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Abstract. Spectral airborne upward and downward irradi- deviation between local and area-averaged surface albedo. A
ance measurements are used to derive the area-averaged sparametrization of the mean deviation is applied to an albedo
face albedo. Real surfaces are not homogeneous in themap that was derived from a Landsat image of an area in East
reflectivity. Therefore, this work studies the effects of the Anglia (UK). Parametrization and direct comparison of local
heterogeneity of surface reflectivity on the area-averagednd area-averaged surface albedo show similar mean devia-
surface albedo to quantify how well aircraft measurementsions (20 % vs. 25 %) over land.

can resolve the small-scale variability of the local surface
albedo. For that purpose spatially heterogeneous surface

albedo maps were input into a 3-dimensional (3-D) Monte1 |ntroduction

Carlo radiative transfer model to simulate 3-D irradiance

fields. The calculated up- and downward irradiances in al-The surface albedp is important with respect to the surface
titudes between 0.1 km and 5 km are used to derive the areaand atmosphere energy budgets from global to local scales.
averaged surface albedo using an iterative retrieval methogurthermorep is a boundary condition for radiative transfer
that removes the effects due to atmospheric scattering andalculations and a key quantity for various algorithms ap-
absorption within the layer beneath the considered level. Foplied in the field of atmospheric remote sensing. For exam-
the case of adjacent land and sea surfaces, parametrizatiops, the retrieval of microphysical parameters of optical thin
are presented which quantify the horizontal distance from theclouds based on airborne or satellite-borne measurements re-
coastline that is required to reduce surface heterogeneity efquires representative data of the surface albgdoan be
fects on the area-averaged surface albedo to a given limitobtained by local measurements of the ratio of upward ir-
The parametrization which is a function of altitude, aerosolradianceF! and downward irradiancg" on the surface. In
optical depth, single scattering albedo, and the ratio of locakhe subsequent text, this surface albedo is called local sur-
land and sea albedo was applied for airborne spectral megace albedofoc). If instead of ground-based measurements,
surements. In addition, the deviation between area-averagegirborne data of up- and downward irradiance at flight level
and local surface albedo is determined for more complex surare used to retrieve the surface albedo, the so-called retrieved
face albedo maps. For moderate aerosol conditions (opticadrea-averaged surface albeglg, is obtained. This paper in-
depth less than 0.4) and a wavelength range between 40@stigates the effects of heterogeneity in local surface albedo
and 1000 nm, the altitude and the heterogeneity of the surp,,. on the retrieved area-averaged surface albggo

face albedo are the dominant factors determining the mean
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528 E. Hkel et al.: Airborne retrieval of heterogeneous surface albedo

The effect of spatial heterogeneity in local surface albedothe retrieved area-averaged surface albado(\Webb et al.
on up- and downward irradiances was studied by several au2004 Wendisch et a).2004 Coddington et a).2008 Bier-
thors (e.gDedlinther and Enel| 200Q Li et al., 2002 Chiu wirth et al, 2009.
et al, 2009. Dedunther et al.(1998 and Deginther and Retrieving the surface albedo from airborne measure-
Meerkbtter (2000 investigated the influence of inhomoge- ments of upward and downward irradiances involves two is-
neous snow cover on downward ultraviolet (UV) irradiance sues. First, atmospheric absorption and scattering due to gas
for clear-sky and a stratiform cloud situations. In both casesmolecules and aerosol particles within the layer between the
they concluded that the albedo heterogeneity within 40 kmflight level and the surface contribute to the airborne albedo
may influence the UV downward irradiance at 330 nm wave-measurement. Second, they mask the surface albedo. This
length by about 2—7 %. For a stratiform cloud, the surfacemasking gets larger by (i) increasing optical depth of the at-
albedo heterogeneity influences the downward UV irradiancanospheric layer below the flight altitude, and (ii) increasing
increasingly compared to the clear sky case. But at the samsurface albedo. To remove the influence of the atmosphere
time the relevant area of the albedo field which has an efbetween surface and flight altitude, a nonlinear extrapolation
fect on F¥ decreases due to interactions of the photons withof the albedo measured at flight level to the surface is ap-
the surface and the cloud layer, enhancing the probability oplied (\Wendisch et a).2004). Second, the flight altitude de-
attenuation and lessening the horizontal photon spread.  termines the surface area surveyed by the sensor of the spec-

The concept of effective albedo was introduced._bgt al. tral upward irradiancé! (in units of Wnt2nm=1). F1 re-
(2002. The effective albedo is used in 1-D radiative transfer sults from the radiance integrated over the lower hemisphere,
simulations to consider for 3-D effects either due to measureand weighted by the cosine of the zenith angjlaccording
ments over inhomogeneous surfaces or due to 3-D radiativéo the following equation:
transfer simulationsRirazzini and Risanen 2008. Chiu
et al. (2004 have shown that the heterogeneity of surface 2r 1
albedo influences the retrieval of cloud layer properties. TheyF ' = / / 1" wdpde, 1)
applied a 3-D radiative transfer model over a checkerboard 0D 0
pattern of surface albedo and found that the use of an area-
averaged surface albedo instead of the heterogeneous locaith I representing the radiance in units of Wnm~1
albedo pattern leads to underestimation of retrieved shortsr?1, 1 is the cosine of the zenith angle and ¢ the az-
wave cloud absorption for partly snow-covered surfaces byimuth angle. Due to the-weighting, F' is dominated by
up to 8 %. The reason for the underestimation is the nonlineathe upward radiance near nadir directipr=1). For increas-
relationship (convex function) between the surface albeddng altitude, reflected radiances from a larger area contribute
and the cloud absorption. with significantu-weighting to the upward irradiance. Com-

In satellite-based remote sensing applications instead obined with effects due to multiple scattering, this leads to
irradiances, radiances are measured to retrieve atmospheréc“smearing” (averaging) of the surface albedo as seen by
or surface parameters. With respect to the retrieval of thehe downward looking airborne irradiance instrument. Thus,
aerosol optical depth (AOD), surface albedo heterogeneitythe agreement between the area-averaged surface ahedo
can lead to an overestimation of AOD due to the so-calledretrieved by the method dfVendisch et al(2004), based
adjacency effectlfyapustin and Kaufman2001). This ef-  on airborne measurements and the heterogenous local sur-
fect influences satellite or airborne radiance measurementg$ace albedaoioc, depends on the flight altitude and aerosol
Adjacency increases the brightness of dark pixels and darkproperties.
ens bright pixels caused by horizontal photon transport. Re- Since many remote sensing applications need knowledge
flected radiances of the surrounding areas, out of the sens@bout pioc instead ofpret, this paper investigates how well
field of view, are scattered by the atmosphere into the fieldthe surface albedo can be spatially-resolved by airborne mea-
of view, thus causing a blurring effect and reducing the con-surements depending on the heterogeneity of the local sur-
trast of an image. As a result, the retrieval algorithm overface albedo and flight altitude. A parametrization of the mean
dark targets overestimates the derived AOD, which causesleviation between local and retrieved area-averaged surface
a systematic underestimation of the retrieved surface albedalbedo is provided which can be used for sensitivity stud-
(Lyapustin 2001). For data at high spatial resolution (25 m), ies of, e.g. certain satellite retrievals. In Sect. 2, modeling
the error of AOD can exceed 0.04-0.06 in the near infraredand experimental tools are introduced. Section 3 analyzes the
spectral range. simplified case of two adjacent surface types (sea and land).

Ground-based radiation measurements @ogvker et al, Furthermore, more complex surface albedo patterns are in-
1985 Feister and Grewel995 Aoki et al, 2002 Wut- vestigated and a parametrization is provided to estimate the
tke and SeckmeyeR006 deliver the local surface albedo mean deviation betwegiyc andpret. A summary of the find-
data for point locations only, whereas satellite measureings and conclusions are given in Sect. 4.
ments cover larger areaSchaaf et a).2002. On an in-
termediate scale, airborne radiation measurements deliver
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2 Methods and materials horizontal flight pattern within an area of 2020 kn? at an
altitude ofzsight = 500 m. The input parameters for the corre-
2.1 Modeling sponding extrapolation method are taken from previous IN-

SPECTRO publicationsKlling et al., 2005 Thiel et al,

Radiative transfer simulations are performed with the libRad-2008: the AOD is approximated by using tbﬁmgstrﬂm for-
tran packageNayer and Kylling 2005. The heterogeneity mula AOD=8-1"% and respective&ngstrzm coefficients
of the surface albedo is considered by using the 3-D Montaex =1.3, andg =0.044. This gives an AOD=0.1 at 532nm
Carlo model MYSTIC (Monte Carlo code for the physically wavelength. These values were derived from the data set of
correct tracing of photons in cloudy atmospheres), which isa ground-based elastic backscattering lidar syst€wbbi
one of the solvers available within libRadtravigyer, 2009. et al, 2000, which measured within the time frame of
With MYSTIC the radiation field is modeled by tracing in- the flights during INSPECTRO. According &ylling et al.
dividual photons on their paths through the 3-D atmosphere(2005 the single scattering albedoand asymmetry param-
The model domain is divided into grid cells; within each grid eterg of the maritime aerosol particles are sefite 0.98 and
cell the atmospheric optical properties are constant. MYS-g =0.75, respectively.
TIC applies periodic boundary conditions, which needs to The up- and downward irradiances in flight levglgnt
be considered for the setup of the model domain. For gasvere used to retrieve the area-averaged surface alpggdo
absorption the LOWTRAN parametrization Byerluissiand  (Wendisch et a).2004. The method requires that the mea-
Peng(1985, as adapted from SBDARR{cchiazziand Gau- sured and simulated spectra of the downward irradiances in
tier, 1999, was used. The extraterrestrial spectrum is takergfight agree within the measurement uncertainties. The it-
from Gueymard(2004), which is averaged over 1 nm wave- erative extrapolation algorithm starts with a given standard
length intervals in the solar spectral region. Profiles of pres-albedopg, which is used as a first guess of the surface albedo.
sure, temperature, density, and gases are taken from profiléghe upward and downward irradiances are calculated with
given inAnderson et al(1986 as input for the simulations. the 1-D radiative transfer solver DISORT (also implemented
The aerosol particle properties are specified by the spectrah libRadtran) for flight levekight and the surface=0. The
aerosol optical depth, the single scattering albédind the  ratio of the modeled albedo at the surfapg(z =0), and at
asymmetry parametey. Furthermore, Lambertian surface flightlevel, p, (ziiignt), is used to obtain the surface albedo for
reflection is assumed in this study. the next iteration step,,1:

The accuracy of the Monte Carlo results is determined
by the number of traced photons. In order to balance comp, 1(z = 0) = pz=0
putational efforts and accuracy, the photon numbewas P (2tight)

adjusted such that a given relative standard deviati@f  As the iteration proceeds, the resulting surface albedo con-

the result was achieved. For our applicatioms set 0 5%,  verges to the area-averaged surface albedo. The algorithm is
which corresponds to the accuracy of the airborne irradiancopped if

measurementdNendisch et a).2001 Wendisch and Mayer
2003. 1_ pn+1(z = 0)
pn(z =0)

: ,Omeas(ZfIight) n=012 ... (2)

< 0.02 3)
2.2 Airborne radiation measurements
The Spectral Modular Airborne Radiation measurement sys—3 2-D surface albedo heterogeneity
Tem (SMART)-AlbedometerWendisch et a).2001; Jakel
et al, 2005 Bierwirth, 2008 Ehrlich et al, 2008 was in-
stalled on a Partenavia P68B aircraft to measure upward and.1.1  Synthetic surface albedo maps
downward irradiances (350-1000 nm) with an accuracy of
5%. The entrance optics of the SMART-Albedometer were Simulated measurement flights along a horizontal path per-
leveled during the flight using a horizontal stabilization sys- pendicular to a straight coastline separating an area of low
tem Wendisch et a).2001), which assures a clear separation surface albedo (sea) and higher surface albedo (land) are used
between photons from the upper and the lower hemispherego test the impact of the flight altitude and aerosol proper-
Airborne radiation measurements were collected duringties on the retrieved area-averaged surface albggddsee
the INSPECTRO (INfluence of clouds on SPECtral actinic Fig. 1). pretis influenced by both sea and land surface albedo,
flux in the lower TROposphere) campaign in East Anglia, depending on the distance from the coastline. The position of
UK, in September 2002K{lling et al., 2005 Thiel et al, an arbitrary point on the surface is given by Cartesian coor-
2008. In particular, data measured in cloudless conditionsdinates £, y, 0).d denotes the horizontal distance between
on 12 September 2002 are used in this paper. Flights wer€artesian coordinate point,( y, 0) and the foot point of
made over sea and land surfaces (predominantly agriculturéhe aircraft (vertical projection of aircraft position on sur-
villages, and occasional areas of woodland) in a triangularface).¢ describes the azimuth angle in the polar coordinate

3.1 Adjacent sea and land surfaces
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z 1
Aircraft 2 pret(x, ¥, zfight) = - / / psea: udu dg
(Xryrzﬂight) coefrrmrnmenmneed ST > [
7 + 1 / / dud (8)
I/' 100 ke 4 - Pland * 1 A dop.
x,,2=0) Land L
< . )
> - X Introducing the sea—land surface albedo ratopjang/ osea
Sea Psea / Pland / Eqg. (8) is expressed as follows:
[« 1 )
100 km Coastline 0.2 km

1
pret(x, Vs Zﬂight) = — Psea- ndudyp
Fig. 1. Synthetic flight geometry with aircraft flying in altitude T oo

Zflight- The aircraft flies perpendicular to the coastline at constant 1
altitude. +; / / 8 - psea- wdude. 9)
®

system 9o refers to the solar zenith angle aadepresents ' -, ;

the zenith angle between the nadir direction and the ”nem\‘/:SedngI)needg E;néczlr?;?rgz%nv&i:gJQE 3;efdizegﬁ?ﬁs ;\J/:n

Fnegiig wﬁe?(lercrzsﬂa![rr;l)esvﬁg?é ﬂ];slfiﬂzltzgncf)’nsyi(’je% d thlé)cal surface albedo. The threshold of 10% combines the
'~ _measurement uncertainty of the SMART-Albedometer and

area-averaged surface albedo retrieved from aircraft mea- X " X )
g athe relative standard deviation of the photon noise. Since the

rement i i mix of the | | surf .
surementsorex, y, Zight) IS a ot fhe local surlace .| surface albedo of the sea is lower than that of land we
albedo pjoc) of sea and land. For a Lambertian surface andCan write

neglecting atmospheric masking, the upward radiarice)
pret(dc) = L1 - psea (10)

in altitudesz < zsignt is isotropic, i.e.
F'(x, y, 2 < zfi N , .
(x, ¥, 2 = zfign) and Eq. 9) simplifies to the following equation:

b
N - . 1 1
_ F ()C, y, 2 = Zﬂlght) Ploc(x, ¥, 0) 4) ;//Md,bbd@"‘ ;//(S-Md,bbd(p - 11 (11)
9 K

1" (x, y, z < zfiight) =

T
(2 2
for F¥(x, v, z < zfight) = F¥(x, y, 0), the downward irra-

diance,F¥, is constant with altitude. Using EdL)(we obtain  If atmospheric masking is neglected, the smoothing of the
upward irradiance and so the area-averaged surface albedo
p— solely depends on the surface albedo ratend not on the
F1(x. 3. 2 < ztignt) = /f Flx, y, 0 - plog(x, v, 0) - pdudg, (5)  individual aIbedo values of sea anq land. S
- T In the following the atmospheric masking is introduced
with poc(x, y, 0) the local surface albedo at position anq the llmpact Of. aerosql 'prope'rtles (AOD, g) on thg
. S critical distanced; is quantified using measured and simu-
(x, v, 0). For the albedo at flight level, which in this case ; . . .
. lated spectral irradiance (up- and downward) at flight altitude
corresponds to the area-averaged surface albedo, we obtain - .
zZflight- Local surface albedo maps consisting of two fields
( _ ) _ F! (x, Y, Zﬂight) which characterize sea and land are generated for a domain
Prects Yo o) = B (x. . zright) of 2 x 200 kn? with a horizontal grid size of 0.2 0.2 kn?
or 1 (see Figl). In afirst step, the sea albedo is fixed to 0.026 fol-
1 dud lowing Bowker et al.(1985 at A =450 nm, whereas the land
= / / Proc(r, y, 2 =0)-ududp.  (6)  ipedo is varied with respect to different reflectivity prop-
00 erties to test various sea—land surface albedo ratid=or
According to this equatiomnyet is a weighted mean of the lo- some cases, also the sea albedo is adjusted. The sensitivity
cal surface albedo field with the weighting functienwhich  of d. on the aerosol properties are tested for AOD-values be-
can be calculated from the flight altitude and the horizontaltween 0.0 and 0.4, a-range of 0.65 to 0.98 and asymme-

distanced by the following: try parameters between 0.65 and 0.85. Synthetic flights are
d(x, y) performed in different flight altitudesign: between 0.2 and
1 = C0osh = cos[arctan ‘ } . @) 2.0km in 0.2km increments. Upward and downward irradi-
< ances are calculated for the entire model gfid. and F*

In cases of the assumed surface albedo scenario, we can splitlues of all grid cells parallel to the coastline are averaged
the integral in Eq. ) with respect to land and sea surface to minimize the uncertainties due to photon statistics. The
albedo: averaged irradiances simulated for the different altitudes are
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Fig. 2. (a) Cross-section of retrieved surface albggler across the coastline (solar zenith angde= 30°, aerosol optical depth AOD =0.3,
single scattering albed® =0.75, asymmetry parameter=0.75).(b) Critical distance to coastline dependent on flight altitugte=(30°,
®=0.75,g=0.75).

used to retrievepret(zfight) following the method described  with increasing ratio which can be approximated by a loga-
by Wendisch et al(2004. Exemplarily, Fig.2a shows the rithmic fit function. As expected, the higher the ratio between
retrieved area-averaged surface albed@sat 450nm that  pjang and psea the higherd. is, as shown for AOD =0.0 and
results from the assumed flight perpendicular to the coastlinddOD = 0.4 in Fig.3a foro =0.75. Slope calculations for dif-
for different altitudes (AOD=0.3»=0.75,¢=0.75,6 = 7.7). ferent solar zenith angles and wavelengths exhibit no distinct
With increasing distance from the coastline<0, y, 0), pret dependence of the slopes on these two parameters. Also, the
converges to the local surface albedo of pea=0.026 and  effect of asymmetry parameter is negligible within the uncer-
land pjang=0.2. When flying above sea in direction perpen- tainties of the linear regression of the slopes.
dicular to the coastline, the retrieved surface albedo will in- As a result a parametrization is provided that allows the
crease due to the impact of the brighter surface albedo of thealculation of the slopéc/zfight and the determination of
land area. With increasing altitude the contrast of local seahe relation between flight altitude and critical distance from
and land surface albedo smoothes out. The 10 %-thresholthe coastline. Several multiple regressions were performed
criterion is indicated by the horizontal dashed line. As anwith different combinations of dependent variables (6¢g.
example, the critical distana& over land forzfjight =2 km A, AOD, @, 8, In 8, andpsey. The correlation coefficients of
indicated by the vertical dashed line is 2.4 km. the parameterizations were within a range of 0.62 to 0.98.
Figure 2b displays the critical distance as a function of Finally, just the parameters AOI, and$ and their com-
the flight altitude for different values of AOD above land bination were chosen for the parametrization, which has the
and above sea and for simulations without atmosphere (ndollowing form:
Rayleigh scattering and AOD = 0). For both types of surfaces,
alinear dependence betwea&yandziignt iS obvious. The de-
viation from the linear fit between critical distance and flight
altitude results from the photon noise. The higher the flightwith ag=0.162+0.079, a7 =1.401+0.049, a»=—-2.771
altitude the more impact there is on the adjacent surface and- 0.135, 43 =6.526+0.721, andas=0.082+0.004. This
the aircraft needs to fly in a greater distance from the coastparametrization shows a correlation coefficient of 0.98. The
line to measure an undisturbed surface albedo. For greatgfarameterized slopes and the slopes derived from the ra-
optical depth this effect gets smaller and the critical distancegijative transfer simulations are shown in F&fp. The error
decreases, which is more obvious over sea than over lantars are given for the slope of the simulations results from
The geometry effect excluding atmospheric masking is reptheir fit uncertainty, whereas the error bars of the parameter-
resented by the case without atmosphere. For this specifiized slopes include the uncertainty of the coefficients derived
case the maximal critical distance is derived. from the multiple regression. Additionally, the one-to-one
For each combination of AOY, g, solar zenith anglég line is shown in Fig3b. The validity of this parametrization
(3@, 50°), wavelength (450 nm, 645 nm), and surface albedowas tested for wavelengths where extinction is mainly caused
ratio investigated in the simulations a linear regression linepy aerosols. For wavelength regions with strong molecu-
was fitted to the slope defined by the ratigzfignt. Figure3a  |ar absorption or scattering, EdLd) should not be applied.
shows that the slope and AOD have a linear relationship;Therefore, the parametrization is restricted to a wavelength
which is more pronounced for absorbing aerosols with lowerrange between 400 and 1000 nm.
single scattering albedo. In contrast, the slope is not sensi- So far the parametrization was considered for surfaces
tive to the AOD of highly scattering aerosols £ 0.98). The  with a lower albedo than the albedo of the adjacent sur-
slope and the surface albedo ratio reveal a nonlinear increasgce ¢ > 1) and a surface albedo raticdefined as the ratio

AOD
=apg+ay-INé§+a-AOD +a3- — +as-@-38, (12)
Zflight )
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Fig. 3. (a) Slopedc/zsiight as a function of aerosol optical depthy & 30°, §=30.8,=0.75,0=0.65 and 0.98), and surface albedo ratio
8 = pland psea(fp=30°, @=0.75,¢ =0.65, AOD =0.0 and 0.4]b) Relationship of the slopes derived from the radiative transfer simulation
and the parameterized slopes. Additionally, the one-to-one line is plotted.
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Fig. 4. (a)Measured spectra of area-averaged surface albg¢ior land, sea, and coastling) pret for 870 nm wavelength along the coastal
overflight. The black dots mark the measurement points of the spectrgdjom

between land and sea albedo. To generadizenow defined 3.1.2 Realistic surface albedo maps derived from
as follows: INSPECTRO data

8 = p1/p2, (13)  The parametrization given by EdL3) is applied to airborne
) ) surface albedo measurements performed during the INSPEC-
with py the surface albedo of the adjacent area apndhe  TRO campaignThiel et al, 2008. The example flight track
surface albedo of the area which is overflown. Exemplarily, contained an overpass over a mixture of small settlements
to derive the critical distance over landlis calculated by  gnq agriculture land with variable vegetation and the North
8= psed/ prang- Ot of it & separate parametrization is derived geq. Typical spectra of the area-averaged surface albedo re-
for 0<4 <2. Since the aerosol has low impact for this  tieved from measurements in 500 m altitude are presented
range on the slope (cf. Figb over land), the parametrization i, Fig. 4a. The spectral vegetation step near 700 nm wave-
is given by the following: length is clearly identified. Also, the increase of the surface
de albedo over land and near the coastline is obvious. To esti-
= ](—1.4481 0.018 + (1.334+ 0.033% - 8|. (14) mate the critical distance from the coastlifie the highest
ZHlight surface albedo ratio within the measured spectral range is

Note that the right-hand side of Eq.4) needs to be written needed. For this example we found the maximum value of

in absolute value bars, otherwise the slope would be negativé = 3-8 ath =870 nm with psea=0.06 andpiand=0.23 taken
whenp1 < py. from Bowker et al.(1985. Figure 4b shows the retrieved

area-averaged surface albedo for 870 nm wavelength along
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(b)

loc

Local Surface Albedo p,

Fig. 5. Albedo maps with different distributionga) randomly andb) systematically with variable grid size between 0.1 and 2km. The
dashed line marks the position of a cross-section through the model domain.
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Fig. 6. Vertical cross-section of the retrieved area-averaged surface alpgdor (a) 0.2, (b) 1 km, and(c) 2km resolution at 450 nm
wavelength.

the flight track crossing the coastline. From this figure we canwhere pjoc and pret are calculated and averaged over the en-
derive a critical distance of 1.0 km. The parametrization aftertire model domain. For an estimation of this mean deviation
Eq. 12) with AOD =0.044 at 870 nm@ =0.98, ands =3.8 a parametrization will be given.

gives a slope ofl¢/zfight = 2.29 that corresponds to a critical ~ In a first step, synthetic albedo maps of:4Q0 grid cells

distancei: ~ 1.1 km. are generated, where the model domain size is varied be-
tween 1 and 20 km. Local surface albedo values ranging be-
3.2 Inhomogeneous albedo maps tween 0.02 and 0.2 (appropriate range for surfaces like water,
) grassland, sand and concrete) are distributed over thell0
3.2.1 Synthetic albedo maps grid with variable grid cell size. An example is shown in

Fig. 5. The albedo values in both plots have the same statis-
ﬁcs but are distributed differently. In Figa, the ten albedo

alues are randomly distributed, whereas the distribution in
ig. 5b is systematical with a shift of the albedo distribution
y one pixel from one horizontal grid line to the following

The deviation between retrieved area-averaged surfac
albedopret and local surface albedao is presented for a
more complex situation of an inhomogeneous surface. A se,
of parameters is variedd, g, ®, AOD, A and grid size of b
each homogeneous surface pixel). The procedure is similaf
to that applied in SecB.1 However, for this complex surface
albedo map the relative deviatian of each surface pixel is
the following:

MYSTIC simulations of upward and downward irradi-
ances were performed for a set of input parameters. Fig-
ure 6 shows the vertical distribution of the retrieved; at
A _ Pret= Ploc 100% (15) different aItitydeSZf|ight glong a cross_—sectio.n through 'the

Oloc model domain at all grid cells along=>5 as illustrated in
Fig. 5a (for o=50°, AOD=0.3, g=0.65,#=0.75) up to
5km altitude. For the most heterogeneous surface albedo
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Fig. 7. (a) Vertical profile of the mean albedo deviatianfor different horizontal resolutiongb) Correlation of mean albedo deviation and
cosf with 6 = arctar(s/ziight)-

field (Fig.6a) with 0.2 km resolution, the horizontal variabil- Table 1.Fit results of Eq. 7).
ity of pret can be already neglected at 0.5 km altitude (relative
standard deviation is less than 5 %). Increasing the resolution albedo range a (uniform)

a (random) mean theoretical

to 1 km (Fig.6b) and 2 km (Fig6c) significantly increases (Pmin/ pmax) convergence
the level where the horizontal variability @fe; can be ne- value Amax
glected (3.0 and 4.5 km, respectively). 0.028 205 220 204

In a next step, the mean deviatianof the entire model 0.04 144 156 145
domain is calculated, which is shown as a function of altitude 0.06 97 106 100
in Fig. 7a (for =50, AOD=0.3,¢=0.65,&0=0.75). The 0.08 72 81 76
nonlinear increase ok is strongly affected by the grid cell 0.1 60 65 61
sizes of the local albedo fields. For high altitudes the mean 0.14 40 45 42

deviation converges for all grid cell sizes likewise to one
value. In this altitude the area-averaged surface albggdo
corresponds to the mean local surface albgggof the en-
tire model domain. Consequently, the maximum valygx
corresponds to the mean deviation betwpggp and pioc:

give the largest values fak. For the uniform albedo distri-
bution, the relation betweea and co{arctar(s/zmght)] is
almost linear (correlation coefficient 0.99), whereas tests
with other albedo fields, such as the “random” distribution,
have shown correlation coefficients of 0.9. The slopes of
the “uniform” distributions are about 10 % smaller than the
slopes of the “random” distribution. Compared to the ran-
domly distributed surface albedo case (F3g), the diago-
nal pattern in the albedo map of the “uniform” distribution
(Fig. 5b) results in compact darker and brighter areas, which
increases the altitude where the horizontal variation of the re-
trieved are-averaged surface albedo is negligible. Table 1 also
includes the expected theoretical convergence valpgy
which was calculated for all albedo maps using Eif)(
can be fitted to the data points. Exemplarily, the slopes of allcomparing these values to the slopesf the linear regres-
studied cases range between 59 and 61 with a correlation cGion reveals a good agreement (maximum deviation 11 %).
efficient of 0.99 which reveals no significant differences for Consequently, the slopein Eq. (17) can be approximated by
a. The impact of AOD andp was tested by comparing cal- ‘A,... This becomes reasonable when, for altitudesuch
culations for AOD values ranging between 0.1 and 0.3, andarger than the pixel size the cosine ob = arctar(s/zfiight)
solar zenith angles of 30 and 5MNo significant difference  gpproaches unity in Eq1y) and A = Amax=a. To apply
was found, so that for complex local surface albedo patterngq. (17), a first guess of the albedo distribution taken from
(assuming moderate AOD and a wavelength range of 400gate|lite data is needed to calcul@gayx.
1000 nm), scattering processes within the atmosphere can be
neglected compared to surface albedo inhomogeneity effect®.2.2  Experimental albedo maps derived from

Table 1 summarizes the fit results as function of the sur- INSPECTRO
face albedo ranges. As expected, expanding the albedo range
leads to an increase @. Arctic situations with alternating The estimation ofA using Eq. 17) is applied to an experi-
bright (snow covered) and dark regions (open sea) wouldnental albedo map measured along a flight path during the

(16)

y mean(w),

Ploc

Both parameters, andziight, can be combined by the zenith
anglef =arctar(s/zfight). As shown in Fig.7b, a linear re-
gression between césand the mean deviation of the
form,

I S
A =a-C0SH =a - COS (arctan ) a7
Zflight
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Fig. 8. (a) Landsat image and flight track of the studied area over East Ar{bhaetrieved area-averaged surface albedo from simulations
and local surface albedo taken from Landsat at 660 nm along the flight leg. Additionally, the retrieved area-averaged surface albedo from
aircraft measurements is shown.

INSPECTRO campaign. The 2-D local surface albedo mapA is about +20%. The overestimation about the dark sur-
is approximated by the surface reflectance product of thdaces is not completely compensated by the underestima-
Landsat satellite. The image of the measurement area waton of the brighter surface albedos. From the parametriza-
taken in August 2007Global Land Cover Facility (GLCF), tion given in Eq. L7), A can be also estimated with the
Goddard Space Flight Center (GSE2D08. It is assumed following parameterss =600 m (typical size of one homo-
that the vegetation state of the land used for agricultural purgeneous surface areajjght =500 m; and the slope parame-
poses is similar to the time when the aircraft measurementser a, which is taken from the theoretical convergence value
were performed. Each pixel of the image corresponds to aAmayx; cf. Eq. (L6). For the entire albedo mapmax=+45 %,

grid cell point of the surface albedo map with resolution of which gives a mean deviation of +25 %. Along the flight
about 30m. The image in Figa shows the overall albedo track over land Amax and A were calculated with +30 and
map covering an area of x719kn?. The flight track is  +20 %, respectively. The latter is lower than the value de-
indicated by a red line. The comparison of the reflectancerived from the retrieval of the area-averaged surface albedo
values of the spectral Landsat bands over land has show(R5 %). The deviation might be caused by the uncertainty of
the highest contrast for band 3 (0.63-0.69 um). Based orthe grid size parameterthat was estimated for the albedo
that, 71 and F+ at 500 m altitude which correspond to the map.

flight altitude were calculated for a wavelength of 660 nm.

The backward option is used for the MYSTIC simulations,

which allows specifically the calculation of the observation 4 conclusions

along the flight track. Five model runs with 10 000 photons

each were averaged along the flight path with 280 grid cellsThis study investigates the effect of local surface albedo
within the albedo map of 57% 646 pixels. Further input heterogeneity and aerosol parameters on the retrieved area-
to the model is similar to that applied in Se8tl Along  averaged surface albedo from airborne upward and down-
the flight track the area-averaged surface albedo is retrieveglard irradiance measurements. 3-D radiative transfer simu-
from simulated irradiances, as presented in 8ig.The local  |ations were performed for different local surface albedo and
surface albedo taken from the Landsat data at 660 nm wavegerosol situations. Calculated upward and downward irradi-
length is indicated by the blue line, which shows the strongances in altitudesgignt between 0.1 and 5km were used to
spatial fluctuations of grassland/forest and wheat fields ovefetrieve the surface albedo using an iterative method that is
land. Additionally, Fig8b displaysore(meas) retrieved from  hased on 1-D simulations. This method is crucial to correct
the airborne irradiance measurements (black line), whichfor atmospheric masking effects inherent in airborne mea-
shows reasonable agreement wif; (sim) retrieved from  syrements. The deviation of retrieved area-averaged and lo-
the simulated irradiances. Over sag(sim) is lower (0.02  cal surface albedo (input data of the 3-D simulations) was de-
vs. 0.07) than the results of the aircraft measurements, whiclermined as a function of altitude, heterogeneity of the local
might be caused by whitecaps occurring during the flight.gyrface albedo (spatial scale and contrasts of surface albedo),
However, it can be Clearly seen that the deviation betweerlso|ar zenith ang|@o, aerosol optica| depth, and Sing|e scat-
pret(sim) andpjoc can locally exceed 100 %. The mean devia- tering albedo.

tion A along this ﬂlght track is calculated by averagingzall For adjacent land and sea, a critical diStad@@V&S de-
values which are derived from EdL). The mean deviation  fined where the retrieved area-averaged surface albedo has a
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maximal deviation of 10 % of the given local surface albedo. cases, usingyet as the boundary for remote sensing appli-
Two simple parametrizations were derived which provide thecations can lead to large uncertainties. In contrast, radiation
critical perpendicular distancg from the coastline. For sur- budget and layer properties can be computed with the re-
face albedo ratio$ > 2, the parametrization is a function trieved area-averaged surface albedo as long@ss rep-
of flight altitude zfight, AOD, @ andé. In contrast, when resentable for the considered altitudes.
8 < 2 the impact of the aerosol is negligible; therefore a sec-
ond parametrization was provided which is only a function _
of the surface albedo ratid and flight altitudeZﬂight. The AcknowledgementsThls research was funded by the Ggrman
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