scattering albedo, ASY: asymmetry parameter, EXT:
extinction efficiency.

BBA Case 1 \ BBA Case 2 \ Dust \ Clouds
Wavelength (nm) SSA  ASY EXT| SSA ASY EXT | SSA ASY EXT | SSA ASY EXT
340 0.789 0.711 2657 0.877 0.704 2500 0.871 0.722 1.945 1 0.853 2.092
380 0.821 0.679 2313 0.911 0.673 2.117 0.900 0712 1.815 1 0.854 2.101
550 0.903 0551 1.087 0.939 0.549 0.949 0.907 0.694 1.469 1 0.851 2.131
760 0.862 0.367 0.451 0.910 0.361 0.384 0.917 0.679 1.313 1 0.845 2.165

3 FRESCO retrievals using simulated spectra of scenes Both aerosol models use a bi-modal log-normal size distri-

containing clouds and aerosols bution Boesche et al20086.
The wavelength dependence of the AOT was taken into
3.1 Simulations of UV reflectance and @ A band account using the extinction efficiency, which is the ratio be-
spectra tween extinction cross-section and geometric cross-section

(Hansen and Travj4974). For example, if the extinction ef-
The simulations were performed for two kinds of biomass ficiency of the biomass burning aerosol is 0.45 at 760 nm and

burning aerosols (BBA) and dust aerosols in cloud free andt-09 @t 550nm, then an AOT of 1 at 760 nm corresponds to
fully cloudy scenes. The scattering properties of the aerosol@ AOT of 109/0.45=2.42 at 550 nm. The biomass burn-
and clouds were approximated using Mie calculatidbe ( ing aerosols used in this paper are more absorbing than the
Rooij and Van der Stapl984. The characteristics of the dUSt aerosols.
aerosol and cloud models and the optical properties calcu- The & A ba_nd spectra gnd the reflegtances gt 340 and
lated from Mie theory are presented in Tableand?2. 380 nm were simulated using the Doubling Adding KNMI
The first biomass burning aerosol model was taken from(PAK) code De Haan et a).1987 Stammes2003). Polar-
De Graaf et al(2012 (called Case 1), which represents aged |_sat|0n was mcluded in the 340/380_nm reflectance calcula-
smoke. The absorptiof\ngstrbm exponent was 2.91 in the tions but notin the @A bgnd calcu_latlpns. Comparec_i to thg
UV, which is in good agreement with the values reported YV: the effect of neglecting polarisation on the radiance in
by Jethva and Torre€011). This aerosol model represents tNe & A band is very small because Rayleigh scattering is
a strongly absorbing aerosol case, having a single scatterery small there. In add|t|on, including polarls_at|0n inthg O
ing albedo of 0.82 at 380 nm. The second biomass burning* 2nd would be computationally too expensive. _
aerosol model (Case 2) has a single scattering albedo of 0.91 The mid-latitude summer aimospheric profile was used in

at 380 nm, which is close to the single scattering albedo of'€ Simulations Anderson et 2).1989. We set a biomass
African savanna biomass burning aeros@sifovik et al burning aerosol layer between 4 and 5 km to represent smoke
2002. ' events using BBA Cases 1 and 2. A low altitude aerosol

For dust aerosols, we used the particle size distribution pal@Yer Peétween 1 and 2km was simulated using BBA Case 2
rameters from the dust aerosol model of the OMI near-Uy Without clouds. The dust aerosol layers between 2 and 3km

algorithm (Torres et al.2007). The complex refractive index 2nd between 5 and 6km are simulated to represent typical
for the dust aerosols was taken frd@nyuk et al.(2003. desert dust aerosol heightgu( et al, 2010. In a volcanic

Atmos. Chem. Phys., 12, 9058077, 2012 www.atmos-chem-phys.net/12/9057/2012/
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Fig. 1. FRESCO retrieval results @¢&) cloud height(b) scene height(c) effective cloud fraction, an¢tl) scene albedo using simulated O

A band spectra for biomass burning aerosol Case 1 in a cloud free scene and in a cloudy scene (COT=20). Aerosol optical thickness (AOT)
is 0—-4. The cloud layer is located between 1 and 2 km altitude and the location of the aerosol layer is between 4 and 5km. The location
of aerosol and cloud layers is indicated with dashed lines. Surface albedo is 0.05. Results for two solar zenith angles are°péotted, 60

30°. Viewing direction is nadir. The y-axes, “cloud height” and “effective cloud fraction”, represent “aerosol height” and “effective aerosol
fraction” for cloud free scenes.

ash aerosol event, the aerosol layer could be at 10 km, therezalculated from the reflectances at 340/380 a Graaf et
fore we also simulated a dust aerosol layer between 9 andl., 2005.
10km. In this work dust particles were used as a proxy for
volcanic ash particles. 3.2 Simulations for biomass burning aerosols

For the cloudy scenes, a cloud layer was set below the ) ] )
aerosol layer, between 1 and 2 km, with a cloud optical thick-The FRESCO retrievals for the biomass burning aerosols
ness (COT) of 20. We set the aerosol layer above the clou#ases are shown in Figs-3 as a function of AOT. The y-
layer, because if the aerosol layer is below the clouds, it may?xes of the figures are called cloud height or effective cloud
not be observed from satellite, particularly for optically thick fraction although in cloud free scenes they represent aerosol
cloud caseslie Graaf et a].2005. The AOT range was 0—4 height or effective aerosol fraction. For the cloud free scenes,
at 760 nm. In the calculation of reflectances at 340/380 nm@ne would expect FRESCO to be able to retrieve aerosol
AOTSs at 340/380 nm were derived from the AOT at 760 nm height and effective aerosol fraction. Indeed, as shown in
was assumed to be 0.05 in all UV ang @ band simu-  Of the aerosol layer at about 5 km if AOT is larger than 0.2 (at
lations, which is close to the surface albedo of the oceand 60 nm). The retrieved aerosol height slightly depends on the
(Koelemeijer et al.2003 Jin et al, 2004). The solar zenith AOT. The single scattering albedo of BBA Case 1 aerosol is
angle (SZA) range was 0-8&nd the viewing direction in smaller than that of BBA Case 2 aerosol, therefore FRESCO

the simulations was nadir. Pseudo-spherical correction wagetrieved aerosol heights are higher for Casel than Case 2. If
used in DAK for the simulations at large SZAs. The scenesth® BBA Case 2 aerosol is at 1-2km, the FRESCO retrieved
were assumed to be fully covered with aerosols or aerosol@erosol height is between 1.25-1.75km, which is within the
and clouds. The FRESCO cloud algorithm (v6) was applied@erosol layer (see Fig).

to the simulated spectra to retrieve effective cloud fraction, 1he retrieved scene height is lower than the aerosol layer

cloud height, scene albedo, and scene height. The AAI wa®ottom height when AOk 1 (at 760 nm) in the cloud free
scenes, because of the contribution of surface reflection. For

optically thicker aerosol scenes, most photons are absorbed

www.atmos-chem-phys.net/12/9057/2012/ Atmos. Chem. Phys., 12, 9@&/7~, 2012
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Fig. 3. Same as Fig2 but for the location of the BBA Case 2 aerosol layer between 1 and 2 km and only cloud free scenes.
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Fig. 4. Simulations of the absorbing aerosol index for biomass burning aerosols as a function of aerosol optical thigk)essuid free
scene andb) cloudy scene. The scenes are the same as in FigsResults for two solar zenith angles are plotted, &8d 30. Viewing
direction is nadir. The x-axis AOT340 is for BBA Case 2 (C2), which is very similar to AOT340 for BBA Case 1 (C1).

by the aerosol layer and the light path is not affected by the Figure 4 shows the AAI values of the biomass burning
surface reflection, therefore the retrieved scene height correaerosol cases of Figd—3 for the cloud free and cloudy
sponds closely to the height of the aerosol layer. The scenscenes. The AAI values increase with increasing AOT and
height increases with solar zenith angle, which can also besaturate at AOT around 1 at 760 nm (AOT of 6 at 340 nm).
explained by the longer slant light paths at larger SZA. ThisThe AAI values also depend on solar zenith angle. For the
behaviour is similar to that found in simulations for a single- aerosol optical properties of BBA Case 2, the scenes hav-
layer cloud Wang et al.2008. ing an aerosol layer at 1-2 km have smaller AAl values than

The effective cloud (aerosol) fraction and scene albedo ar¢he scenes with an aerosol layer at 4-5km. From the sim-
both increasing with AOT in cloud free scenes. As shown inulated FRESCO retrievals shown in Fig. it appears that
Figs. 1 and 2, the scenes with BBA Case 1 aerosols have FRESCO can retrieve aerosol height for the cloud free cases
smaller effective cloud (aerosol) fractions than the scenesf AAI > 1. For cloudy scenes with BBA Case 2 aerosol,
with BBA Case 2 aerosols. This is because the BBA Casd~RESCO can retrieve aerosol height if AAIB (at a SZA
1 aerosol is more absorbing than the BBA Case 2 aerosol. of 60°). In this paper we use the AAI to select absorbing

For the aerosols in cloudy scenes, the effective cloud fracaerosol scenes. The wavelength dependence of the AOT and
tion and scene albedo are larger than in the correspondinthe height of the aerosol layer can lead to different relation-
cloud free scenes, because the cloud layer reflects more ligtghips between AAI and FRESCO retrievals, even if the other
back to the top of the atmosphere. With increasing AOT, theaerosol optical properties are the same. Therefore, we do not
effective cloud fraction and scene albedo decrease and corattempt to determine the quantitative relationship between
verge, respectively, to the values of the cloud free scenes ahe AAl and FRESCO retrievals.

AOT around 4 (at 760 nm). This suggests that at large AOT,

the surface and cloud layer do not contribute to the TOA re-3 3 gimulations for dust aerosols

flectance in the @ A band. As shown in Figsla and2a
the retrieved cloud height is close to the cloud layer heigh
when AOT< 1 and close to the aerosol layer height when
AOT > 2.5 (at 760 nm).

The scene height shows a similar behaviour as the clou
height in the cloudy scene. The retrieved cloud height anoﬁ
scene height are both higher at large SZA than at small SZA
For the biomass burning aerosols used in this analysis, al
AQOT of 2.5 at 760 nm corresponds to an AOT of 6 at 550 nm,

LI'he FRESCO retrievals for the dust/ash aerosol layer at 9—
10km, 5-6 km and 2-3km are illustrated in Figs./, re-
3pectively. FRESCO can retrieve aerosol height for these dust
erosols in cloud free scenes. However, the retrieved aerosol
eight varies from the bottom to the top of the aerosol layer,
depending on the AOT, SZA and actual aerosol layer height.
ﬂ\t large AOT, the retrieved aerosol height can be above the

which is quite large. Therefore, FRESCO can only retrieveaerOSOI layer top height. This is because the light path in the

aerosol height above clouds for extremely optically thick ab->c€Ne with the absorbing aerosols is shorter than the light

sorbing aerosol cases. For cloud free scenes, FRESCO cés)ri ::;noa t?f:::IrI[ﬁi\évlf:eigulzegr(sjgﬁfgngrgsiﬁ;?eyfr:ehﬁ vr|1r:g g,;ﬁ
retrieve aerosol height when AGT0.1 at 760 nm. P ) bp gntp

using a Lambertian reflector, the FRESCO algorithm has to
put the Lambertian reflector at a higher altitude. This effect
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Fig. 6. Same as Figb but for the location of the dust aerosol layer between 5 and 6 km.
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(b) cloudy scene. The scenes are the same as in FigsResults for two solar zenith angles are plotted, 80d 30. Viewing direction is
nadir.

is larger for aerosol layers at higher altitude. The effective AOT > 3 at 760 nm in the cloud free scenes and AT

cloud (aerosol) fractions are very similar in Figs-7 be- in the cloudy scenes. Because in the simulations at 760 nm

cause the effective cloud (aerosol) fractions hardly dependhe dust aerosols are less absorbing than the biomass burning

on cloud (aerosol) height. aerosols, the absorption AOT is smaller in the dust aerosol
For the scene height and scene albedo retrieval, the rescenes than in the biomass burning aerosol scenes. It is

trieved scene height is the weighted average of the aerosallearly difficult to retrieve the dust aerosol height for the

height and the surface height. Therefore, in the cloud freecloudy scenes.

scene, the scene height is usually below the aerosol layer top The corresponding AAI values for the dust aerosol cases

height. For the dust aerosol cases, the scene height is closge shown in Fig8. The AAl values in cloud free and cloudy

to the aerosol layer height (aerosol layer at 9-10 km) wherscenes are very similar for the aerosol layer at 9-10 km. If
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Fig. 9. () GOME-2 AAl image,(b) MODIS RGB image(c) GOME-2 cloud pressuréd) GOME-2 scene pressurg) GOME-2 effective

cloud fraction, andf) GOME-2 scene albedo for the Puyehue volcanic ash plume on 5 June 2011. The location of the plume is indicated
with a box in the GOME-2 images. The plume in the box was measured around 12:50 UTC. MODIS image was measured at 13:45 UTC and
was downloaded from LAADS Welh(tp:/ladsweb.nascom.nasa.gov/brovrsages).

Atmos. Chem. Phys., 12, 9058077, 2012 www.atmos-chem-phys.net/12/9057/2012/


http://ladsweb.nascom.nasa.gov/browse_images/

P. Wang et al.: Interpretation of FRESCO cloud retrievals 9067

to the MODIS RGB image, the ash plume is in a cloud

g 2000 (@) FI 2000 | (b) ] free region over land and above the clouds over the ocean.
£ 400 s * o 400 | X, ®| The plume can be clearly identified in the AAI image. In
2 e00 I B 2 600 - R ] the FRI_ESCO clou_d pressure a_nd scene pressure images the
S g0t & S 800 | de° ] plume is clearly visible as a high cloud. According to the
§1000 gmoo FRESCO cloud pressure, the volcanic plume is at 200 hPa
o 0 2 4 6 8 § 0 2 4 6 8 (12 km), which is higher than the surrounding clouds. The
[ p— M o AAI maximum AAl value is about 8. The plume cannot be distin-
S g [(Ched '.f'a‘?‘"}” S o8 ey o S guished from clouds in the FRESCO effective cloud fraction
s o6l e S o h‘@" i and scene albedo maps, because the aerosol plume produces
8 04 ;7. A g 04| & °. * similar reflectances as the clouds nearby.
2 02 ] § 02 ¢ *e ] Figure 10 shows the scatter plots of the retrieved cloud
5 0.0 0.0 information versus AAI for the pixels in the region of [35,
i 0 2 4 6 8 0 2 4 6 8 471 S and [50, 700 W, which is marked with a box in Fi@.

AAI AAI Some cloud pressure values are comparable to the scene pres-

Fig. 10.Scatter plots of FRESC() cloud pressurdb) scene pres-  SUT€ values b_ecagse the effective cloud fractions are close to
sure, (c) effective cloud fraction, and) scene albedo versus ab- 1- AS shown in Fig10, the cloud pressure and scene pres-
sorbing aerosol index (AAl) from GOME-2 measurements of the Sure both decrease with increasing AAI, whereas the effec-
Puyehue volcanic ash plume on 5 June 2011 around 12:50 UTCtive cloud fraction and scene albedo both increase with in-
The pixels used in the scatter plots are marked with a box inFig. creasing AAl. In aerosol-free cases over the dark ocean the
in the region of [35, 47 S and [50, 70] W. effective cloud fraction and scene albedo are determined by

the cloud optical thickness and geometric cloud fraction. In

this case, the effective cloud fraction and scene albedo are
the aerosol layer is at lower altitudes, the AAI for cloudy determined by both clouds and aerosols.

scenes is larger than the AAI for cloud free scenes, exceptfor The variation in AAI values of the selected aerosol plume
AOT < 0.1 at 760 nm. The AAl values increase with increas- as shown in F|g_‘]_0 main|y depends on the he|ght of the
ing AOT and increasing aerosol layer height and become satplume and the aerosol optical thickness, since the aerosol
urated at AOT of around 4 at 760 nm. If the dust aerosol |a.yertype and Sing|e Scattering albedo values are probab|y simi-
is at 5-6 km, FRESCO can retrieve the aerosol height in gar in the selected region of the plume. All the pixels in the
cloud free scene for a Iayer haVing an AAI of 1 and AOT of p|ume are measured by GOME-2 within a few minutes; the
0.1at760nm. variation in the solar zenith angle is small. The larger AAI
values are corresponding to optically thick parts of the plume
and a large plume height. For parts of the plume having AAl
values less than 2, the AOT is small, so that light can pene-
trate the aerosol layer and the retrieved plume height is close

Based on the simulations of Sect. 3, we would expect that thd® the clouds or the surface beneath. This behaviour agrees
FRESCO cloud algorithm is able to retrieve aerosol heightWith the simulations (see FigSands).

for cloud free scenes, although the results will depend on the ©On 6 June 2011, the Puyehue volcanic ash plumes show
type of absorbing aerosols and on AOT. For cloudy scenestP in the GOME-2 AAl'image in three orbits (see Fid).

the FRESCO retrievals would be a mixture of cloud and I contrast to Fig9, the plumes also appear in the effective
aerosol properties. For extremely absorbing aerosol case§/oud fraction and scene albedo images; this is because the
FRESCO could retrieve aerosol height for cloudy scenesPlumes are optically thicker than the surroundmg clouds. The
In the following analysis we will show some examples of MODIS image shows the left plume (plume in the left or-

strongly absorbing aerosol events for cloud free and cloudyP!t: ©ver land and close to the volcano). The left plume first
scenes. went to the northeast, then turned to the southeast, forming a

curl. The effective cloud fraction for the left plume is about
4.1 Volcanic ash plumes 1. Inside the curl the aerosols are thinner because the surface

is visible in the MODIS image and the FRESCO effective
GOME-2 captured the ash plume from the eruption of thecloud fraction is about 0.3. In the FRESCO cloud images the
Chilean volcano called Puyehue-CordCaulle (elevation thin aerosol plumes show up as having small effective cloud
2236 m, 40.59S, 72.12 W) firstly on 5 June 2011 and con- fractions, small scene albedos, high cloud pressures and high
tinued observations for several days. Fig@eshows the scene pressures; while the thick aerosol plumes resultin large
MODIS RGB image, GOME-2 AAlI and GOME-2 cloud effective cloud fractions, large scene albedos, low cloud pres-
images of 5 June 2011. The volcanic ash was injected asures and low scene pressures.
a high altitude and then transported to the east. According

4 GOME-2 FRESCO results for absorbing aerosol
events
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Fig. 11. (a)GOME-2 AAl image,(b) MODIS RGB image(c) GOME-2 cloud pressurégd) GOME-2 scene pressur@) GOME-2 effective

cloud fraction, andf) GOME-2 scene albedo for the Puyehue volcanic ash plume on 6 June 2011. The location of the plume is indicated
with a box in the GOME-2 images. The plumes in the left and right boxes were measured around 14:10 and 10:45 UTC, respectively. The
MODIS image was measured at 14:25 UTC.
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Fig. 12.Scatter plots of FRESC@) cloud pressurgp) scene pres-  Fig. 13.Scatter plots of FRESC(@) cloud pressurgb) scene pres-
sure, (c) effective cloud fraction, an¢d) scene albedo versus ab- sure,(c) effective cloud fraction, an@d) scene albedo versus ab-
sorbing aerosol index (AAl) from GOME-2 measurements of the sorbing aerosol index (AAl) from GOME-2 measurements of the
Puyehue volcanic ash plume on 6 June 2011 around 14:10 UTCPuyehue volcanic ash plume on 6 June 2011 around 10:45UTC.
The pixels used in the scatter plots are marked with the left box inThe pixels used in the scatter plots are marked with the right box in
Fig. 11in the region of [35, 42] S and [65, 72] W. Fig. 11in the region of [25, 45] S and [25, 35] W.

In the scatter plots for the left plume (see Fig), the 2011 at 12:00 UTC appeared to have similar patterns as those
cloud pressures and scene pressures appear as two clustesbserved by GOME-2 on 6 June 2011 at 13:00 UTC (not
one at about 200 hPa and the other at 600-800 hPa. The scegkown). According to the HYSPLIT simulation, the plume
pressures are higher than the cloud pressures, which is iim the right box of Fig11was located between FL350 (flight
agreement with the simulations. The left plume is mainly in alevel 35000 feet) and FL200, which has a good agreement
cloud free region and the relation between the effective cloudwith the GOME-2 FRESCO cloud pressure and scene pres-
fraction and the AAI is dominated by aerosols. The effec- sure between 200-400 hPa.
tive cloud fraction and scene albedo versus AAIl plots have In summary, the eruption of the Puyehue volcano in Chile
less scatter than in FidlOc and d, indicating less clouds. in June 2011 produced a nice example for our FRESCO anal-
Figure 13 shows the scatter plots for the right side plume ysis. The volcanic ash plume is optically thick and its height
(along 30 W over the ocean). The plume is transported to theis much higher than the clouds below it. If the plume would
east at about 200 hPa, while the effective cloud fraction onlyhave been close to the surface or optically thin, the plume
ranges up to 0.4, which points to optically thinner aerosolsshape might not be so easily identified in the FRESCO cloud
and clouds. The AAI values for this right plume go up to 6, images. It shows that the FRESCO cloud pressure and scene
as compared to 8 for the left plume. The left plume has largerpressure indicate the aerosol layer pressure for these volcanic
AAl values, which is probably due to larger aerosol optical plumes, especially for pixels with large AAI values. For pix-
thicknesses or more absorption. The right plume has beesls with small AAI values and large effective cloud fractions,
exposed to air longer than the plume close to the volcanothe retrieved cloud and scene pressures are most probably
therefore it is more diluted by mixing with surrounding air close to the cloud layer pressure.
or by deposition during the long range transport. The aerosol
particles can also take up water vapour. Thus, the absorptios.2 Saharan desert dust
of the aerosols is reduced, which also leads to smaller AAI
values of the aerosol plume. The Western Sahara is a main source of dust and mineral

We have simulated the volcanic ash plume height onaerosols Kaufman et al.2005. The Saharan dust storms,

6 June 2011 using the HYSPLIT model for volcanic ash which peak in June/July, are controlled by small-scale high-
(Draxler and Rolph2012 Rolph 2012. It was reported wind events De Graaf et al.2005 Engelstaedter and Wash-
that the Puyehue volcanic ash plume reached about 12 krington, 2007). We selected an event on 30 June 2010 based
on 4 June 2011h{tp://www.volcanodiscovery.com/puyehue/ on GOME-2 AAl images and MODIS images.

news.htm). Therefore, we set the ash plume injection height Figure 14 shows the MODIS Terra image over the Sa-
at 12km in the HYSPLIT volcanic ash model. The simula- hara desert measured at 10:30-10:35 UTC on 30 June 2010
tion was started on 4 June 2011 at 18:00 UTC, and continand the GOME-2 AAl and FRESCO cloud images. The dust
ued for 48 h. The simulated volcanic ash clouds on 6 Juneglume is clearly visible over the Sahara desert arourtd\20
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Fig. 14. (a)GOME-2 AAl image,(b) MODIS RGB image(c) GOME-2 cloud pressurégd) GOME-2 scene pressur@g) GOME-2 effective

cloud fraction, andf) GOME-2 scene albedo for the Saharan desert dust event on 30 June 2010. The location of the plume is indicated with
a box in the GOME-2 images. The plume in the box was measured around 09:45 UTC. The MODIS image was measured at 10:30 UTC. The
MODIS image is downloaded from the MODIS Rapid Response Systépi/{rapidfire.sci.gsfc.nasa.gdv/
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ness information. It suggests that the dust plumes have vari-

g 2000 (@) L 2000 | (b) ] ations in pressure and aerosol optical thickness.
S 400 ° 400 | Because the selected dust plume area is mainly cloud free,
% 600 | 3 . 2 600 | ] the scene albedo is a mixture of surface albedo and aerosol
S g0 | & . S 800 | it ] plume albedo. Since the surface albedo at the FRESCO
§1000 gmoo _'g_ wavelengths around 760 nm is large in the desert, the scene
) 0 2 4 6 8 § 0 2 4 6 8 albedo may have a large contribution from the surface. The
5 10 AAl o AAI mean surface albedo around 760 nm in this area is 0.40, with
5 o (€ 1 8 s (@ ] a minimum surface albedo of 0.2. Therefore, in Fig.the
Z o6l % 06 | . ] scene albedo is larger than 0.2, even if the cloud fraction is
:gi 04y eus 2 04 w j 0.

0.2 | o S 0.2 ]
"% 0.0 : ® 00 4.3 Biomass burning aerosols
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AAI AAl Biomass burning aerosol is absorbing in the UV and can

Fig. 15.Scatter plots of FRESC(@) cloud pressurgb) scene pres- _be detected by the AAL. We will p_resent a biomass burn-
sure, (c) effective cloud fraction, and) scene albedo versus ab- N @erosol case in South-West Africa on 6 August 2010. In
sorbing aerosol index (AAI) from GOME-2 measurements of the Fig. 16, the MODIS fire count map at 09:20 UTC on 6 Au-
Saharan desert dust event on 30 June 2010 around 09:45 UTC. THiust shows the fires as red spots. The smoke is caused by
pixels used in the scatter plots are marked with a box in Fgn biomass burning on land and is transported westwards to the
the region of [20, 26]N and [-5, 10F E. ocean above the marine stratocumulus cloud fields at about

900 hPa (see Fid.6). Between [10, 20]S the GOME-2 AAI

map shows a sharp boundary between land and ocean. The

high AAI values are mainly over ocean in this region. The
and 0-10 E. There are only a few scattered clouds in the smoke over land in the cloud free region may not be detected
dust storm area. The dust plume as seen in the GOME-2lue to the low surface albedo. Over ocean, the AAl is en-
AAl image is associated with high AAI values up to 6. The hanced due to the reflection from the bright stratocumulus
FRESCO effective cloud fraction image is in agreement withclouds below the smoke (see Figsand 8). As illustrated
the MODIS image. For the areas with large AAI values, thein Fig. 16, the FRESCO effective cloud fraction and scene
effective cloud fractions are up to 0.3. Because we selectedlbedo maps are in good agreement with the AAI map for
largely cloud free areas, FRESCO should retrieve aerosalhis biomass burning aerosol event. The northeast part of the
pressure although it is called cloud pressure in the FRESCG@moke plume is in a cloud free region over land and shows
products. small effective cloud fraction values. The cloud pressure map

The scatter plots between FRESCO cloud results and AAlis quite homogeneous for the smoke area. The low pressures
for the area of the dust plume between [20,°26] [—5, at about 130 hPa at [15, 20% next to the smoke area seem to
10]° E are shown in Figl5. It appears that most cloud pres- be unrealistic, because there are almost no clouds or aerosols
sures are higher than 500 hPa and most scene pressures amd the cloud fraction is very low. This artefact in the re-
higher than 800 hPa. For pixels with AAl4, some cloud trieved cloud pressure is a result of the low level of reflected
and scene pressure values are close to 1000 hPa, probably Hight. However, for the same region, the scene pressure is re-
cause the cloud or aerosol layers are quite thin. The aerosolsieved correctly, namely close to the surface.
with AAl >4 are mainly at 850—-900 hPa. In the plots of The scatter plots of Figl7 show the FRESCO cloud data
cloud pressure and scene pressure versus AAl, the cloudersus the AAl data from GOME-2 measurements in the area
pressures tend to increase with AAI; the heights of the dusbf [5, 15]° S and [10, 15] E. Figurel7c and d show that the
plumes are lower at larger AAI. The dust plumes are genereffective cloud fraction and scene albedo both increase with
ated at the surface; therefore, it is not a surprise that the dushcreasing AAl. When the effective cloud fraction reaches
plumes are optically thicker at lower altitudes in the sourceits maximum at AAI of 3, there occurs a decrease of the ef-
region. Please note the contrast with the volcanic ash plumegective cloud fraction. This suggests that the effective cloud
(shown in Figs10 and13) which tops are at similar heights, fractions are related to both cloud and aerosol optical thick-
and have no significant decrease at large AAl. This is becausiess. The relatively large effective cloud fraction is mainly
the volcanic ash plumes are produced from a point sourca&lue to the clouds. Similarly, the scene albedo has contribu-
and are generally transported at a similar altitude above théions from clouds and aerosols, but it is mainly the bright
surface. cloud layer that leads to the large scene albedo values.
The effective cloud fractions of the Saharan dust plumes The FRESCO cloud pressures and scene pressures are

increase with AAI (see Figl5), which indicates that the ef- comparable due to the large effective cloud fractions (see
fective cloud (aerosol) fraction contains aerosol optical thick-Fig. 17a and b). The smoke plume seems quite thin in the
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Fig. 16. (a)GOME-2 AAl image,(b) MODIS RGB image(c) GOME-2 cloud pressurégd) GOME-2 scene pressur@) GOME-2 effective

cloud fraction, andf) GOME-2 scene albedo for the biomass burning smoke event in South-West Africa on 6 August 2010. The location
of the plume is indicated with a box in the GOME-2 images. The plume in the box was measured around 08:48 UTC. MODIS image was
measured at 09:20 UTC. The red spots in MODIS images indicate fires.

Atmos. Chem. Phys., 12, 9058077, 2012 www.atmos-chem-phys.net/12/9057/2012/



P. Wang et al.: Interpretation of FRESCO cloud retrievals

9073

part of the plume than in the southern part. The shape of the

g 2000 (a) L 2000 ' (b) plume appears to be the same in the AAl image as in the ef-

$ 400 | ° 400 | fective cloud fraction image. The cloud pressures are lower

2 600 | % 600 inf tue nlorther(n part (§6U\l))and higher in th((jffoultherr:JI part

s , s i of the plume (around 55N). However, it is difficult to dis-

%ggg Ce_ad §1ggg Lot tinguish the smoke pressure in the FRESCO cloud pressure

o 8 2 4 and scene pressure maps. The maximum AAl value is 6 for

5 o AAI this plume. According tavitte et al.(2011), OMI SSA val-

5 S o8 1(d) ues of 0.92 were observed during the wild fire period and the

b % 06 aerosol optical thickness was about 3 at 550 nm on 1 August

é © 04 "N 2010 measured by MODIS at Xk 1° around Moscow city.

2 § 02 % The scatter plots of the FRESCO cloud products versus

B 0.0 AAl in the area of [52, 60]N and [35, 561 E are shown

i 0 2 4 2 4 in Fig. 19. The cloud pressure increases with AAl which in-
AAI AAI

dicates that the thickest plume is located at the lowest al-

Fig. 17.Scatter plots of FRESC() cloud pressureb) scene pres- titude. This is similar to the_z case of the _dust plume in the
sure, (c) effective cloud fraction, anéd) scene albedo versus ab- Sahara desert. Here, the thickest smoke is measured close to

sorbing aerosol index (AAI) from GOME-2 measurements of the the source of the fires. The cloud pressure and scene pressure
biomass burning smoke event in South-West Africa on 6 Augustvalues mostly vary between 400 hPa and the surface, which
2010 around 08:48 UTC. The pixels used in the scatter plots ardndicates the variation of the smoke plume height. According
marked with a box in Figl6 in the region of and [5, 18]S and to CALIOP measurements at 10:28-10:42 UTC on 1 August
[10,15F E. 2010, between [49, 55N and [35, 38] E the aerosol plume
height is varying from the surface up to 5km. Although the
CALIOP overpass is about 4 h later than the GOME-2 mea-
MODIS image. According to our simulations of Sect. 3 the surements, it is confirmed that the aerosol height is in the
FRESCO cloud pressure and scene pressure are then closesame range as the FRESCO retrievals and quite variable. Ac-
the cloud layer pressure (see Fityjgnd?2). This result agrees cording to the simulations for BBA Case 2 shown in Hg.
with the findings reported bywaquet et al(2009, who anal-  if an aerosol layer is at 4-5km and the AAl is 6, the AOT
ysed the aerosol and cloud heights from A-Train observationgould be about 2 at 340 nm.
for a similar biomass burning aerosol case over low-level The effective cloud fraction and scene albedo both in-
clouds over ocean. According to their case study, the Clouderease with AAI, which stresses the sensitivity of AAI to
Aerosol Lidar with Orthogonal polarisation (CALIOP) mea- aerosol optical thickness, and shows that the FRESCO cloud
sured the aerosol layer to be located between 3 and 4 km anproduct contains information about the smoke. The averaged
the cloud top height to be at about 1 km. The aerosol opticakurface albedo for this area is 0.255; therefore the small-
thickness of 0.225 (at 865 nm) was derived from the polari-est scene albedo is about 0.3 because of the contribution of
sation and Anisotropy of Reflectances for Atmospheric Sci-clouds and/or aerosols. The cloud pressure and scene pres-
ences coupled with Observations from a Lidar (PARASOL) sure contain information on aerosol pressure. However, it
measurement. The cloud height retrieved from Oband is difficult to tell whether the cloud pressure is close to the
measurements agreed well with the cloud height measurederosol layer or close to the cloud layer. Since the smoke
by CALIOP. On 6 August 2010, CALIOP measured aerosolswith the large AAl values should be above the clouds (other-
at 4-5km and a cloud layer at 1 km between [6.5, 12%]  wise the aerosols would not be visible), the cloud pressure or
and [-0.6, —1.8]° E at about 13:52 UTC. It suggests that scene pressure can be used as a lower boundary of the aerosol
FRESCO does not retrieve aerosol height for this biomasdeight.
burning event.
4.4 Smoke from Russian wild fires 5 Conclusions
The smoke from wild fires in Russia in August 2010 clearly We have analysed GOME-2 FRESCO cloud retrievals for
shows up in the GOME-2 AAI maps and MODIS fire count absorbing aerosol events. We first demonstrated with simu-
map of 1 August 2010 (see Fid.8). The smoke plume lated FRESCO data that the FRESCO algorithm can retrieve
takes the form of an “S” shape in the MODIS image, right aerosol height for optically thick absorbing aerosol cases.
above the fire sources (red spots in the image). Based ohNext we presented four typical events with strongly absorb-
the MODIS image, the smoke seems to be located above thing aerosols: the Puyehue volcanic ash plume, a Saharan
clouds; for some places the surface is visible in the cloud freedesert dust event, an African biomass burning smoke event,
area. The MODIS image shows more clouds in the northerrand a Russian wild fire smoke event. The analysis was based
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(@) AAI

30E 40E

(d) Scene pressure (hPa)

(e) Effective cloud fraction (f) Scene albedo

30°E 40°E 50°E 60°E

Fig. 18. (a) GOME-2 AAl image,(b) MODIS RGB image(c) GOME-2 cloud pressurégd) GOME-2 scene pressur@) GOME-2 effective

cloud fraction, andf) GOME-2 scene albedo for the smoke of Russian wild fires on 1 August 2010. The location of the plume is indicated
with a box in the GOME-2 images. The plume in the box was measured around 06:50 UTC. The MODIS measurement is taken at 08:45 UTC.
The red spots in the MODIS image indicate fires.
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than 1, FRESCO should be able to retrieve aerosol height in

§ 2000 (@) . § 2000  (b) a cloud free scene. In reality, aerosols can be different from
$ 400 | © 400 | the aerosol models used in the simulations, so we could not
2 600 - 3. 2 600 | o ‘ ] give a quantitative relationship between the AAI values and
3 goo | X & 800 | ﬁﬁ‘ ] FRESCO products except for some thresholds for the AOT.
§1000 Jod g 1000 o According to our simulations, the scene pressure seems to
o 0 2 4 3 0 2 4 6 8 be more reliable for the determination of aerosol height than
5 10 AAl o AAl the cloud pressure for extremely absorbing aerosol layers at
5 o (€ 8 os (@ high altitude. However, cases with AAI10 are rarely ob-
Z o6l S o6 | . served in GOME-2 measurements. In the events we analysed
é 0.4 | »2IHR* © 04| w’ here the maximum AAI occurring was 8. If, in the case of
2 02} § 02t an aerosol plume, the cloud pressure shows a completely dif-
5 0.0 0.0 ferent behaviour than the scene pressure, and the AAI values
i 0 2 4 0 2 4 6 8 are very large, then the scene pressure is likely more reliable
AAI AAI

than the cloud pressure.
Although the FRESCO algorithm is designed for clouds,
for optically thick absorbing aerosols the effective cloud frac-

pressure(c) effective cloud fraction, an@d) scene albedo versus )
absorbing aerosol index (AAI) from GOME-2 measurements of the tion and cloud height could be affected by aerosols. When us-

Russian wild fire smoke event on 1 August 2010 around 06:50 UTCiNg the FRESCO cloud product, this feature has to be taken

The pixels used in the scatter plots are marked with a box inllBig.  into account. The cloud pressure and scene pressure can po-

in the region of [52, 60] N and [35, 569 E. tentially provide useful aerosol height information, but the
interpretation should be also based on AAI and cloud im-
ages.
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