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Abstract. The FRESCO (Fast Retrieval Scheme for Clouds SCIAMACHY tropospheric NQ VCDs v1.1 and ground-
from the Oxygen A-band) algorithm has been used to re-based MAXDOAS measurements performed in Cabauw, The
trieve cloud information from measurements of thg & Netherlands, during the DANDELIONS campaign is about
band around 760 nm by GOME, SCIAMACHY and GOME- —2.12x 10 molec cnt?2.

2. The cloud parameters retrieved by FRESCO are the ef-
fective cloud fraction and cloud pressure, which are used
for cloud correction in the retrieval of trace gases like O
and NQ. To improve the cloud pressure retrieval for partly 1
cloudy scenes, single Rayleigh scattering has been include
in an improved version of the algorithm, called FRESCO+. . S .
We compared FRESCO+ and FRESCO effective cloud frac_satelllte spectrometers operating in the UV/visible, such as
tions and cloud pressures using simulated spectra and on OME, SCIAMACHY, OMI and GOME-2. Clouds can

month of GOME measured spectra. As expected, FRESCOﬁ ield ttrhace gas.'?s'tfrc;m tobservann, EUt th;ahy ca}n 3'50 gn-
gives more reliable cloud pressures over partly cloudy pixels. ance the sensilivity 1o trace gases above the clouds. be-
ause of the relatively coarse spatial resolution of the above

Simulations and comparisons with ground-based radar/lidaf

measurements of clouds show that the ERESCO+ cloud press:atellite instruments, only 5-15% of the pixels are cloud-free

sure is about the optical midlevel of the cloud. Globally av- (Krijger .6t al, 2007). To correct for cloud effects on trace
eraged, the FRESCO+ cloud pressure is about 50 hPa high s retrievals, the most relevant cloud parameters are the

than the FRESCO cloud pressure, while the FRESCO+ ef® oud fraction and heightammes et 3l200§. There are
fective cloud fraction is about 0.01 iarger several cloud retrieval algorithms that have been developed

The effect of FRESCO+ cloud parameters og énd for GOME and SCIAMACHY using the @A-band Koele-
NO; vertical column density (VCD) retrievals is studied us- meijer et al, 2001 Kokhanovsk){ et.aJ.ZOOG_va.n D|ede_n-
ing SCIAMACHY data and ground-based DOAS measure_hoven et al.2007) or using Polarisation Monitoring Devices
ments. We find that the FRESCO+ algorithm has a signifi—(EMEI)S) ((%rzegtorslgotzt aJ..ZOOQ Lolon? 2t004§ FEE?CIO
cant effect on tropospheric NQetrievals but a minor effect (_ oelemeljer e al. ; ) is a simp €, fast and robust algo-
on total G retrievals. The retrieved SCIAMACHY tropo- rithm, which is also |mpl_emented in GOME-2 level 1 data
spheric NQ VCDs using FRESCO+ cloud parameters (v1.1) processorlfunro and E|s_|nger20049.
are lower than the tropospheric NO/CDs which used In the FRESCO algorithm, the cloud pressure and the ef-

FRESCO cloud parameters (v1.04), in particular over heav_fective cloud fraction are retrieved from top-of-atmosphere
ily polluted areas with low clouds. The difference between (TOA) reflectances in three 1-nm wide wavelength windows
at 758-759, 760-761, and 765-766 nm. The cloud is as-

sumed to be a Lambertian surface with albedo 0.8, and only

Correspondence td?. Wang absorption due to ©above the cloud and the ground sur-
BY (wangp@knmi.nl) face and reflections from the surface and cloud are taken into

Introduction

glouds have significant effects on trace gas retrievals from
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Fig. 2. Atmospheric radiation model used in FRESCO+. The cloud

F|g 1. Typ|Ca| ()2 A-band spectra measured by GOME. The Spectraand surface are both assumed to be Lambertian reflectors. Three

are normalized at 758 nm to show the relative depth of the band fofight paths are considered: (1) from sun to surface to satellite, (2)
clouds at different heights. from sun to cloud to satellite, (3) from sun to atmosphere to satellite

according to single Rayleigh scattering. (1)+(2): solid lines, (3):
dashed lines. Along all three paths @bsorption and Rayleigh

account. The FRESCO effective cloud fractions and C|Oudscattering extinction are included in the forward model simulation.

pressures have been validated globally and regionally, and
the products have been used in trace gas retrietaslé-

Esk B . Theref i h
meijer et al, 2003 Tuinder et al. 2004 Grzegorski et aJ. (Eskes and Boersm2003 erefore, we improved the

FRESCO algorithm by the addition of single Rayleigh scat-

2008 Fournlgr etal.2009. i , i tering in the transmission and reflectance databases (forward
The effective cloud fraction retrieved by FRESCO is the .50 jations) and in the retrieval. This improved version is

cloud fraction of a Lambertian cloud with albedo 0.8 yielding called FERESCO+
the same TOA radiance as the real cloud in the scene. Gen- The structure o.f the paper is as follows. In S@ve ex-

erally the effective cloud fraction is smaller than the geomet—p|ain the principle of FRESCO+. The formulas of FRESCO+
ric cloud fraction. The choice of Lambertian cloud albedo , o given in the Appendix. The FRESCO+ results and the
0.8 and effective cloud fraction concept have recently beerl:omparisons with FRESCO are shown in S&dor simula-
discussed byStammes et al200§. The use of effective g and real data. In Seathe effects of FRESCO+ cloud
cloud fractions for the cloud correction in thes@nd NO parameters on 9and NG vertical column density (VCD)
_retrievals has been investigated in several papgérslémei- retrievals are discussed. The SCIAMACHY M®CDs us-

jer and Stammesl999 Wang et al. 2006 Stammes et al.  j4 FRESCO+ and FRESCO cloud corrections are compared

2008. The Lgmbertian cloud is a goo'd approximation for with NO, VCD from ground-based MAXDOAS measure-
cloud correction of total @ column retrievals. For scenes ments. Sect contains the conclusions.

with 50% cloud coverage the error in the totad €olumn

due to the Lambertian cloud assumption instead of a scatter-

ing cloud model is about 0.5%5{ammes et al2008. For 2 Principle of FRESCO+

tropospheric NQ retrievals, the effective cloud fraction as-

sumption leads to errors of about 10W4ng et al, 2008. The FRESCO+ algorithm retrieves the effective cloud frac-

Here the cloud height is also important, because the largdion (ceff) and cloud pressure) from the TOA reflectance

amount of tropospheric NfXcan be inside the clouds or be- at three 1-nm wide windows, namely 758-759, 760-761 and

low the clouds. 765-766 nm. Each of the three windows contains 5 re-
Recently, we have found that the FRESCO cloud presflectance measurements (spectral data points). Due to the

sures are often too low (cloud heights are too high) when thePresence of clouds, the reflectance in the continuum window

effective cloud fractions are less than 0.1. These are casédd58 nm) is larger than for a clear sky scene, whereas the

with a relatively large contribution from Rayleigh scattering, depth of the strongest absorption band at 760 nm and of

which is missing in the FRESCO algorithm. Apparently, the the weaker @absorption band at 765 nm varies according to

missing Rayleigh scattering is compensated by fitting a highthe height and the optical thickness of the cloud. Typical O

cloud. Pixels with small cloud fractions are important for A-band spectra of scenes with high and low clouds measured

tropospheric trace gas retrievals. For example, in the operby GOME are shown in FidL.

ational tropospheric N@retrievals from the TEMIS project

the effective cloud fractions are allowed to be less than 0.3
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The atmospheric radiation model assumed in thecase, the cloud is at 7-8 km, the cloud optical thickness is 7
FRESCO+ algorithm is shown in Fi¢. The FRESCO+ and the geometric cloud fraction is 0.5 and 1. The two-layer
algorithm fits a simulated reflectance spectrum to the meaeloud case includes two cloud scenes, namely optically thin
sured reflectance spectrum in the three windows, to retrievand optically thick clouds. For the optically thin clouds, the
the effective cloud fraction and cloud pressure. The simu-first cloud layer is at 9-10 km with optical thickness 7, and
lated reflectanceRg;jy,) at TOA is written as the sum of the the second cloud layer is at 1-2 km, with optical thickness
reflectances of the cloud-free and cloudy parts of the pixel: 14. For the optically thick clouds, the cloud layers are at the

same altitude as the optically thin cloud, but the cloud optical
1) thickness is 14 for the first layer and 21 for the second layer.
Here R., T, and R;, T, are the single Rayleigh scatter-

In all the simulations the surface albed} is 0.1, the sur-
) . face height is 0 km and no aerosol is included. We also sim-
ing reflectance and transmittance of the cloudy and cloudyated G A-band reflectance spectra for a cloud-free scene
free part of the pixel, respectivelyZ. and 7y contain Q@ 14 gptain reflectance spectra for partly cloudy scenes, by us-
absorption and Rayleigh scattering extinction, and are preing the independent-pixel-approximation. Theabsorption

calculated as a function of the solar zenith angle (SZA),¢ross-sections were calculated line-by-line using HITRAN
viewing zenith angle (VZA), wavelength, and altitudé. 5004 jine parameters, which is the same in FRESCO+ and
is the cloud albedo, which is assumed to be 0.8, aps the  FRegCO. For reason of comparison, the FRESCO algorithm
surface albedo taken from a climatolod§oelemeijer etal. yithout Rayleigh scattering) was included in the tests. The
2003 Fournier et al.200§. The surface pressure is calcu- gpecira were calculated from 755 to 772 nm at 0.01 nm wave-
lated from surface elevation. The;@ansmission is calcu-  gngth grid, and then convoluted with the SCIAMACHY slit
lated using a line-by-line method for a 1-pm wavelength grid q,nction. The geometries used in the retrievals are: nadir

using the line parameters from HITRAN 200Rdthman et view, and solar zenith angles (SZA) 0, 30, 45, 60, 70, and 75
al., 2005 and then convolved using the instrument réspons&jegrees.

function at the measurement wavelength grid. Rayleigh scat- Fjrst we consider cloud-free scenes. The effective cloud

tering is a small but significant contribution Ryjm in the  gra¢tions retrieved by FRESCO and FRESCO+ from the sim-
case of an almost cloud-free pixel. Due to single Rayleighy|ateq clear sky spectra were almost O (less than 0.01). How-
scattering the reflectance at 760 nm is larger than if only surwyer the cloud height retrieved by FRESCO was close to
face or cloud reflection would take place, while at 758 nM gy The reason for this large cloud height is that Rayleigh
the reflectance is a bit smaller than without single Rayle'ghscattering by air molecules is included in the DAK model,
scattering. The single Rayleigh scattering reflectances arg+ 1ot in FRESCO. So the reflectances inside theAO
pre-calculated and stored as a look-up-table (LUT) which hag,;nq (at 760 and 765 nm) are larger than that of a purely
the same format as the transmission database. The Raylei%tbsorbing @ atmosphere. Using the same clear sky DAK
scattering formulae used in FRESCO+ are given in the Ap-ghecira as input, the cloud heights retrieved by FRESCO+

Rgim= (1—o)TyAs + (L= )Ry + cT: A + cR..

pendix, whereas the {aransmission formulae are given in
detail byWang and Stammd&2007).

3 Simulation, application and validation of FRESCO+

are about 0.5 km, which is much more reasonable than the
FRESCO cloud height. So we may expect that FRESCO+
will give better cloud height results for partly cloudy scenes
than FRESCO. The remaining 0.5 km error in cloud height
for the cloud free scene is due to the contribution of mul-

3.1 FRESCO+ and FRESCO cloud retrievals from simu-tiple Rayleigh scattering in the simulated spectra, whereas

lated spectra

FRESCO+ only includes single Rayleigh scattering.
Next we consider scenes with single-layer and two-layer

To test the FRESCO+ algorithm on simulated spectra ofscattering clouds. Fig3 shows the results of the FRESCO
cloudy scenes, ©A-band reflectance spectra were simulated and FRESCO+ retrieved cloud heights as a function of so-

with the DAK (Doubling-Adding KNMI) model De Haan
et al, 1987 Stammes et gl.1989 Stammes200]). DAK
is a line-by-line radiative transfer model in which multiple

lar zenith angle. The FRESCO and FRESCO+ retrieved
cloud heights are inside the cloud for a single-layer cloud
(Fig. 3a). For a two-layer cloud, FRESCO and FRESCO+

scattering is fully taken into account. The simulations arecloud heights are between the two layers (Rb). The
performed for a mid-latitude-summer atmosphere consisting-RESCO and FRESCO+ cloud heights generally increase
of 32 plane-parallel homogeneous layers with Rayleigh scatwith increasing SZA, because at large SZA sunlight pene-
tering and oxygen absorption. In this atmosphere homogetrates less deep into the cloud.

neous scattering cloud layers are inserted, with varying opti-

In the single-layer cloud case, the FRESCO cloud heights

cal thickness and height. The cloud particle scattering phasare almost the same for the fullg£1) and partly cloudy
function is a Henyey-Greenstein function with asymmetry (c=0.5) scenes. The FRESCO+ cloud height for the partly
parameter 0.85. The cloud scenes are simulated for singlecloudy scene in Fig.3a is slightly lower than for the
layer clouds and two-layer clouds. For the single-layer cloudfully cloudy scene. At SZA=4% the difference between

www.atmos-chem-phys.net/8/6565/2008/
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Fig. 3. FRESCO+ and FRESCO retrieved cloud heights using simulated spectra from a line-by-line multiple scattering modefa)Cases:
single-layer clouds, optical thickness tau=7, cloud height at 7-8 km, and geometric cloud fraction c=0.§@ra/d-layer clouds, cloud

layer 1 at 9-10 km, cloud layer 2 at 1-2 km. Optically thick cloud: taul=14, tau2=21. Optically thin cloud: taul=7, tau2=14, geometric
cloud fraction c=1.

FRESCO+ and FRESCO cloud heights is —0.1 km fordiffer about 0.01, with FRESCO+ being higher, because the
c=1 (ceff=0.4) and -0.2km forc=0.5 (cgf=0.2) scenes. inclusion of single Rayleigh scattering in FRESCO+ leads to
FRESCO+ cloud heights are lower than FRESCO clouda simulated continuum reflectance that is smaller than that
heights due to inclusion of single Rayleigh scattering, whichsimulated by FRESCO. If we would exclude cloud fractions
makes the reflectance of FRESCO+ in the &bsorption larger than 0.95, where the chi-squares of theAzband fit
bands larger than that of FRESCO. To simulate the samare the largest, the effective cloud fraction difference would
reflectance as the scene, FRESCO+ needs mgrb€orp-  only be 0.005. In the cloud pressure distributions only pix-
tion, therefore the FRESCO+ cloud height is lower than theels with effective cloud fractions larger than 0.1 are selected,
FRESCO cloud height. and pixels over snow/ice are excluded. The FRESCO+ cloud
In the two-layer cloud case, the FRESCO and FRESCO-+pressure distribution is shifted to higher pressures as com-
cloud heights retrieved in the optically thick cloud case is pared to FRESCO (about 50 hPa), but the shapes of the dis-
higher than that retrieved in the optically thin cloud casetributions are similar. The distributions of other months show
(see Fig.3b). In the @ A-band photons can penetrate to the same behaviour.
some distance into the clouds. Therefore the retrieved cloud To analyze the difference between the FRESCO+ and
height depends on both the cloud height and the cloud optiFRESCO cloud pressures, we show in Figthese cloud
cal thickness. For the two-layer cloud scenes, the FRESCQressures as a function of effective cloud fraction. For ef-
and FRESCO+ cloud heights are very close because théective cloud fractions below 0.05, the cloud pressures re-
clouds are optically thicker than that in the single-layer cloudtrieved by FRESCO are often 130 hPa — the lower limit of
scene, and the effective cloud fractions are between 0.8—-1.@he FRESCO retrieval — which is not a realistic value. Fig-
We found that the difference between the FRESCO+ andure 5 shows that the average cloud pressure retrieved by
FRESCO cloud heights decreases with increasing of effecFRESCO in the smallest effective cloud fraction bin [0, 0.02]
tive cloud fraction. is about 250 hPa. FRESCO+ retrieves more reasonable cloud
pressures than FRESCO, even if the cloud fraction is less
3.2 FRESCO+ and FRESCO cloud retrievals from GOME than 0.05. On average FRESCO+ cloud pressures are about
data 50 hPa higher than FRESCO cloud pressures. The difference
in cloud pressure between FRESCO and FRESCO+ is larger
The FRESCO+ and FRESCO cloud retrievals have beerfor the less cloudy pixels than for the fully cloudy pixels,
compared for one month of global GOME data in Januarywhich is due to the larger relative amount of single Rayleigh
2000. The effective cloud fraction and cloud pressure fre-scattering in the reflectance. The differences found between
quency distributions are shown in Fig. The FRESCO+ the FRESCO and FRESCO+ cloud pressures from GOME
and FRESCO effective cloud fraction distributions almost gbservations agree with the simulations.
coincide except that FRESCO+ has more clouds at effective
cloud fractions 1 and 0. The mean effective cloud fractions

Atmos. Chem. Phys., 8, 6566576 2008 www.atmos-chem-phys.net/8/6565/2008/
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Fig. 4. (a) Frequency distributions of FRESCO+ and FRESCO effective cloud fractions for one month of global GOME data in January
2000. (b) Same as (a) but for cloud pressures. The distributions are normalized to 1. The average values are given in the legends. The
snow/ice pixels are not included in the distributions.
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9. FRESCO+ and FRESCO as a function of effective cloud fraction

for the same data as in Fig.

The chi-squares of the FRESCO+ and FRESCOAO
band fits as a function of effective cloud fractions are showntransmission in the continuunf(in Eq. 1) is smaller than
in Fig. 6. The chi-squares of FRESCO+ are smaller thanthatin FRESCO due to Rayleigh scattering extinction, which
those of FRESCO, which indicates an improvement of the fitis more important at large SZA and for very bright scenes.
in FRESCO+, especially for effective cloud fractions smaller Therefore, the simulated reflectance by FRESCO+ is smaller
than 0.05. However, when the effective cloud fraction is 1 than the measured reflectance, which is the reason for the
(i.e. a very bright scene) the chi-squares of FRESCO+ ardarger chi-squares agf=1.
larger than those of FRESCO. The reason is the following.
In both retrieval algorithms the procedure for very bright 3.3 Validation of FRESCO+ cloud heights with ground-
scenes is: when the measured reflectance at 758 nmis larger  based data
than 0.8, the cloud albedo is set to the measured reflectance
at 758 nm and the effective cloud fraction is retrieved. If Cloud heights retrieved by FRESCO+ and FRESCO from
the retrieved effective cloud fraction is larger than 1, it is one year of SCIAMACHY measurements in 2005 have been
set to 1 and the chi-square is calculated dgf=1 but not  compared with collocated ARM (Atmospheric Radiation
the retrieved value ofgf>1. In FRESCO+ the simulated Measurement) active remote sensing cloud boundaries data

www.atmos-chem-phys.net/8/6565/2008/ Atmos. Chem. Phys., 8, 6585-2008
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Fig. 7. (a)Comparison between collocated SCIAMACHY FRESCO+ cloud heights and ground-based radar/lidar cloud profiles, for 18 days
in 2005 on which SCIAMACHY overpasses of the SGP/ARM site occurred. The color indicates the occurrence of clouds as detected by the
radar/lidar.(b) Correlation of FRESCO+ cloud height and the average cloud height from the radar/lidar profiles for the same data as in (a),
with correlation coefficient of 0.94(c) and(d) are similar as (a) and (b) but FRESCO data are used. The correlation coefficient between
ARM and FERSCO cloud height is 0.79. Only effective cloud fractions larger than 0.2 are used.

at SGP (Southern Great Plains) in the USAdthiaux etal.  the results of FRESCO+ for simulated spectra (S8ck).
2000. The SCIAMACHY pixel size is 3&60 kn?, which As shown in Fig.7b, the FRESCO+ cloud heights have an
is not easy to compare with ground-based radar/lidar meaexcellent correlation with the averaged ARM cloud profiles,
surements. The criteria we used for spatial and temporal colwith a correlation coefficient of 0.94. To demonstrate the
location were as follows: (1) the SCIAMACHY data were improvement in FRESCO+, SCIAMACHY FRESCO and
selected with pixel centers within 60 km of the SGP/ARM ARM cloud heights are shown in Figc, d. The criteria
site; (2) the SGP/ARM data were selected within one hourused for the selection of SCIAMACHY FRESCO and ARM
of the SCIAMACHY overpass time (10:00 local solar time). data are similar as that for FRESCO+ and ARM, except that
The ARM cloud profiles are measured every 10 s with up toFRESCO effective cloud fractions are larger than 0.2. The
10 cloud layers per measurement. Most measurements hawfferent number of data in FRESCO and FRESCO+ is due
up to 3 cloud layers. The maximum number of collocatedto the different FRESCO and FRESCO+ effective cloud frac-
cloud data points in one hour is thus 3600. From this data setions. As shown in Figra, c FRESCO+ retrieves lower cloud
we calculated the ARM cloud layer height distribution, using height than FRESCO, which agrees with the simulations and
the cloud layer heights and their frequency of occurrence. the statistic from GOME data. FRESCO+ significantly im-
The ARM cloud layer height distributions and the collo- proves the cloud height retrievals for single-layer low clouds.
cated SCIAMACHY FRESCO+ cloud heights are shown in In this case FRESCO often does not converge and retrieves a
Fig. 7a. In this plot we have further limited the FRESCO+ cloud height close to the initial value of 5km. The correla-
effective cloud fractions to values larger than 0.2 and the timetion coefficient of FRESCO and ARM cloud height is 0.79.
periods of ARM cloud cover to periods longer than 30 min,
which corresponds to geometric cloud fractions larger than
0.5. As shown in Fig7a, the FRESCO+ cloud height is close
to the middle of the ARM cloud profiles. This agrees with
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4 Impact of FRESCO+ cloud parameters on Q and 600 T L T ]
NO> retrievals VCD v0.4 273.493 DU ]
The FRESCO+ effective cloud fraction and cloud pressure  so0 VCD v0.42 273.340 DU -

are being used in ©and NQ total and tropospheric vertical

column density (VCD) retrievals performed within the DUE

TEMIS project (seehttp://www.temis.nl. To investigate

whether the improvement of the FRESCO+ cloud algorithm

also leads to improved trace gas retrievals, we performeds 3

the following comparisons: (1) SCIAMACHY total43rom 300 _

the TOSOMI product version 0.4, which uses FRESCO, was ]

compared to version 0.42, which uses FRESCO+; (2) SCIA-

MACHY total and tropospheric N©column version 1.04, 200 . L L

which uses FRESCO, was compared to version 1.1, which 2% W vcéox?aa,[DU] 500 600

uses FRESCO+; (3) a comparison of satellite retrievals using

FRESCO+ and FRESCO with ground-based measurements

of tropospheric N@Q was performed. Fig. 8. Correlation of the @ vertical column densities for one day
of global SCIAMACHY data on 10 January 2007. Thg €lumn

4.1 Impact of FRESCO+ cloud parameters on totgah®  v0.4 uses FRESCO and the; @lumn v0.42 uses FRESCO+.

trievals

400 .

03 VCD v0.42 [DU]

For a partly cloudy pixel the total vertical column density,  gjfference in Q total column is only 0.2 DU. Differences

Ny, is given by ¥an Roozendael et a009: for other days are similar. Apparently, the improvement
Ns +wMcloudyNe in the FRESCO+_ cloud product has a §mal| effect on to-

N, = — , 2) tal Oz column retrievals. Since the effective cloud fractions
M from FRESCO and FRESCO+ are very similar, the differ-

where M is the total air mass factor (AMF) of the partly ence in the @ vertical column is mainly due to the cloud
cloudy pixel, Ny is the measured slant column density, pressure difference. The cloud pressure afféddtgo gy
Mcloudy is the AMF for a fully cloudy scene, an¥, is and N, in Eq. 2. The differences between FRESCO+ and
the vertical column density below the cloud, which is also FRESCO cloud heights cause only small differences in the
called the "ghost column”.N, is computed by integrating total O3 AMFs and in the ghost columns, because of the rel-
the ozone profile from the surface to the cloud pressure levelatively low tropospheric @amount. Because £3s mainly

M is given by the radiance-weighted sum of the AMFs of the in stratosphere, the FRESCO+ cloud pressure improvement
clear and cloudy parts of the pixel: only weakly affects total @retrieval.

M = wMcjoudy+ (1 — w)Mclear (3) 4.2 Impact of FRESCO+ cloud parameters on tropospheric

, I _ NO; retrievals
wherew is the weighting factor, ant#|e4¢iS the AMF for

a clear scene. The weighting facteris the fraction of the  The cloud correction approaches for the total and tropo-
photons that originates from the cloudy part of the pixel, andspheric NQ vertical column density retrievals are similar

can thus be written ad/artin et al, 2002: as for the total @ retrievals, which are given by Eq8-
R P 4. However, the N@ air mass factor depends on the NO
¢ cloudy( c) - . : - )
— i (4) profile, because a large fraction of N@esides in the tropo
R sphere where Rayleigh scattering and scattering by aerosols

wherec is the (effective) cloud fractionkcigydy(Pe) is the and clouds are important. Therefore, the tropospherig NO
average reflectance over the fit window for a scene that igir mass facton,, is obtained by multiplying the elements
fully covered with a cloud located at pressie andR isthe ~ Of the troposphere-only a-priori NCprofile x, with the ele-
measured reflectance for the pixel. It is important to mentionMents of the altitude dependent air mass faatoas follows
that in the @ and NG retrieval algorithms of TEMIS, clouds ~ (Eskes and Boersma003:
are also assumed to be Lambertian reflectors with albedo of
0.8, like in the FRESCO(+) algorithm. v = 2mi®) - xai

The correlation between the totag ®@ertical column den- " Yo Xar
sities retrieved using FRESCO and FRESCO+ cloud prod-
ucts for one day of global SCIAMACHY data is shown in where the elements of the altitude dependent air mass factor
Fig. 8. For this day (10 January 2007) the global averageddepend on the set of model parametersncluding cloud

®)
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Fig. 9. (a)Correlation of total N@ columns using FRESCO+ (v1.1) and using FRESCO (v1.04) for six days of global SCIAMACHY data
on 5-10 January 2007. The color scale indicates the density of data points in a logarithm(se@zerelation of the tropospheric NO
columns for the same SCIAMACHY measurements. The black solid line gives the 1:1 relation between the datasets.

fraction, cloud height and surface albedo. The tropospheric We can understand the results of Fi§sand 10 as fol-

NO; VCD is given by: lows. High NG concentrations occur mainly in the bound-
ary layer, roughly below 2 km. For polluted pixels with
Ng — Ns st low clouds even small cloud height differences can cause
Nip = M, (xa,b) 6) large differences in N@ghost columns. For polluted pix-

els with high clouds, when FRESCO and FRESCO+ cloud

In the TEMIS processing the a-priori NGprofile is de-  heights are both above the NM@ayer, differences in ghost
rived from a chemistry-transport model. column are small, so differences in NQ/CD are also

As shown in Fig9 both the total N@ columns and the tro- small. The global cloud height frequency distribution from
pospheric NG columns retrieved from SCIAMACHY using SCIAMACHY shows that the cloud pressure peakS at about
the FRESCO+ and FRESCO cloud products correlate well800 hPa. So, globally there are more low clouds than high
Note that the tropospheric NO/CDs are only reported for ~ clouds, and the impact of the FRESCO+ cloud height on tro-
pixels with effective cloud fractions less than 0.3. For mostPospheric N@ retrievals is significant.
of the pixels the N@ columns using FRESCO+ and using
FRESCO are almost the same, because there is no tropd-3 Comparison with ground-based measurements of tro-
spheric NQ or no clouds. Therefore, the globally averaged pospheric N@
NO, columns are similar. However the largest differences
occur for the larger tropospheric N@olumns. Similarly  To demonstrate that the FRESCO+ cloud parameters are
Boersma et al. (2007) find that the SCIAMACHY and OMI an improvement for tropospheric NQ@etrievals from satel-
tropospheric N@ columns have large differences at polluted lite, we compared tropospheric N@olumns from SCIA-
areas. The reason is probably that the OMI cloud heights artMACHY (v1.1 and v1.04) with ground-based measurements

lower than FRESCO cloud heights. of tropospheric N@ columns measured with Multi-AXis
The effect of cloud pressure differences on tropospherid®OAS (MAXDOAS) instruments.
NO, AMFs and NQ ghost columns is shown in Fid.0. The ground-based data include results from the three

The difference between the ghost columns using FRESCO-MAXDOAS instruments (BIRA/IASB, Bremen and Heidel-
and using FRESCO increases for cloud pressures larger thaverg) operated during the DANDELIONS (Dutch Aerosol
about 700 hPa; using FRESCO+, the Nghost columns and Nitrogen Dioxide Experiments for vaLldation of OMI
are clearly smaller than using FRESCO. The difference inand SCIAMACHY) campaigns held at Cabauw {3, 5° E)
tropospheric N@ AMFs also increases with cloud pressure; in May—July 2005 and September 2006. The tropospheric
the tropospheric N©QAMFs are larger using FRESCO+ than NO;, VCDs are retrieved using a geometrical approximation
using FRESCO. According to E@, the increase of AMF valid for boundary-layer N@ as described iBrinksma et
and decrease of ghost column both yield a lower tropospherial. (200§ and subsequently interpolated at the time of the
NO, VCD, especially for highly polluted scenes. SCIAMACHY overpasses. SCIAMACHY data are selected
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Fig. 10. (a)Difference in NGQ ghost columns between using FRESCO+ clouds (v1.1) and FRESCO clouds (v1.04), as a function of
FRESCO+ cloud pressurgo) Similar as (a) but for the difference in tropospheric N&ir mass factors. The same SCIAMACHY data as in
Fig. 9 were used. The color scale indicates the density of data points in a logarithmic sense.

within a 200 km radius around Cabauw, leading to 72 points
of comparison with ground-based measurements. As can be
seen in Fig.11, the distribution of the differences between
SCIAMACHY NO3 VCD retrievals using FRESCO (v1.04)
and ground-based measurements is asymmetric, showin(
more positive deviations. In contrast, the SCIAMACHY
NO; product using FRESCO+ (v1.1) is closer to the MAX-
DOAS results, and the differences show a more symmet-
ric distribution. The statistics of the tropospheric NO
column differences (SCIAMACHY minus MAXDOAS) are
given in Tablel. One can see that the mean and me-
dian differences are closer to zero when the FRESCO+
cloud product is used in the SCIAMACHY retrievals. The
overall mean difference between the SCIAMACHY MO
VCD (v1.1) and ground-based MAXDOAS NOVCD is ;:Z ‘
—2.12x 10 molec cnT?2 with a corresponding standard de- % 2 y 0 1 2 3 "
viation of 102x 106 molec cnt?. Differences [10'° molecicm’]

Distribution (SCIAMACHY- GB)

T
[v1.04
v.1.10

20 E

151 1

number of occurences

Fig. 11. The distribution of differences between troposphericoNO
columns from SCIAMACHY and ground-based MAXDOAS mea-
An |mpr0ved Vers|0n Of the FRESCO Cloud algonthm' surements. SCIAMACHY v1.04 uses FRESCO, whereas v1.1 uses
FRESCO+, has been presented. This version include§RESCO+.

Rayleigh scattering which is important for less cloudy

Sfenzs. "I;hg FEESCO+ alggrlthénoh'\i; beznsegill'\iié%?m' For the first time FRESCO+ cloud height retrievals have
ulated G A-band spectra and to an been compared to ground-based radar/lidar cloud height

satellite measurements _Of the; @-band spectra. It aP-  measurements and a good correlation was found. From these
pears that FRESCO+ ields more accurate cloud he'ght?heasurements and simulations we found that the FRESCO+
in less cloudy SCenes. The FRESCO+ cloud pressure '3nd FRESCO cloud heights are closer to the middle of the
about 50 hPa higher in the monthly global average thanclouds than to the top of the clouds in the scene. This is im-

tr;e FRIIESChO CIOUd, presshure f?ue. to tlhe da;:iditign 0‘; Sin'portant to realize when applying FRESCO+ cloud heights in
gle Rayleigh scattering. T ee ective clou ract|ons_ oM trace gas retrievals and in cloud pressure comparisons.
FRESCO and FRESCO+ differ only by about 0.01 in the

monthly global average.

5 Conclusions
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Table 1. Statistics for tropospheric Ncolumn differences (in units of. @x 101° molec cnt2) between SCIAMACHY and MAXDOAS
measurements, for different effective cloud fraction ranges.

SCIA FRESCO — MAXDOAS SCIA FRESCO+ — MAXDOAS

(1.0x10% moleccnT?) (1.0x10% moleccnt?)
ceffrange  Mean Median Stddev Mean Median Stddev
<0.5 2.7 19 107 -091 034 89
<10 28 19 119 -021 092 102

As a first application we compared the total3 O 800 nm from Table 1 ilBates(1984), and are linearly inter-
columns retrieved from SCIAMACHY using FRESCO+ and polated between 750 and 800 nm.
FRESCO data in the cloud correction. It appears that the re- The Rayleigh scattering phase function (without polariza-
trieved total @ columns are very similar using FRESCO+ tion) is given by
or FRESCO cloud products (0.2DU difference), because
the cloud height improvement of FRESCO+ weakly affects r, (@) = 3 — pn) (oL O + 1+ pn ), (A2)
stratospheric trace gas retrievals. As a second application, 41+ pn/2) 1—pn
we applied FRESCO+ to Nfetrievals from SCIAMACHY. .
Here we found a large impact of the FRESCO+ on tropo-Wlth
spheric NQ retrievals. The cloud height improvement influ-
ences the ghost column of tropospheric Ndrectly, espe-
cially for highly polluted cases. The cloud height improve- where® is the scattering anglé,is the viewing zenith angle,
ment also affects the tropospheric N@Ir mass factors, be- ¢, is the solar zenith angles is the viewing azimuth angle,
cause they depend on the Nrofile and the profile of the  and ¢y is the solar azimuth anglep, is the depolarization

scatterers. factor; at 750 nnp,, =0.02786.
Finally, we compared SCIAMACHY tropospheric NO

column retrievals using FRESCO+ and FRESCO to ground-A2 Atmospheric optical thickness and transmission

based MAXDOAS measurements performed during the

DANDELIONS campaign in Cabauw. We found that The atmospheric optical thickness and transmission is deter-
the SCIAMACHY tropospheric N@ columns using the mined by oxygen absorption and Rayleigh scattering. The
FRESCO+ cloud product in the cloud correction, agree bet-absorption is calculated from the number density of O
ter with the ground-based data than using the FRESCO clou#holeculesno,) and the Q absorption cross sectiofig, (1),
product. We conclude that FRESCO+ is an improvement ofalong the light pathoo, (4) depends on the atmospheric tem-
FRESCO algorithm, not only in the physics of the retrieval perature and pressure but this is omitted from the notation.
algorithm, but also in the application of the cloud product for The absorption coefficient (in 1/m) is given by:

tropospheric trace gas retrievals.
kapd?, 2) = no,(2)00,(%, 2). (Ad)

C0S® = — c0osH cosby + Sinb sinfy cog¢ — o), (A3)

Appendix A The Rayleigh scattering coefficient is calculated from the
air density(ngyj,) and the Rayleigh scattering cross section
In this appendix, the formulae for the FRESCO+ simulations (@& (4, 2)),

of the & A-band reflectance are given, which is an update of
the FRESCO formulae given i§oelemeijer et al(2007). kscd?, z) = najr(2)or (%, 2). (A5)

The total atmospheric optical thickness,is the sum of

Al Rayleigh scattering cross section and phase function ) : e
the absorption and scattering contributions:

The Rayleigh scattering cross sectief, is calculated with

A, z2r,0,00) =
the formula Bates 1984): t(oo ¢ 0)

/ (kapg*, z+kscdL, 2)) (Ssp(6o, 2—2,)+Ssp(6, z—z,))dz.  (AB)
or = (3273/3N?2Y (ngjy — D?F'i(ain, (A1)

Here Ssp(fo, z—z-) and Ssp(d, z—z,) are the spherical
where (n4j,—1) is the refractive index, and”;(air) is the light path factors from the sun to the reflector and from the
effective King correction factor. The effective King correc- reflector to the satellitapelemeijer et al.2001). z is height
tion factors and refractive index for air are chosen at 750 andn the atmosphere;, is the altitude of the reflector (surface
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or clouds).6g, 6 are the solar zenith angle and viewing zenith References

angle at surface height.
The transmittance from TOA tg., assuming a reflector at
altitudez,, and back fronx, to TOA is now given by:

T(x, zr, 0, 60) = e T*3r0.00 (A7)

The transmittances are stored in a look-up-table (LUT).
A3 Single Rayleigh scattering reflectance

The single Rayleigh scattering reflectan®eg, is calculated
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Rr(X, zp, 4y (O, @ — @0) =

Fr(i, wo, o—po) [
_— kscar, 2)T (A, 2, b, o)dz,

(A8)
4o z,

where T (A, z, u, o) is the transmittance,uo= cosbp,
u=cosf. We have to modify EgA8 for the spherical light
path:

RR()\‘s er 97 907 (p - (pO) =

Fr(@, 6, p— e
IR % 9290 [} o, )T (1. 2, 6, 60)Ssp6. 2)dz.

4 cosp 2 (A9)
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