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Surface reflectarcis a key parameter in satellite trace gas retrievals in the UV/visible rang(work. fromthe results section.

and in partialar for the retrieval of nitrogen dioxide (NYvertical tropospheric columns
(VTCs). Current operationaletrievals rely on coarseesolution reflectance data add not
account for the generally anisotropic properties of surface reflectance. Here we present a NO
VTC retrieval that uses MODIS Hdiirectional eflectance distribution function (BRDFata

at high temporal (8&ayg and spatial (1 km x 1 km) resolutian combination with the
LIDORT radiative transfer model to account for the dependence of surfacetamfie on
viewing and illumination geometry. The method was applied to two years of NO
observationdrom the Ozone Monitoring Instrument (OMbver Eur@e Due to its wide
swath,OMI is particularly sensitive to BRDRfects.Usingrepresentativ8RDF parameters
for various land surfaces, we found tiatluly (low solar zenith angles) and November (high
solarzenithangles) and for typical viewing geomies of OM|, differences between MODIS
blacksky albeds andsurfacebi-directionalreflectance are of the order od - 10 % and O-
40%, respectively, depending on the position of the OMI pixel within the swvatlthe
retrieval, blacksky albedo was ¢ated as a Lambertian (isotropic) reface while for
BRDF effectswe usedthe kernelbased approach in the MODIS BRDF produtir Mass
Factorswere computed using th€IDORT radiative transfer model based on these surface
reflectance conditionsDifferences in N@ VTCs based on the Lambertian and BRDF

approaches were found to be oé tbrder of €3% in July and €0% in Novembemwith the



extreme values found at large viewing anglEse much larger differences in November are | Formatted: _Highlight ]

partly due to higher solaenith angles ahpartly to thechoice ofa priori NO, profiles - the
latter typically havemore pronounced maxirria the boundey layer during the coléeason
However, BRDF impacts vary considerablgross Europe due thangesn land surface type
andincreasing solar zenith angles higherlatitude Finally, we compae BRDFbasedNO,
VTCs with thoseretrieved usindhe GOME/TOMS Lambertian equivalent reflectafcER)
data setOur resultsndicate that the specific choice of albedo data set is exga important
than accounting for surface BRDF effe@sadthis againdemastrateshe strongequirement
for more accurateurface reflectance data sets

1 |ntroduction|

Satellite observations of tropospheric Nsing solar backscattetV/VIS spectromedrs
began in 1995 with the Global Ozone Monitoring Experiment (GONE)rrows et al.,
1999) and continuedvith the SCanning Imaging Absorption specieter for Atmospheric
Chartograpk (SCIAMACHY) (Bovensmann et al.,, 1999wunched in 2002the Ozone
Monitoring Instrument (OMI)Levelt et al., 2006pn board the Aura platform laumed in
2004 and GOME2 (Munro et al., 2006)Spatialresolutionhas improved vth time (GOME
pixel size: 48 320 knf, GOME-2: 40 km x 80 krfy, SCIAMACHY: 303 60 knf, OMI: up to
133 24 knf at nadir) and this has enabled the p@600instruments to detect N@ollution
features on a regional scal@and etrieval algorithmsshould take full advantage of this
capability For satelliteNO, retrievals,measurement precision and uncertainty depend on a
number of factorsA detailed general error analysis was presenteBdgysna et al.(2004)
this study showed that retrievalerrorsare dominated by the uncertainty in estirsaibthe
tropospheric air mass facthMFop), estimated to be of theder of 20- 50% for polluted

scenepixels.

One of thekey input parameters for the calculation of &MF ., is the surface reflectancie.
affects retrievals directly through the clesky AMFyo, and indirectly through the cloud
retrievals. Reflectanceof light from the terrestrial surface igenerally an anisotropic
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phenomenorand the angular pattern is controlled by spectral and structural features of the

surface covel(Kimes, 1983Li and Strahler, 1986)Depending orthe given viewing ad

illumination geometry surfaces may appear brighter or darké&his effectis described
mathematically by the bidirectional reflectandistribution function (BRDFjNicodemus et
al., 1977) The BRDF represents an intrinsic property of the surfaoel describes the



scattering of a parallel beam of incident lighttoeflecteddirection in the hemispher&ince

it is defined as ratio of infinitesimals, itannot bemeasuredlirectly. For BRDF estimation
from satellite remote sensingbservationsover sufficienly large angular range are first
atmospherically corrected and thenditto a ssmirempirical BRDFmodel (Engelsen et al.,
1998;Lucht et al., 2000) Multi-angular instrumentssuch asthe Multiangle Imaging
SpectoRadiomete(MISR) (Diner et al., 1998, 200%)ndthe POLarzation and Directionality
of the Eart hds Rdlferoyea tl.a O87kalart ét RIO RADENRESUre
multiple-ande views over a short time sparin contrastsensors with a single field of view
such aghe MODerate resolution Imaging Spectroradiometer (MOJ8%tice et al., 1998)
must accumulate sequential sérvations of the same scene under different viewing
geometries over a specified time perigiven the BRDF, severalassociatedeflectance
relatedquantities can be derivedsdescribedn Schaepmaistrub et al. (2006)n this paper
we usethebidiredional reflectance factor (BRR)lefined aghe ratio of the radiance reflected
by this surface to the radiance reflected by a lossless Lambertian (isotrofacgsinder the
same irradiangeandthe directionahemispheric reflectance (bfacksky albelo), defined as

the integral of the BRDF over all viewing geometries.

In current NO, remote sensingetrievals the assumption of an isotropi¢Lambertian)
reflecting surfacds used The Lambertian equivalent reflectance (LER) is defined as the
reflectane of an isotropic surfacefor which the modeled and measured reflectivity attdipe

of the atmosphere (TOAgre equal, assumingpaire Rgleigh scattering atmosphere without
clouds or aerosoldgn the radiative transfer modéoelemeijer et al., 2003LER data sets

used inpreviousoperational N@ retrievals(Herman and €larier, 1997Koelemeijer et al.,

2003) were constructed frorolder satellite instrumentsvith coarse spatial resolutios and

mapped onto a grid that is much coarser than the pixed gizbe more recentnstruments.
Recently, a nevLER data setof Kd i p oo | et al. (2008) with an
0.5A and generated from high resolution OMI
currently being introduced in the operatiofmaltch OMI NQ, (DOMINO) product(Boersma

et al., 2009a)Furthermorg these LERclimatologiesdo not account for inteannual and Comment[M4: A Further mo
not follow here the logical sequence of th

shortterm variability. In the DOMINO product actual snow and ice are taken into account 2:15?7583 abovegmaybelyatlmeanisomett

based orthe NISE ice and snow cover data @éolin et al., 2005puilt on passive microwave
observationsMoreover,assuming a constameflectancearrespective ofviewing gemetryis
expected to affect the accuracytbe retrieval, especially for instrumentgith a wide off
nadir viewingrangesuch aOMI (2600 km swath) and GOME (1920 km swath).



In this study we focus omlatafrom the OMI instrument Fig. 1 shows that ta Earths

curvatureincreaseshe end-swathoff-nadirviewing zenith angl§¢vZA) of OMI from5 7 . 5 A

the satelliteto 7 0 &k the surfacewhich is the relevant angle for calculating BRDF effects.

The figure also showisow theat-surfaceVZA variesacrosshe 60 pixels ohn OMI swath

Our prime motivatiorfor this study is to developratrievalwith a more accurate treatment of
surface reflectangen orderto obtainmorereliable NQ column estimatesiNe first present
our NO; retrieval which is basedon the DOMINO product but withconsiderable
improvements (accurate terrain heigbtk-up table bug resolveds described in Zhou et al.
(2009).Here we add the option tmnsider thengulardependence of surface reflectanédge
take advantageof BRDF esimations from MODIS and we use the Linearized Discrete
Ordinate Radiative Transfer modelQORT) for accurate BRDF modelinVe then perform
sensitvity studies to investigate theffects of surface fiectance anisotropgn the satellite
NO, retrieval Pr different viewing geometries and surface BRDF characterishdsl
vertical tropospheric columns (VTCsf NO; retrieved with oumethodare compared with
resultsbased onMODIS blacksky albeds and TOMS/GOME LER data (Boersma et al.,
2004)assumed forsotropic surface reflectanc€&he comparison is made for the manduly

and November for a domain covering most of Europe.

2 Data and Methods

2.1 MODIS BRDF/albedo algorithm and products

In this studywe used theoperational MODIS BRDF/albedo algorithfiucht et al., 2000and
standard data products (MOD43B, collection &)d developed a methodology map this
information onto the OMI pixels for the N£trace gas retrievalhe MODIS BRDF/albedo

at
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data setshave high spatial resolution (500 m for observations at nadir), a high temporal

resolution (retrieved every 8 days based on all gkgrobservatinsovera 16-dayinterval),
and an atmosphiercorrectionthat accountsor tracegas absorption, molecalr and aerosol
scattering, and coupling between atmospheric arfdcBRDF(Vermote et al., 2002)The
operational MODIS BRDF model characterizes the surface anisotropy avilimear
combination ofpreset BRDFkernek (see Eq. (1) beloyy which are derived fron detailed
modeling of surfaceeflectance All the MODIS BRDF/albedo products are provided with

quality flags, and these products have been thoroughly validated against a variety of surface

measurements taken at different locations wuvidie. The validaon studies suggest that the



overall accuracy of the MODIS albedo (broadband, integrated from ®3 tee m) is of
order of 10% with an increasing uncertainty in winter months especially as solar zenith angle
i ncr eas e s-7 bdinjebah, 20035aldkmon et al., 200&;u et al., 20091 iang et al.,

2002;Knobelspiesse et al., 20©8Very little information is available, howevenn the Comment [M6]:

proper order.

Put these references i

uncertainties of the spectral albedo in different wavelength bands, lmah itbelarger,
especially at the short wavelengths (470 nm) relevant for the present(Semyote and
Kotchenova, 2008)

The operational MODIS BRDF/albedo algorithrees a weighted lineaum of an isotropic
paraneterplustwo BRDF kernelsto characterize theompletesurface BRDF:
BRI, 1) = foo(!) + Ty (1)Ko (@t F 1) + F oo 1 VK o107 1) (1)

iso geo(
where K, and K., are the volumetric and geometric scattering kern@®ujean et al.,

1992) respectively,fiso, fvor @nd fgeo are the isotropic, volumetric and geometric kernel

coefficients andd, g ,f am the solar zenith, viewing zdnand relative azimuth angles.

By definition, theBRF of a surface is expressed as its BRDF timgSchaepmaistrub et
al., 2006) Note that in theMODIS BRDF/albedo algorithmthe scale factop is neglected
(Lucht et al., 200Q)and the BRF can be derived directly from EL. In practice, thkernel
coefficients are determined by an optimizatjpmocedure that identifies the bdst of the
modeled reflectance from Eq. (1) to a seawhospheriecorrected reflectance measurements
(Lucht et al., 2000)

Volumetric scatterings applicableto a horizontally homogeneous leaf canogioujean et al.

(1992) derivedan expression for kerneK,,, (called the RossThick kerndior a densdeaf

vol
canopy. his kernel has a minimum near the backscatter directiorisamighter along the
limbs. Geometricscattering in contrastexpresses effects caused by the larger frr@wn)
gaps in a canopys from scenes containingD8objects that cast shadows and are mutually

obscured from view at offiadir angles K ., used n the MODIS data processing is a

redprocal form called LiSparsB (Lucht et al., 2000pased on the work of Wanner et al.
(1995) andLi & Strahler,(1992) It is derivedfrom surface scattering and geometric shadow
casting theoryvith an assumption of a sparse ensemble of surface objects casting shadows on
the backgroundit has been shown that tHiRossThickLiSparseR" modelis well suited to
describe BRDFs for a wide variety of land covergWanner et al., 199%;ucht et al.,
2000;Bicheron and Leroy, 2000)

The MODI'S BRDF/ al bedo standard products MODA4
Land Processes Distributed Active Archive Centdtps://Ipdaac.usgs.gov/lpdaac/get jlata



https://lpdaac.usgs.gov/lpdaac/get_data

are produced by combining clodicke, atmospherically corrected surface reflectance
observations (MODO09) from botthe Terra and Aquasatellites and are praded in an
Integerized Sinusoidal Grid (ISG) projection with standard tiles representing 1200 x 1200 one
kilometer pixels. In this stugyve mée use of the first threef the four standard produdhsr

all land and coastal areasd shallow water regior(svithin 5 km of landandless than 50
meters deep). For each pix#ig first product (MOD43B1) providdbe best fit RossThick
LiSparseR model parameterd, (/) for the first seven spectral ban®.47 2.10m) of

MODIS and three additiohabroadbandswhen there are seven or more higmlity

observations well distributed over the viewing hemisph@ad inversion) A backup Comment [M7]:  What do you mean
here?

inversion algorithm(Strugnell et al., 2001)s usedfor case with insufficient or poor

sampling,and for cases where the standarodelfitting is of poorquality-. Jin et al.(2003) Comment [M8]:  This is rather vague,
what input parameters does this algorithr

and Salomon et al. (2006) found that this backup method usually performs quite well und need. how where they chosen, and so or
general, this whole point should become

mostsituations.A fill value is stored if the number of good observations is less than three, 3"
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algorithm hasproduceda resultfor that pixel, andf so, a quality valuefor that pixel The
third product(MOD43B3) provides blackky and whitesky albedos based on coefficients
f.(/) from MODA43B1. As noted already,he blacksky albedoa, is the ratio of the

hemisphericallyintegratedtotal radianceto a plane paralleincident beamflux, andit is a
function only of solar zenith angldSZA). For a given solar zenith anglé it can be
determined by integrating Eq. (1) over all anglgs,)(6f the hemisphereThe blacksky
albedoof MOD43B3 iscomputed for the local noon solar zenith arfgleeach location based
on the following polynomial fit, which wasfound to capturerery well the SZA-dependence
from the computationally expensive integnddendi s s ma | | (&ucht et &l.a2000)8 0 A

a,.(q./) =t (/) + f,,(/)(-0.007574 0.07098%> +0.30758%°) +

2
(/)(- 1.284909 0.166314y> +0.04184@°) @)

fgeo

2.2  Surface reflectance and BRDF parameter datasets for OMI NO; retrieval

Channel 3 459nm7i 479nm) MODIS BRDF/albedo products are udezte because this
channel is closest to theindow centered a440nm used in auNO; retrieval (Zhou et al.,
2009) The MODA43B products are produced every 8 days based on observaviens 16

day period this is an appropriate tradeoff between the availability of sufficient angular

samples and the temporal stability of surface propeffisner et al.1997) Since OMI has



daily global coverage, we apply tBeday MODIS datasetso NGO, retrievak overthe middle

8 days vithin acorresponding #layobservatiorperiod.

First, afour-step preprocessing of theoefficients f, from MOD43B1 is performed in order

to recover missing pixels in the datasets due to poor or insufficient input observations. For

each missing pixel, an interpolation between the prevadmaksfollowing 8day datasetghen

an interpolation between the neighboripigels (5 x 5), andthen an interpolation between Comment [M10]:

cells, degrees?

You mean pixels,

correspondinglataset$rom the previous andubsequengears are attempted sequencgthe
pre-processing stops once a value is filled in. For the first and third interpolations (temporal),
only snowfree pixelswith valid BRDF inversionsNIOD43B2 quality flag <4 are takenFor

each such pixel,he coefficient value istaken to bethe average of the two temporal
neighboursand the quality flag is assigned tloaver quality of the two A low-pass filtemg

with a 3 by 3point kernel is applied tethe data set before the second interpolation to avoid
the spread oinformationfrom potentialy noisy adjacentpixels. For the second interpolation
(spatial) the pixel is marked as snesoveredif more than hdl of the available25 good
quality neighboring pixels areso marked For a snowcovered (snowfree) pixe| the
coefficientis again taken athe average value of inowcovered(snowfree) neighbairs,

and the quality flag is set tthe worst (highest) \ae of them The type of interpolation
appliedto filled-in values is recordeals a processg flag.

The preprocessed MOB3B products are then mappedmthe OMI pixels. For each OMI

pixel, all MODIS pixels (1km resolution) with centers located inside ©OMI pixel are

identified. With the geometry parameteds ( /g known for each OMI pixel, thBRF and
the blacksky albedoa, are computedollowing Eq. (1) and(2), respectivelyfor each of the

identified MODIS pixels. Then the valuesBRF anda,  as well aghe coefficients f,, f

iso? “vol

and f ., are averaged over the OMI pixel and stored in HERES formattogether with the

original OMI dataof the DOMINO product Note that for the retrievalith full BRDF

treatmentwe neednly the coefficients for theloudfree partand a,, for the cloudy part of a

pixel, and BRF is stored only for the sensitivity studiéscussed latef~urther parameters
mapped onto the OMI pixelg@blacksky albedo from MOD43B3 calculated for the local
noon SZA, snowcover, quality and processing flags, and thercentage ofialid MODIS
pixels within an OMI pixel.

Fig. 2is an example of the processingtbé coefficientf,, for one OMlorbit on December

vol

1% over central EuropePanel a shows the original MODIS,, data, panel b the same values

after gagfilling, and panel c the coefficients mapped onto the OMI pikEsaconstructedat



OMI resolutioncapures the fine structure in the original dapaite well The original data

from MODIS typically has higher noise and more missing values in winter months due to

snhow and cloud contaminatio®n the other handOMI is less likely to deliveia clearsky

obsevationat those locationwithin the corresponding period

2.3 Tropospheric NO; retrieval

The DutchFinnish OMI instrumenis part of the payload ahe Earth Observing System
(EOS) Aura satellite launched duly 2004 The Aura satellitdSchoeberl et al., 200@asses
over the equator in a staynchronous ascending polar orbit at 13:45 local time. In this study
we baseour tropospheric Nerxetrieval on the approach describedhou et al(2009), which
usestropospherc slant columns (SC§3,) from the Dutch OMI N@Q(DOMINO) product data
0.2)

Emission Monitoring Internet Serviceyww.temis.n), and catulates tropospheric air mass

(Boersma et al. 20@9v er si on 1. availabl e

factors(AMFp) with a highresolution topography data set.

In this paperthe AMF,p calculationis supplementedvith accurate modelingf surface
reflectance anisotropynstead otalculating AMFop with the TOMS/GOMEoor the Kleipool
et al. (2008)albedo data satsed in DOMINQ MODIS BRDF parameteras described in
Sect. 2.2are usedto characterize the surface BRDENd this has some important
considerationgor the retrieval algorithm. Firstlywe mustuse a radiatie transfer modehat
candeal accurately with bidirectionally reflecting surfac8scondlysince cloud parameters
(cloud fraction, cloud pressur&pm the ancillary cloud prprocessing algorithrdepend on
thechoice ofalbedo datzet,it becomes nessary to retrieve these parameters again.

The AMFyqp is defined as the ratio of the SgJp of the absorber along aaverage
backscattered path of the photookssrved by a satellite instrumemd the tropospheric

vertical columndensity (VCDyop). The AMFyo, depends on tha priori trace gas profile,

and a set of forward model parametbrsvhcih includescloud parameters, surface albedo

from ESA

andsurface pressure. For small optical thickness, the altitude dependence of the measurement

sensitivity to the atmospheric species of interest (calculated with a radiative transfer mod

can be decoupled from the shape of the vertical trace gas profile (calculated e.g. with

atmospheric chemistry transponbde). The AMPFp can then be wrién as followgPalmer

et al., 2001Boersma et al., 2004)
s 2

_a,mb)x,c

rop — =

AMF, 5
| Tal

®3)
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wherel is an index denoting the atmdgpic layer,m are the altitudelependent box air mass
factors, andx,, the layer subcolumns (molecules &of the a priori NO, profile. The
coefficientsc, are layerspecific correction terms that describe the temperature dependence of
the NG absorpibn crosssections.

The AMF for a partly cloudy scene lmsed on the IPA (independent pixel approximation),
and isdetermined as a linear combination of &MFs calculated separately for thkearsky

and cloudy fractionsf a pixel(Boersma et al., 2007)

AMF._ = fcI I cl AM I:cloud( pc) + (l_ 1:cl ) I cr AMFcIear( Pest )
o fcl I«:I +(1_ f(:I)I(:r

(4)

where AMFouq is the AMF for a completely cloudy pixel, andWesrthe AMF for a

completely cloudree pixel.

We determine cloud fractiorf, and cloud pressurg, from results ofthe OMI cloud

retrieval algorithmbased orthe Q-O, absorption band at 477nfAcarreta et al., 2004)The

slant column density of £0, (Ns) and themeasuremenderivedcontinuum reflectance ¢r

are obtained from the OMCLDO2 Level 2 data p

science data search tool httf://mirador.gsfc.nasa.gov/egi

bin/mirador/collectionlist.pl?keyword=omcldp2A look-up table is then used to convert the

guantities N and R into the cloud pressure and theeetfive cloud fraction(Sneep et al.,
2008) For each pixel considered, the pissleragedMODIS blacksky albedoa,, and the

ground altitude derived from the global digital elevation model GTOPO30
(http://eros.usgs.gov/products/elevation/gtopo30/gtopo30).tarel used as additional inputs

for the lookup table. The backscattered radiance from the-cleaf ) and cloug fractions
(Ie) are obtained from the LIDORT model discussed below. The AMFs obtainedfrom
Eq. @), with m =0 for all layers below cloud. For consistency witssumptions used ihe

cloud retrieval algorithnthe cloud is assumed to bd_ambertian surface withteedo 0.8.

2.4 BRDF treatment in NO, retrieval

The box air mass factors are calculated using the Linearized Discrete Ordinate Radiative
Transfermodel (LIDORT, version 3.3, Spurr, 2008This is a muiple-scattering model with

the capability to generate simultaneous fields of radiances and weighting functions in-a multi
layer atmosphereLIDORT can deal with both Lambertiarand bidirectionally reflecting
surfaces(Spurr, 2004) which makes it especially attractive for our studiystead of
interpolating from a precomputed lookugiable as in Zhou et al. (2009), we improved the
retrieval byrunning LIDORT on-thefly for each pixel. Vertical profiles of temperature and


http://mirador.gsfc.nasa.gov/cgi-bin/mirador/collectionlist.pl?keyword=omcldo2
http://mirador.gsfc.nasa.gov/cgi-bin/mirador/collectionlist.pl?keyword=omcldo2
http://eros.usgs.gov/products/elevation/gtopo30/gtopo30.html

NO, aretakenfrom the TM4 model(Dentener et al., 2003)ut scaled to the high resolution
topography as describeéd Zhou et al. (2009)The box air mass factors are derived from

LIDORT radiances and profilreighting functiots according to
m=- LW ©®)

where the weighting functiois defined aghe analytic derivative of the intensity field with
respect tahe optical deptht of layerl (1=1 é 3 4 ) | is thenirdensity of the backscattered
radiance. LIDORT includes a pseudspherical correctionfor the multiplescattering
contributionwhich treats the solar beaattenuationin a curved atmosphere, and an exact
treatment of the single scattering contribution based on caatredsphere attenuation for
both the solarand lineof-sight paths.This is important for nadigeometry satellite
instruments with widengle offnadir viewings such as OMI and GOME

LIDORT 3.3 includes nine possibBRDF kernel functions, and the surface reflectance is
specified as a linearombination of (up to) three serampirical kernel functions. In our
calculatiors, we seleatd the kernel functions RossThick and LiSpais# are used in the
MODIS BRDF model as described in Sect. 2.1. The nonreciprocal LiSparse kernel in the
original LIDORT packagd&Spurr, 2004)was modified to be onsistent with the LiSparge
kernel used ithe MODIS BRDF/dbedo algorithmby adding the factoll/cosg assumed for
the sunlit componer{Luchtet al., 2000)Forthe BRDFsurfacetreatment, the pixehveraged

coefficients (f ) calculated in Sect. 2.2 are provided as basic inputsh®obox

is0? fvol' fgeo
AMF calculatiors.

To solve the raditive transfer equation in an anisotropically scattering medium using the
discrete ordinate methothe dependence on azimuth anglesé&paratedising a Fourier series
expansion of the radiatidireld in terms of the cosine of the relative azimuth angte. dach
BRDF kernek, them" Fourier component isalculatedas

2

K@) = % FK, (9., ) cosnf)dr ©)

The integration over the azimuth angle from 0 to B performedby dowle numerical
guadrature over the ranges4qQ,and [- p, 0]. The number oferms ofthe BRDF azimuth
quadratureis set to 50 toassure a numerical accuracy better tha# (Spurr, 2004) For
bidirectionally reflecting surfaces, the reflected radiation fisldhe sum othe diffuse and
direct components for each Fourier tetmLIDORT, the diffusefield surface contributions

are based on components in Ef), (while the direcbeam contributions are based on a



precise specification of the solar beam BR@fRer than with their truncated forms based on
a finite Fourier series expansion.
For comparisonbox AMFs are also calculated witthe Lambertian surface assumptidn.

this casewe inputeither thepixel-averagedBRF or the blacisky albedoa, (calculated in

Sect. 2.2 as the Lambertian albedo be used in LIDORTNote thaf in contrastwith the

blacksky albedp the BRFwill account for viewing geometry dependenin thesurface

reflectance.Despite this the underlying Lambertianassumptionin the radiative transfer
modé will not account fully forBRDF.

Figure 3 shows an exampbé box AMF profiles calculated with these three differeutrface

treatments|t can be seen that thbree profiles arevery similar in shapewith decreasing Comment[M12: However,
caseo scenari o IS
m towards thesurface,illustrating the diminished sensitivity of the satellite instrumesat Bl i AWNIS GliiSr e (i s el

extremely low or high? Still 10%?

1

lower levelsdue to increased scattering of lighthe effect of surface treatments is most
strongly felt near the surfacehere thebox AMFs differ by up t010% in this exampleln
this casethelowestlayer box AMFcalculated withthe full BRDF treatment lies almokalf-

way between valuesalculatedwith BRF anda,,. The difference between the box AMF

curves deped on both the BRDF parameters atice geometry parameters, ang study
these dependencigsthe following section.

3 Results

3.1 Spatial and temporal distributions of BRDF parameters

Before analyzing the impact of BRDF on the N@trieval, the generdRDF characteristics

of the surface over Europe are described in this section and contrasted with the Lambertian
assumption in the next sectiofhe BRDF describes the intrinsic reflectance characteristics of
the surface which igletermined bythe specift land surfacdype andits optical properties.
Coefficients of asemiempirical BRDF modelcan not be interpreted directly in terms of
measurable biophysicabriablessuch as leaf area indexjtthe lattercan be deriveffom an
empirical formulabasedon the BRDF parameters to distinguish different land cover types or
to detect structural changéSao et al., 2003)To study temporal and spatial distributions of
BRDF parameters frorMOD43B1 within our domain ofinterest we combined siMODIS

tiles (horizontal 17- 19, vertical 3- 4) which togethercovera majorpart of western and
central Europe. We calculated monthly mean maps and frequency distributiathe of

coefficients f,

iso?

f.o and f ., for July and NovembeR006, asshownin Fig. 4. Snow



coveredpixels wee excluded sincaoreliable retrieval of N@can be achievenh these cases
due to an incorreastimation ofeffective cloud fractiorfBoersma et al. 20@.
Spatial variations over land are large and many interesting features can bsushemthe

high valuesof f,, over Spain due to dry soilgnd similarly high values over the Apulia

regionin southern Italy. Seasonal differences etsobe identified For example f,, values

vol

become smaller and more homogeumeacross Europ@é Novembera phenomenomhich

corresponds to thautumnaldecrease of dense vegetation cowaend f ., values become

smaller overnorthwestern Francen Novembery this time corresponding tthe enhanced
shadowingof sparsevegetation types this region Normalized frequency distributiorshow

the range of values across Europe in the two monfite peak of thef, frequency

distributionshiftsfrom around0.03 in July to 0.04 in Novembaensjth the majority of the data

within arange0.01- 0.12in both casesFor f_,, the majaity of valueslie in the range 0

vol?
0.05in Novemberbut in a wider rangef 0 - 0.12in July. Aside from a population ofzero
valuesin both monthghat occur mostly over the ocearhe medianvalueof f,, is 0.02 in
July and 0.015 in NovembeFhe higher July value is due iacreasd multiple scatterindy

greenleaf facetsFor f ., overland the peak of the frequey distribution shifts from0.003
in July to 0.006n November, withsimilar ranges 0.001 - 0.02. The small difference irf .,

corresponds to the small seasonal variation in geometric scattering over eesegteen
needleleaf foresyrbanor built-up areagBicheron and Leroy, 200@ao et al 2003) Better
correlation of BRDF coefficients with the land type and vegetation structure can be found in
the neafinfrared band and red baf@ao et al., 2003)The anomalous features over the North
Sea may be due to the fact that the specular (glitter) BRDF nfGd&l and Munk, 1954)
characterized by nelinear parameters such as wind speed and refractive index of water is
often needed fomore accurate modeling of the BRDF over water surfaddesever,this is

outsidethe scope obur study focusing on N{bver land.

3.2 Geometry dependence of bidirectional reflectance factor

Typical valuesof BRDF kernelcoefficients andsZAsfor July and Novembeare summarized
in Table 1(cass Al and A2. For these caseBRFs werecalculated as a function of viewing

zenithangleg (OA- 704 andrelativeazimuth anglef (0A- 3604 andpresenteds polar plots
in Fig. 5 where theadiuscorespondgo g andthe polarangle tof . In our conventionf =

0 Aorrespondso backward scattering conditiomghen the observer is on the same sitithe



local vertical as theun. Curvesof BRFsare also plotteds a function of), wherethe left part
with negative viewig anglescorrespondto 7 = 2 4 Gl the right part correspasith 7 =

6 Oir\the polar platthis isrepreserdtive for an OMIswath A number ofsolar zerth angle
are consideredorresponihg to typical valus at different latituds within the domain of
interest.

In Novemberthe valuesof BRF are generallylargerand vary morestronglywith g than in
July. From the BRF curve for the selected OMs$wathin Fig. 5, we can seg¢hat the solar
zenith angle haan important impact on the sensitivity of BRF to the viewgnithangle
change especially in November. For exampilee BRF difference btweeng=0 A @=n7d A
increases from abo@t02 wthd= 6 2 A titod=0 .70444g.\Bb ve can see the impact
of the "hotspot' characteristic of theggeometric kernelroundg 30 An the backward
scatteringn July, while this disappears at tHarge solar zenith angles Movember Fig. 59.

In Fig. 6 relative differences between BRF and bla&lyalbedoar@ | ot t ed as a
for typical solar zenith angéeandthree sets of BRDF coefficients for eachtlod two months
The firstsetof BRDF coefficientdor each month ishe same ashatused in Fig5, and the
other two setsepresentypical valuesover northern Ptand andnorthern Italy referredto as
cass B and C in Table .IThesetwo contrastingareaswverechosen since theoeficients fye,
and f,, differ significantly, which implies different BRDF characteristics.The SZA
differences between these two areasatse consideredhe relative difference betwe®&RF
and blacksky albedo is a measure of tH#ferenceinduced byignoring viewing zenith angle
dependence the reflectanceTrends and valuesom the same month with different BRDF
coefficients are comparablln November, the reflectanaifferenceincreases very fast with
g and can beome as large as 50% for the enmost pixels. Note also thdie differenceis

asymmetric with respect to the two different sides of the swath

3.3  Sensitivity of NO, retrieval to the surface reflectance treatment

To evaluate theensitivity ofthe NO, retrievalto the surfacereflectancetreatment we first
calculateda set ofbox AMFs with the full BRDF treatmentand then generatetivo more
AMF setsbasedon the Lambertian surface assumptjotaking BRF and a,, as the input
Lambertianalbedq respectively.The BRDF/BRF comparisomeflectsthe differenceinduced
by radiatve transfermodeling without BRDF treatmentwhile the BRDF/a,,comparison
characterizeshe differenceinduced by ignoring the viewing angle dependeriaa given

values of SCDyop and a priori profiles we calculatel the clearsky NO, for the above

scenariosNO,2FPF, NOBRF and NQ) as a function of viewingenith angleand relative

f

u

n



azimuth angleThe a priori profiles used in the studgre shown in Fig7; these argaken
from TM4 model output at OMI overpass timever Germanyin summer(July 11" andlate
autumn November 1), 2006 Theseare respectively,typical scenaris for a well-mixed
boundary layein summer and much more pronounced N@aximumlocated closeo the
surface in winterA recent study byHuijnen et al.(2009) showed that compared to other
(regiona) air quality models TM4 a priori partial columis tend to betoo largein the
boundary layeandto peakat lower levels this isdue to an implementation error for the NO
tracer field. Therefore we modified thelower levels of the winter TM4 priori profile
according to the shape of the EURAM profile in Huijnen et al. (2009)and compared the
results wih that calculated witthe original TM4 a priori profile.

In Fig. 8, polar plos of NO, are showrfor thetwo sets ofNO; profilesin July and November
These were calculatedwith the sameBRDF coefficents and solar zenith anglasusedin
Fig. 5. AssumedSCDyp valuesare 2 (16° molec/cnd) for the July case ands (10°
molec/cnd) for the Novembercase Patterrs of NO, in the polar plotsin July and November

reflect thedependencef air mass factorsn geometriesFor July, vith well-mixed a priori Comment [M13]:  On geometries or on
the apriori profile shape or on the SCDtrc

profiles anda constant surfaceeflectancea, , it is easy taseethatthe maximalNO,™ occurs GImolin

nearg ¢andf = ,GiAcethe shorestaveragephoton pathleads to less absorption and

scatteringand hence to aAMF minimum On the other handt is difficult to detecta trend
for NO,°® in November since the sensitivities ofthe box air mass fetors arelargely
modulatedby the pronounced priori profile in the AMF calculation Comparing thehree
sets ofNO,values we can sethat in JulyNO,2*°" is much closer tdNO,2%" andNO,* than
in November, whichmplies a much smalleMO, retrievaldifferenceunder the assumpticof
a Lambertian surface

To studyfurtherthe sensitivity of NQ@ retrievaldifference to theinput parameters, wehow
therelative difference oNO,®*" andNO,™ compared tdNO,®*" in Fig. 9 for the OMI swath
marked in Fig. 5BRDF coefficients and solar zenith argyfer the six scenariosn July and
November(Table 1)areconsideredIn addition, forNovember botta priori profiles in Fig.7
areused Retrieval difference can beas ligh as20%in NovemberThe retrievallifferenceis

more sensitive to the specific set of BRDF coefficients than to the cho@eridri profile. Comment [M14]:  Without some
statistics, | fail to see from the article hon
BRDF coefficients and solar zenith arglever different areasthus lead to significant Yl @En 63 S0 SR @7, (Far @4, & i

with statstics & differences, case AB1

variations betweenthe NO,®R difference curves All curves show acertain degreeof ete.

asymmetrywith respect tothe relative azimuth angle The retrievaldifferencecan differ Comment [M15]: A sentence as to the
physical meaning of such an asymmetry
significantly for pixels withsimilar viewing zenith angte but locatel onopposite sidgof the pillheliseThers)

swath. For an OMI orbit in November, aximum differences of both theNO,2RF and NO,®



tend to occufor the outermost pixel, otihe opposite side of the swatndit can be seen that

the differenceof NO,2%F is smaller thatNO,” for most of the pixels.

4 Comparison of OMI NO, from different surface treatments

4.1 Monthly mean OMI NO,

We applied oulNO; retrieval toall OMI observationdrom 2006 and 2007In Figure 10,
monthly mean maps for July and November (averaged over the two yeadd§),of TCs
retrieved with the full BRDF treatment are contrasted with the values obtained with the two
different Lambertian surface assumptions (BRF and bthgkalbedo). Pixelsvith a cloud
radiance fraction larger than 50@ere screened outfFor the computation of the mitby
means the OMI observations were mapped oato 0 . 0 5 Agrick Eabh. gficb c&ll was
assigned a weighted mean of all OMI pixels covering the cell. The weighting was done
according to OMI pixel sizewith the smaller pixels in the centre thfe swathgiven more
weight thanthe larger pixelsat the sides For the 2007 datepixels affected bythe row
anomales beginning in June 2007 cee

http://www.knmi.nl/omi/research/validatidcama/badrows.txtvere screened out
BRDF

The monthly mean maps ™O, shown in Fig. 10a and 10kor July and November,
reveala lot of detail High tropospheric N@ columnsare evidentover densely polluted
regions such athe Benelux regionthe Po Valley, industial areas in Germanand Poland,
with correspondinglyow values ovethe Alps andotherrural areasElevated values are also
seen alonghip tracksover the English Channahd wesof Spain. The significant differences
of NO, VTCs betweenJuly and Novembeare mainly due tothe increased N@lifetime in
winter (Schaub et al., 2007Figures 10c to 10f show the relative differenbesweenfull -
BRDF NO, VTCs and those retrievedith the Lambertian surface assumptifNO,®*" and
NO™). The maps show smooth spatial variatioof the relative monthlyneandifferences in
both seasonsThe noisyvaluesat high latitudes irNovember are due tthe verylimited
number of cloudand snowfree pixels over these are&®lative differencesre smaller than
12% for most of thelomain Since thalifferences area function of geometry parameters as
seen in Fig. 9, averaging over all pixels over the same location results in a sliffaltence

BRF

thanobtained forindividual pixels.Differencemaps ofNO,™"" show lager spatial variation

than those of NO,”> which orresponds well with the trend in Fig. showing a larger

BRF

sensitivity of NO,”" to the differences in BRDF characteristics and solar zenith angle

between northern and southern arddse etrieval with a, ¢ results in arunderestimaon of


http://www.knmi.nl/omi/research/validation/cama/badrows.txt

NO, VTCs over the whole domaiim Novembeywhich can be explainday the fact that most
pixelsof theOMI swaths have negative relatiddference asseen inFig. 9b.

The TOMS/GOME LERdata setuses thespectral dependence of the GOME datalafse
Koelemeijer et al.(2003) but scales thalbedo itself to match the TOMS 340/380 nm
databasgHerman and Celarier, 1997)Ve also comparedNO, VTCs retrieved withthe
TOMS/GOME LER NO,*¥R) with valuesretrieved with the BRDF surface treatment. The

"R in Fig. 11 showa generabatternsimilar to those oNO,*"°F in Fig. 1Q

mays of NO,
However, the relative differences (Fig. 11c and d) areifiignt and generally larger in
November than in Julyn Novemberthe contrast between polluted and rural areas is smaller
than that seen ifrig. 10h and somehot spots(such ashe Swiss plateauare absentThe

LER ‘are much larger tharthose of NO2R" and NO,™,

mean relativedifferences of NO,
especially in November, suggesting that the differences between the TOMS/GOME LER and
the generally lower values of MODIS blasky albedo have a more profound impact on the
retrievedNO, VTCs than the effectsfsurface anisotropylhe patchy structure of threlative
differences (Fig. 11c and d¥ due to sharp transitions betweadjacentgrid cells in the
TOMS/GOME LER datasgir ovi ded ohl /A rged dl wtfi dm

In July, the relative differences areostly below15% over land.However n November,
NO,*R is lower thanNO,2RPF by 20% - 60% This is mostlikely due tosnow and cloud
contaminatiorwhich is expected to affect ti@©OMS/GOME LERdata more strongly than the
MODIS data, due tothe coarsespatal resolutionof the GOME sensor. Snow or cloud
contamination leads to a high bias in surface reflectandeherefor@noverestimabn of air

mass factorsFurthermoreNO, VTCs over polluted areagwhere theNO, a priori profile
loading is higherare more sensitive twariations in surface albed@he comparativelyhigh

NO,"ER values ovethe aid areas of Spaiare an indication of underestimat@®@MSGOME

LER datavaluescomparedvith MODIS-derivedreflectances

4.2  Comparison of monthly mean NO, VTCs from different parts of the swath

For OMI, viewing geometry variegonsiderablyacross the swathbut remains relatively
constant for the same pixels in subsequent swhlirsce, weexpect that different parts of the
swath are affected differently by BR@ffects (cf. Fig. 9). If BRDF effects are ignored in the
lretrieval, however, N©QVTCs obtained from pixels near the kand limit of the swath may

differ systematically from values obtained at the centréheright-hand Iimit.[To test this Comment [M16]:  Have there been
vglidatiqn v_vorks for example that also ha
hypothesis,we binned N@ VTCs according tatheir location within an OMI swath and Lhe'feasf'”d'ng?WOU'd be good to referer

computed monthly mean fields for three different bins (left, centre, right) separately. From the



sixty pixels of each OMI swath, we selected eight pixels for each of the threixgls 3-

11 for the left, 26- 34 for the centre, and 5258 for the right bin) discarding the two
outermost pixel®n each side.

Fig. 12 showsNO,®™F andNO,* resultsfor the three bins in Novemheveraged ove2006

and 2007 (cloud radiance fraatiec 50%) as well ashe relativedifference for NO,™. The
patterns of NQVTCs have more similarity in the maps of the left and rightmost pixels while
the values of the center pixeisnd to be significantly lowerAs suggested by the relative
differene maps (bottonpane), the use ofBRDF surfacesclearly has a positive effect
bringing the three bins into closer agreement with each other. However, it does not fully
correct for the significant differences between the centreeaigé bins The unambiguas
identification of BRDF effects is complicated by several factors. First, the same location at
the surface is seen at different times of the day (appnaxhours difference in local time
between left and right limitg bing. Thediurnal cycle of NQ emissiors andphotochemistry
may therefore contribute tothe differencesof NO, VTCs across the swaththough in
November, the diurnal cycle in NQYTCs is not very strong as demonstrated in Boersma et
al. (2009b) Secondly,bins cover different days in November 2006 and 20ftf which
meteorologcal conditions may not be equahnother, probably dominant, factor is the
tendency forcloud fractiongo be smallefor the center pixelémeancloud radiance fraction
20%); larger pixels atswath edges are less likely to be cloud frgeean cloud radiance
fraction 30%) (Krijger et al., 2007) Sinceit is not possible (yet) to model compleloud
related effects in the retrieval algorithrthe tropospheric N@ retrieval for the cloud
contaminatedgixels hasa higher uncertaintyhanthatfor clearsky scenesHigh NO, VTCs

for the side pixels over some areas in the northern part of Estupadthereforebe treated

with caution

In generalthe patternin the relative differences shown in thettomrow of Fig. 12 with an
overestimation of N@QVTCs for the lefthand pixels and anarkedunderestimation in the
center correlateswell with the corresponding viewing angle rangdg (5, A 3 for the left
and[-8 A+8 JAfor the center pixe)sin Fig. 9b. The center and leftmasixels exhibitthe
largestdifferences, which can be higher than 15% in absolute valuer some areas such as
Poland and northern Germany, further coniirgithe resultsof Fig. 9. Although not fully
conclusive, the analysis here demonstrates the jeitdrnefits of accounting for surface
BRDF effects in the retrieval. As also demonstrated by this analysis, a quantitative proof is
difficult and will require an extensive statistical analysis applied to multiple years of
observationswe aim to addressis issue in a followp paper



5 Conclusions and Outlook

A new satellite tropospheric NOretrieval accounting for the dependence of surface
reflectance on the illumination and viewing geometry was presented and applied to two years
of OMI observations car the major part of western and central Europ§e developed a
methodology which, for each OMI satellite pixehlculatepixel-averaged BRDF parameters
based on high temporal and spatial resolution BRBtafrom the MODIS instrument These
parameters ere then used as input for the air mass factor calculations with the radiative
transfer code LIDORTIn this waywe fully accountfor surface BRDF effects anthe
surfaceatmosphere coupling due to multiple scattering and reflec®oud parameters
(cloud fraction, cloud pressurayere recalculated for each pixel based e OMI cloud
retrieval algorithnusing the MODIS blacisky albedo for the surface reflectanioeorder to

be consistent with the NQetrieval.

We studiedthe spatial and temporal vation of the isotropic( f,,), volumetric (f,,) and

ISsO

geometric (f,.,) BRDF coefficients, and for the corresponding BRBdntributions with

geo
representativesolar zenith anglegor July and November 2@) we studied theBRDF
depenénce on geometry parametersAn accuratesurfacetreatment of BRDF effectvas
found to bemoreimportantin winter, when variations in BRDmith land typeandlatitude
dependent SZAcross Europeanstrongly affect theBRDF characteristicsTo evaluate the
effect of a full BRDF treatment versus the traditional Lambertian surface approximation on
the NQ retrieva] we compaedthe NO, VTCs of the new approachwith two sets of results
using the BRF and blacksky albeds as Lambetian inputs With enhancedNO, profile
loading in winter, the polar plots of NOVTCs exhibita more complicated patteriNO,

VTCs are more sensitive to surfaedlectancereatmenin Novemberthan in July retrieval
differencesbetweenNO,ER" or NO,” and NO,2RPF for an OMIswathcan beup to abou0%

(15%) for the outermostinner half of)pixels, andare more sensitive tepecific choicesof

BRDF coefficientandSZA valueghanto the choice ofa priori profile.

To analyze the influence of the nemeatment of surface anisotropic reflectance onQM

NO; retrieval, we studiednot onlythe meanNO, VTCs in July and Novembegiveraged over

all clearsky pixels but alsothe binned N@VTCs according to the location of pixels within
OMI swaths Patteris in these retrievalsorresponctlosely with trends seen the sensitivity
study above, andhis demonstrate that the acurate treatment oburface anisotropic

reflectanceis especiallyimportant whenindividual pixelsare analyzedsince the retrieval



differencewith a Lambertian surface assumption depends strongly on geometryeperam
and BRDF characteristics.

Furthermore,we demonstrate the potential improvement obur MODIS BRDFbased
retrievalover otheravailable retrievaldased orthe TOMS/GOME LER data setaind black
sky albed®. Benefiting from the higher spatiahd temporatesolution, the contrast between
the polluted and clean areas is enhanithl the BRDFbased resultdvloreover,with a more
accurate BRD#based calculation of AMFserieved NQ VTCs for the same location and
time period tend tagree better between the different subsections of the swath.

In our future work, he quality of thetropospheric N@ columns will be assessed by
comparison with grountbasedNO, measurementandthe method will be applied to several
years of OMI observations over Europe to studytdmporal and spatial variations tife
NO; columns.This study also suggests thpecialneed in further studies on accounting for
surface anisotropic reflectance et in tropospheric Nretrieval in particularfor satellites
with wide swaths (e.g. GOME), andfuture geostationarynstruments, for which changing
solar zenith angles during the measuremesiitscontribute tosurface anisotropic reflectance

effecs.
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Table 1.Retrievalsettings for selectescenarioswith representativeolarzenith angle and
BRDF coefficients forJuly and NovembeiThea priori NO; profiles are shown in Fig.

Case| Represents SZA | fiso | fual fgeo a priori NO, profile

Al | Typical Europear 3 0 4 0.03| 0.02 | 0.003| summer TM4 profile
A2a | land surface 6 8 4 0.04| 0.015| 0.006| winter TM4 profile

A2b winter EURADIM profile
B1 | Northern Poland 3 0 4 0.04| 0.03 | 0.006| summer TM4 profile

B2 7 2 /0.05(0.02 | 0.01 | winter TM4 profile

C1 | Northen ltaly 25 /40.06/0.02 |0.01 | summer TM4 profile
Cc2 6 3 4 0.05| 0.015| 0.011| winter TM4 profile
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Fig. 1: (a)Viewing geometryfor the OMI swah. Due toEarth curvaturgthe surface viewing
zenith angle (VZA) is larger thats value athe satellite(b) VZA variation for the 60 pixels
within an OMI swath.

Fig. 2: lllustration of the processingf MODIS BRDF/albedo data setsrfa singleOMI orbit
on December %2006 over central Europfgr the coefficientd,oas an examplda) Original
fvofrom MCD43B1, (b)afterfill ing in missing valueand (c) averaged over OMI pixels.
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computed with(a) full BRDF surface treatmenfist=0.06 f,,=0.02 fge=0.01), (b) Lambertian
albedowith a value 0f0.04 equal to theBRF for the given viewing geometry,and €)
Lambertian albedof 0.05equalto the blacksky a, for thegiven SZA
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Fig. 4: Monthly mean maps for snefwee pixels in July (left colum) and November (right
column) 2006 of (a) and (i), (c) and (d)fvo, and(e) and (f)fgeo from MODIS MCD43B1.
The insets show the corresponding normalized frequency distributions.
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Fig. 5: Left panels polar plots of BRF for a typical land surface and sokemith angle
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Fig. 6: Relative difference between BRF and blaesky albedo (BRF - a,.)/ BRF for the

OMI orbit marked in Fig. bandfor the casegAl, B1 and C1 are summer cases; A2, B2 and
C2are winter casedistedin Table 1.
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Fig. 9: Relative differences of (@YO.°FF and (b)NO.” compared tdNO,*R° for the OMI

orbit marked in Fig. Sor cases in Table 1 (Al, B1 and C1 are summer cases; A2a, A2b, B2

and C2 ae winter cases).



