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Abstract

Spectral airborne upward and downward irradiance measurements are used to derive
the area-averaged surface albedo. Real surfaces are not homogeneous in their reflec-
tivity. Therefore, this work studies the effects of the heterogeneity of surface reflectiv-
ity on the area-averaged surface albedo to quantify how well aircraft measurements
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)
Monte Carlo radiative transfer model to simulate 3-D irradiance fields. The calculated
up- and downward irradiances in altitudes between 0.1 km and 5km are used to de-
rive the area-averaged surface albedo using an iterative retrieval method that removes
the effects due to atmospheric scattering and absorption within the layer beneath the
considered level. For the case of adjacent land and sea surfaces a parametrization is
presented which quantifies the horizontal distance to the coastline that is required to
reduce surface heterogeneity effects on the area-averaged surface albedo to a given
limit. The parametrization which is a function of altitude, aerosol optical depth, and the
ratio of local land and sea albedo was applied for airborne spectral measurements. In
addition, the deviation between area-averaged and local surface albedo is determined
for more complex surface albedo maps. For moderate aerosol conditions (optical depth
less than 0.4) and the visible wavelength range, the altitude and the heterogeneity of
the surface albedo are the dominant factors determining the mean deviation between
local and area-averaged surface albedo. A parametrization of the mean deviation is
applied to an albedo map that was derived from a Landsat image of an area in East
Anglia (UK). Parametrization and direct comparison of local and area-averaged surface
albedo show similar mean deviations (20 % vs. 25 %) over land.
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1 Introduction

The surface albedo p is important with respect to the surface and atmosphere energy
budgets from global to local scales. Furthermore p is a boundary condition for radia-
tive transfer calculations and a key quantity for various algorithms applied in the field
of atmospheric remote sensing. Exemplarily, the retrieval of microphysical parameters
of optical thin clouds based on airborne or satellite-borne measurements requires rep-
resentative data of the surface albedo. p can be obtained by local measurements of
the ratio of upward irradiance F' and downward irradiance F! on the surface. In the
subsequent text, this surface albedo is called local surface albedo (o). If instead of
ground-based measurements, airborne data of up- and downward irradiance at flight
level are used to retrieve the surface albedo, the so-called retrieved area-averaged sur-
face albedo p,; is obtained. This paper investigates the effects of heterogeneity in local
surface albedo p,,, on the retrieved area-averaged surface albedo p,;.

The effect of spatial heterogeneity in local surface albedo on up- and downward ir-
radiances was studied by several authors (e.g. Degunther and Hanel, 2000; Li et al.,
2002; Chiu et al., 2004). Degunther et al. (1998) and Deguinther and Meerkétter (2000)
investigated the influence of inhomogeneous snow cover on downward ultraviolet (UV)
irradiance for clear-sky and a stratiform cloud situation. In both cases they concluded
that the albedo heterogeneity within 40 km may influence the UV downward irradiance
at 330 nm wavelength by about 2-7 %. For a stratiform cloud the surface albedo het-
erogeneity influences the downward UV irradiance increasingly compared to the clear
sky case. But at the same time the relevant area of the albedo field which has an effect
on F! decreases due to interactions of the photons with the surface and the cloud layer
which enhance the probability of attenuation and lessens the horizontal photon spread.

The concept of effective albedo was introduced by Li et al. (2002). The effective
albedo is used in 1-D radiative transfer simulations to consider for 3-D effects either
due to measurements over inhomogeneous surfaces or due to 3-D radiative trans-
fer simulations (Pirazzini and Raisanen, 2008). Chiu et al. (2004) have shown that
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the heterogeneity of surface albedo influences the retrieval of cloud layer properties.
They applied a 3-D radiative transfer model over a checkerboard pattern of surface
albedo and found that the use of an area-averaged surface albedo instead of the het-
erogeneous local albedo pattern leads to underestimation of retrieved shortwave cloud
absorption for partly snow covered surfaces by up to 8 %. The reason for the under-
estimation is the non-linear relationship (convex function) between the surface albedo
and the cloud absorption.

In remote sensing applications instead of irradiances, radiances are measured to
retrieve atmospheric or surface parameters. With respect to the retrieval of the aerosol
optical depth (AOD), surface albedo heterogeneity can lead to an overestimation of
AOD due to the so-called adjacency effect (Lyapustin and Kaufman, 2001). This ef-
fect influences satellite or airborne radiance measurements. Adjacency increases the
brightness of dark pixels and darkens bright pixels caused by horizontal photon trans-
port. Reflected radiances of the surrounding areas, out of the sensor field of view of the
sensor, are scattered by the atmosphere into the field of view, thus causing a blurring
effect and reducing the contrast of an image. As a result, the retrieval algorithm over
dark targets overestimates the derived AOD which causes a systematic underestima-
tion of the retrieved surface albedo (Lyapustin, 2001). For data at high spatial resolution
(25 m) the error of AOD can exceed 0.04-0.06 in the near infrared spectral range.

Ground-based radiation measurements (e.g. Bowker et al., 1985; Feister and Grewe,
1995; Aoki et al., 2002; Wuttke and Seckmeyer, 2006) deliver the local surface albedo
data for point locations only; whereas, satellite measurements cover larger areas
(Schaaf et al., 2002). On an intermediate scale, airborne radiation measurements de-
liver the retrieved area-averaged surface albedo o, (Webb et al., 2004; Wendisch
et al., 2004; Coddington et al., 2008; Bierwirth et al., 2009).

Retrieving the surface albedo from airborne measurements of upward and downward
irradiances involves two issues. First, atmospheric absorption and scattering due to gas
molecules and aerosol particles within the layer between the flight level and the sur-
face contribute to the airborne albedo measurement. They mask the surface albedo.
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This masking gets larger for (i) increasing optical depth of the atmospheric layer below
the flight altitude, and (ii) increasing surface albedo. To remove the influence of the
atmosphere between surface and flight altitude, a nonlinear extrapolation of the albedo
measured at flight level to the surface is applied (Wendisch et al., 2004). Second, the
flight altitude determines the surface area surveyed by the sensor of the spectral up-
ward irradiance F! (in units of Wm™2 nm'1). F' results from the radiance integrated
over the lower hemisphere, and weighted by the cosine of the zenith angle 8 according
to the following equation:

2m 1

FT=///T-ududco, (1)
00

with / representing the radiance in units of WmZ2nm s, U is the cosine of the
zenith angle 8, and @ the azimuth angle. Due to the u-weighting, F' is dominated
by the upward radiance near nadir direction (4 = 1). For increasing altitude, reflected
radiances from a larger area contribute with significant u-weighting to the upward ir-
radiance. Combined with effects due to multiple scattering this leads to a “smearing”
(averaging) of the surface albedo as seen by the downward looking airborne irradiance
instrument. Thus, the agreement between the area-averaged surface albedo p,; re-
trieved by the method of Wendisch et al. (2004) based on airborne measurements and
the heterogenous local surface albedo p,,. depends on the flight altitude and atmo-
spheric optical depth.

Since many remote sensing applications need the knowledge about p,,. instead of
Pret» this paper investigates how well the surface albedo can be spatially-resolved by
airborne measurements depending on the heterogeneity of the local surface albedo
and flight altitude. A parametrization of the mean deviation between local and retrieved
area-averaged surface albedo is provided which can be used for sensitivity studies
of, e.g. certain satellite retrievals. In Sect. 2 modeling and experimental tools are in-
troduced. Section 3 analyzes the simplified case of two adjacent surface types (sea
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and land). Furthermore, more complex surface albedo patterns are investigated and
a parametrization is provided to estimate the mean deviation between p,,. and p,g;.
A summary of the findings and conclusions are given in Sect. 4.

2 Methods and materials
2.1 Modeling

Radiative transfer simulations are performed with the libRadtran package (Mayer and
Kylling, 2005). The heterogeneity of the surface albedo is considered by using the 3-D
Monte Carlo model MYSTIC (Monte carlo code for the phYSically correct Tracing of
photons In Cloudy atmospheres), which is one of the solvers available within libRadtran
(Mayer, 2009). With MYSTIC the radiation field is modeled by tracing individual photons
on their paths through the 3-D atmosphere. The model domain is divided into grid
cells; within each grid cell the atmospheric optical properties are constant. MYSTIC
applies periodic boundary conditions, which needs to be considered for the setup of
the model domain. For gas absorption the LOWTRAN parametrization by Pierluissi
and Peng (1985), as adapted from SBDART (Ricchiazzi and Gautier, 1998) was used.
The extraterrestrial spectrum is taken from Gueymard (2004), which is averaged over 1
nm wavelength intervals in the solar spectral region. Profiles of pressure, temperature,
density, and gases are taken from profiles given in Anderson et al. (1986) as input for
the simulations. The aerosol particle properties are specified by the spectral aerosol
optical depth, the single scattering albedo @ and the asymmetry parameter g.

The accuracy of the Monte Carlo results is determined by the number of traced
photons. In order to balance computational efforts and accuracy, the photon number N
was adjusted such that a given relative standard deviation ¢ of the result was achieved.
For our application o is set to 5% which corresponds to the accuracy of the airborne
irradiance measurements (Wendisch et al., 2001; Wendisch and Mayer, 2003).
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2.2 Airborne radiation measurements

The Spectral Modular Airborne Radiation measurement sysTem (SMART)-
Albedometer (Wendisch et al., 2001; Jakel et al., 2005; Bierwirth, 2008; Ehrlich et al.,
2008) was installed on a Partenavia P68B aircraft to measure upward and down-
ward irradiances (350—1000 nm) with an accuracy of 5%. The entrance optics of the
SMART-Albedometer were leveled during the flight using a horizontal stabilization sys-
tem (Wendisch et al., 2001), which assures a clear separation between photons from
the upper and the lower hemispheres.

Airborne radiation measurements were collected during the INSPECTRO (INfluence
of clouds on SPECtral actinic flux in the lower TROposphere) campaign in East Anglia,
UK, in September 2002 (Kylling et al., 2005; Thiel et al., 2008). In particular, data mea-
sured in cloudless conditions on 12 September 2002 are used in this paper. Flights
were made over sea and land surfaces (predominantly agriculture, villages, and oc-
casional areas of woodland) in a triangular horizontal flight pattern within an area of
20 x 20 km? at an altitude of Zpight = 900 m. The input parameters for the corresponding
extrapolation method are taken from previous INSPECTRO publications (Kylling et al.,
2005; Thiel et al., 2008): the AOD is approximated by using the Angstram formula AOD
= 3-1"% and respective Angstrem coefficients & = 1.3, and 8 = 0.044 which were de-
rived from lidar data taken during INSPECTRO. This gives an AOD = 0.1 at 532nm
wavelength. Furthermore, the single scattering albedo @ and asymmetry parameter g
of the aerosol particles are setto @ = 0.98 and g = 0.75, respectively.

The up- and downward irradiances in flight level zyy, were used in to retrieve the
area-averaged surface albedo p,,; (Wendisch et al., 2004). The iterative extrapolation
algorithm starts with a given standard albedo p,, which is used as a first guess of
the surface albedo. The upward and downward irradiances are calculated with the
1-D radiative transfer solver DISORT (also implemented in libRadtran) for flight level
Zpignt @nd the surface z = 0. The ratio of the modeled albedo at the surface, p,(z = 0),
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and at flight level, p,(zsgnt), is used to obtain the surface albedo for the next iteration
step P+t

Pn(z =0)
2, . n=0,1,2,... . 2
pn(zﬂight) pmeas(thght) (2)

Pn+1(z2=0) =
As the iteration proceeds, the resulting surface albedo converges to the area-averaged
surface albedo. The algorithm is stopped if:

‘1 _pn+1(z=0)

0 (2=0) ’ <0.02. (3)

3 2-D surface albedo heterogeneity
3.1 Adjacent sea and land surfaces
3.1.1 Synthetic surface albedo maps

Simulated measurement flights along a horizontal path perpendicular to a straight
coastline separating an area of low surface albedo (sea) and higher surface albedo
(land) are used to test the impact of the flight altitude and AOD on the retrieved area-
averaged surface albedo p,; (see Fig. 1). o, is influenced by both sea and land sur-
face albedo depending on the distance to the coastline. The position of an arbitrary
point on the surface is given by Cartesian coordinates (x,y,0). d denotes the horizon-
tal distance between point (x, y,0) and the foot point of the aircraft (vertical projection
of aircraft position on surface). ¢ describes the azimuth angle in the polar coordinate
system. 6, refers to the solar zenith angle and & represents the zenith angle between
the nadir direction and the line between the aircraft in level zy, and position (x, y, 0).
In case no atmospheric masking is considered, the area-averaged surface albedo re-
trieved from aircraft measurements pe((X, ¥, Zgignt) is @ mix of the local surface albedo
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(010c) Of sea and land. For a Lambertian surface and neglecting atmospheric masking
the upward radiance /'(z) in altitudes z < Zijignt IS isotropic, i.e.

FT(X,Y’Z SZf|ig|’]t) _ Fl(Xay,Z < Zflight)'ploc(X,y’o)
s a s

(4)

IN(X,¥,2 < Zyig) =

for Fl(x,y,z < Zjjight) = Fl(x,y, 0) the downward irradiance, F1, is constant with altitude.
Using Eq. (1) we obtain:
211

F(x,y,0)
FT(X,y,ZSZfIight)z//T'ploc()(,y’o)'udﬂ qu (5)
00

with o,,.(x,y,0) the local surface albedo at position (x,y,0). For the albedo at flight
level which in this case corresponds to the area-averaged surface albedo we obtain:
2m
Flx. Y. Zagn) 1

1
1% (Xay’zfl'h)z—z_ ,0| (ny,2=0)'ud/1d§0- (6)
et ont FYX.y, Zhign) T i %

According to this equation p, is a weighted mean of the local surface albedo field
with the weighting function u which can be calculated from the flight altitude and the
horizontal distance d by:

d(x,y)
|-

(7)

U =cosf =cos [arctan

In case of the assumed surface albedo scenario we can split the integral in Eq. (6) with
respect to land and sea surface albedo:

1 1
pm@ﬂh%m0=E//p%a#d#d¢+ﬁ//me#dﬂd¢- (8)
QU QU
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Introducing the sea-land surface albedo ratio 6 = pj5n4/Pseas EQ- (8) is expressed by:

1 1
pret(Xay,szight) = E//psea -4 dudo + E//6'psea M du do. 9)
PHu Qu

We define a critical distance d,; where the area-averaged surface albedo has a maxi-
mum deviation of 10 % of the given local surface albedo. The threshold of 10 % com-
bines the measurement uncertainty of the SMART-Albedometer and the relative stan-
dard deviation of the photon noise. Since the local surface albedo of the sea is lower
than that of land we can write:

pret(dc) =11 "Psea (10)

and Eq. (9) simplifies to:

%//ududqo+%//6-ududqo=1.1. (11)
QU Qu

If atmospheric masking is neglected the smoothing of the upward irradiance and so the
area-averaged surface albedo solely depends on the surface albedo ratio 6 and not on
the individual albedo values of sea and land.

In the following the atmospheric masking is introduced and the impact of AOD on
the critical distance d, is quantified using measured and simulated spectral irradiance
(up- and downward) at flight altitude zg4. Local surface albedo maps consisting of two

fields which characterize sea and land are generated for a domain of 2 x 200 km? with
a horizontal grid size of 0.2 x 0.2 km? (see Fig. 1). The sea albedo is fixed to 0.026
following Bowker et al. (1985) at 1 = 450 nm, whereas the land albedo is varied with
respect to different reflectivity properties. Synthetic flights are performed in different
flight altitudes Zzjig; between 0.2 and 2.0 km in 0.2km increments. Upward and down-

ward irradiances are calculated for the entire model grid. F! and F! values of all grid
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cells parallel to the coastline are averaged to minimize the uncertainties due to pho-
ton statistics. The averaged irradiances simulated for the different altitudes are used
to retrieve prei(Zpignt) following the method described by Wendisch et al. (2004). Fig-
ure 2a shows the retrieved area-averaged surface albedos p,.; at 450 nm that results
from the assumed flight perpendicular to the coastline for different altitudes (AOD = 0.3,
6 = 7.7). With increasing distance to the coastline (x = 0,y,0) p,. converges to the lo-
cal surface albedo of sea pg, = 0.026 and land p,,q = 0.2. When flying above sea in
direction perpendicular to the coastline the retrieved surface albedo will increase due
to the impact of the brighter surface albedo of the land area. With increasing altitude
the contrast of local sea and land surface albedo smoothes out. The 10 %-threshold
criterion is indicated by the horizontal dashed line. As an example, the critical distance
d,, over land for zqn = 2 km indicated by the vertical dashed line is 2.4 km.

Figure 2b displays the critical distance as function of the flight altitude for different
values of AOD above land and above sea and for simulations without atmosphere (no
Rayleigh scattering and AOD = 0). For both types of surfaces a linear dependence
between d; and zy,, is obvious. The larger the flight altitude the larger is the critical
distance. For higher optical depth the critical distance decreases, which is more obvi-
ous over sea. The geometry effect excluding atmospheric masking is represented by
the case without atmosphere. The deviation from the linear fit between critical distance
and flight altitude results from the photon noise. This linear relationship was confirmed
by calculations of p(2ignt) from the weighted averaging of the local surface albedo as
derived from Eq. (8). They agreed within £10%. Over land the critical distance does
only slightly depend on AOD. In contrast, the critical distance for measurements above
sea strongly depends on AOD. Lower values of AOD result in an increase of the critical
distance. This effect gets even stronger for simulations without atmosphere.

For each combination of AOD, solar zenith angle 8, (30°, 50°), wavelength (450 nm,
645nm), and surface albedo ratio investigated in the simulations a linear regression
line was fitted to the slope defined by the ratio dc/zﬂight. Figure 3a shows that the
slope and AOD have a linear relationship, whereas the slope and the surface albedo
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ratio reveal a non-linear increase with increasing ratio which can be approximated by
a logarithmic fit function. As expected, the higher the ratio between p,,4 and pge,, the
higher is d;. In contrast, an increase of the the AOD leads to a decrease of the slope
and consequently a decrease of d,,. Slope calculations for different solar zenith angles
and wavelengths exhibit no distinct dependence of the slopes on these two parame-
ters.

As a result a parametrization is provided that allows the calculation of the slope d_/ Zjignt
and the determination of the relation between flight altitude and critical distance to the
coastline. Several multiple regressions were performed with different combinations of
dependent variables (e.g. 8, 4, AOD, &, In 8, and pg,). The correlation coefficients
of the parameterizations were within a range of 0.62 to 0.97. Finally, just the two pa-
rameters AOD and & and their ratio were chosen for the parametrization which has the
following form:

a,
g =ao+a1-AOD+a2-In6+a3-A(3TD (12)

Zilight

with: a; = —-3.03+0.32, a; = -9.59+0.88, a, = 3.22+0.12, and a; = 55.32+8.38. This
parametrization shows a correlation coefficient of 0.97. The parameterized slopes and
the slopes derived from the radiative transfer simulations are shown in Fig. 3b. The
error bars are given for the slope of the simulations results from their fit uncertainty,
whereas the error bars of the parameterized slopes include the uncertainty of the coef-
ficients derived from the multiple regression. Additionally, the one-to-one line is shown
in Fig. 3b. The validity of the parametrization is restricted to wavelengths where extinc-
tion is mainly caused by aerosols. For wavelengths lower than 400 nm, where Rayleigh
scattering is predominated, and for wavelength regions with strong molecular absorp-
tion, Eq. (12) should not be applied. Therefore, the parametrization is restricted to
a wavelength range between 400 and 1000 nm.
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3.1.2 Realistic surface albedo maps derived from INSPECTRO data

The parametrization given by Eq. (12) is applied to airborne surface albedo measure-
ments performed during the INSPECTRO campaign (Thiel et al., 2008). The example
flight track contained an overpass over a mixture of small settlements and agriculture
land with variable vegetation and the North Sea. Typical spectra of the area-averaged
surface albedo are presented in Fig. 4a. The data in Fig. 4a were retrieved from mea-
surements in 500 m altitude (Wendisch et al., 2004). The spectral vegetation step near
700 nm wavelength is clearly identified. Also the increase of the surface albedo over
land and near the coastline is obvious. To estimate the critical distance to the coastline
d,, the highest surface albedo ratio within the measured spectral range is needed. For
this example we found the maximum value of 6 = 3.8 at A = 870nm with pg,, = 0.06
and 0,4 = 0.23 taken from Bowker et al. (1985). Figure 4b shows the retrieved area-
averaged surface albedo for 870 nm wavelength along the flight track crossing the
coastline. From this figure we can derive a critical distance of 1.0 km. The parametriza-
tion after Eq. (12) gives a slope of d,/z = 1.8 that corresponds to a critical distance
d, ~ 0.9km.

3.2 Inhomogeneous albedo maps
3.2.1 Synthetic albedo maps

The deviation between retrieved area-averaged surface albedo p,,; and local surface
albedo p,, is presented for a more complex situation of an inhomogeneous surface.
A set of parameters is varied (6, asymmetry parameter g, aerosol optical depth AOD,
wavelength 1 and grid size of each homogeneous surface pixel). The procedure is
similar to that applied in Sect. 3.1. However, for this complex surface albedo map the
relative deviation A of each surface pixel:

- Pret — Pioc

Pioc

A -100% (13)
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of p,,c and p,, are calculated and averaged over the entire model domain. For an
estimation of this mean deviation a parametrization will be given.

In a first step, synthetic albedo maps of 10 x 10 grid cells are generated, where the
model domain size is varied between 1 km and 20 km. Local surface albedo values
ranging between 0.02 and 0.2 (appropriate range for surfaces like water, grassland,
sand and concrete) are distributed over the 10 x 10 grid with variable grid cell size s.
An example for 450 nm wavelength is shown in Fig. 5. The albedo values in both plots
have the same statistics but are distributed differently. In Fig. 5a the ten albedo values
are randomly distributed, whereas the distribution in Fig. 5b is systematical with a shift
of the albedo distribution by one pixel from one horizontal grid line to the following line.
MYSTIC simulations were performed for a set of input parameters. The resulting fields
of upward and downward spectral irradiances at different altitudes were used to retrieve
the area-averaged surface albedo. Figure 6 shows the vertical distribution of p, from
simulated irradiance at different altitudes zyy,; along a cross-section through the model
domain at all grid cells along y = 5 as illustrated in Fig. 5a (for 8, = 50°, AOD =
0.3, g = 0.65) up to 5 km altitude. For the most heterogeneous surface albedo field
(Fig. 6a) with 0.2 km resolution the horizontal variability of p,.; can be already neglected
at 0.5 km altitude (relative standard deviation is less than 5 %). Increasing the resolution
to 1 km (Fig. 6b) and 2 km (Fig. 6¢) significantly increases the level where the horizontal
variability of p,; can be neglected (3.0 km and 4.5 km, respectively).

In a next step, the mean deviation A of the entire model domain is calculated which is
shown as a function of altitude in Fig. 7a (for 8, = 50°, AOD = 0.3, g = 0.65). The non-
linear increase of A is strongly affected by the grid cell size s of the local albedo fields.
For high altitudes the mean deviation converges for all grid cell sizes likewise to one
value. In this altitude the area-averaged surface albedo p,; corresponds to the mean
local surface albedo o, of the entire model domain. Consequently, the maximum value

Aax COrresponds to the mean deviation between oy, and py:
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A gy = Mean (—ploc _ ploc) . (14)

1Y loc

Both parameters, s and g, can be combined by the zenith angle 6 = arctan(s/ zgigp)-

As shown in Fig. 7b a linear regression between cos 6 and the mean deviation A of
the form:

Z:acos@:a-cos(arctan S ) (15)
Zilight

can be fitted to the data points. Exemplarily, the slopes a for different AOD-values (0.1-
0.3), asymmetry parameters (0.65—0.85) and 6, (30°, 50°) ranges between 59 and 61
with an correlation coefficient of 0.99 (1 = 450 nm, 0.02 < p;,.; < 0.2) which reveals no
significant differences for a. The impact of AOD and 6, was tested by comparing cal-
culations for AOD values ranging between 0.1 and 0.3, and solar zenith angles of 30°
and 50°. No significant difference was found, so that for complex local surface albedo
patterns (assuming moderate AOD and a wavelength range of 400—-1000 nm) scatter-
ing processes within the atmosphere can be neglected compared to surface albedo
inhomogeneity effects.

Table 1 summarizes the fit results as function of the surface albedo ranges. As ex-

pected, expanding the albedo range leads to an increase of A. Arctic situations
with alternating bright (snow covered) and dark regions (open sea) would give the
largest values for A. For the uniform albedo distribution the relation between A and
cos [arctan(s/zggy)] is almost linear (correlation coefficient ~ 0.99), whereas tests with
other albedo fields 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 randomly distributed surface albedo case
(Fig. 5a), the diagonal pattern in the albedo map of the “uniform” distribution (Fig. 5b)
results in compact darker and brighter areas which increases the altitude where the
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horizontal variation of the retrieved are-averaged surface albedo is negligible. Table 1
also includes the expected theoretical convergence value A,,, Which was calculated
for all albedo maps using Eq. (14). Comparing these values to the slopes a of the lin-
ear regression reveals a good agreement (maximum deviation 11 %). Consequently,

the slope a in Eq. (15) can be approximated by Zmax. This becomes reasonable when
for altitudes z much larger than the pixel size s, the cosine of 8 = arctan(s/zyg) gets

about one in Eq. (15) and A= Kmax = a. To apply Eq. (15) a first guess of the albedo
distribution taken from satellite data is needed to calculate A,,,.

3.2.2 Experimental albedo maps derived from INSPECTRO

The estimation of A using Eq. (15) is applied to an experimental albedo map mea-
sured along a flight path during the INSPECTRO campaign. The 2-D local surface
albedo map is approximated by the surface reflectance product of the Landsat satel-
lite. The image of the measurement area was taken in August 2007 (Global Land Cover
Facility — GLCF, Goddard Space Flight Center — GSFC, 2008). It is assumed that the
vegetation state of the land used for agricultural purposes is similar to the time when
the aircraft measurements were performed. Each pixel of the image corresponds to
a grid cell point of the surface albedo map with resolution of about 30 m. The image in
Fig. 8a shows the overall albedo map covering an area of 17 x 19 km?. The flight track
is indicated by a red line. The comparison of the reflectance values of the spectral
Landsat bands over land has shown the highest contrast for band 3 (0.63—0.69 pm).
Based on that, F T and F! at 500 m altitude which corresponds to the 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 along the flight
track. Five model runs with 10 000 photons each were averaged along the flight path
with 280 grid cells within the albedo map of 577 x 646 pixels. Further input to the model
is similar to that applied in Sect. 3.1. Along the flight track the area-averaged surface
albedo is retrieved from simulated irradiances as presented in Fig. 8b. The local surface
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albedo taken from the Landsat data at 660 nm wavelength is indicated by the blue line
which shows the strong spatial fluctuations of grassland/forrest and wheat fields over
land. Additionally, Fig. 8b displays p,.(meas) retrieved from the airborne irradiance
measurements (black line) which shows reasonable agreement with p,(sim) retrieved
from the simulated irradiances. Over sea p,(sim) is lower (0.02 vs. 0.07) than the
results of the aircraft measurements, which might be caused by whitecaps occurring
during the flight. However, it can be clearly seen, that the deviation between p,(sim)
and p,; can locally exceed 100 %. The mean deviation A along this flight track is cal-
culated by averaging all A-values which are derived from Eq. (13). It gives a value of
A = +20 %. The overestimation about the dark surfaces is not completely compensated
by the underestimation of the brighter surface albedos. From the parametrization given
in Eq. (15), A can be also estimated with the following parameters: s = 600 m (typi-
cal size of one homogeneous surface area), zyg,; = 500 m and the slope parameter a

which is taken from the theoretical convergence value Kmax; cf. Eq. (14). For the en-
tire albedo map Zmax = +45 % which gives a mean deviation A of +25%. Along the
flight track over land Kmax and A were calculated with +30 % and +20 %, respectively.
The latter is lower than the value derived from the retrieval of the area-averaged sur-

face albedo (25 %). The deviation might be caused by the uncertainty of the grid size
parameter s that was estimated for the albedo map.

4 Conclusions

This study investigated the effect of local surface albedo heterogeneity and aerosol
parameters on the retrieved area-averaged surface albedo from airborne upward and
downward irradiance measurements. 3-D radiative transfer simulations were performed
for different local surface albedo and aerosol situations. Calculated upward and down-
ward irradiances in altitudes Zzjg,; between 0.1km and 5 km were used to retrieve
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the surface albedo using an iterative method that is based on 1-D simulations. This
method is crucial to correct for atmospheric masking effects inherent in airborne mea-
surements. The deviation of retrieved area-averaged and local surface albedo (input
data of the 3-D simulations) was determined as a function of altitude, heterogeneity of
the local surface albedo (spatial scale and contrasts of surface albedo), solar zenith
angle 6,, and the aerosol optical depth.

For adjacent land and sea a critical distance was defined where the retrieved area-
averaged surface albedo has a maximal deviation of 10 % of the given local surface
albedo. A simple parametrization was derived which provides the critical perpendicular
distance d; to the coastline as a function of flight altitude zy;q;, AOD, and the surface
albedo ratio of land and sea albedo. Flying closer than d, to the coastline results in
an retrieved area-averaged surface albedo which deviates by more than 10 % from the
local surface albedo. For a distance larger than d, the retrieved area-averaged surface
albedo corresponds to the unbiased value of either land or sea albedo within £10 %.
The parametrization includes a first guess of the sea and the land albedo estimated
from example values presented by Bowker et al. (1985). The critical distance d, gets
larger for albedo fields with higher surface albedo ratios. The parametrization was ap-
plied for airborne spectral measurements at 870 nm wavelength. The example flight
pattern included one flight leg nearly perpendicular to the coastline in 500 m altitude.
Using literature data for land and sea albedo, a critical distance of about 0.9 km was
calculated with the parametrization, which could be also derived from the aircraft mea-
surements. .

For a more complex mixture of surface albedos the mean deviation A between area-
averaged and local surface albedo was determined. A shows a strong dependence
from the altitude and the grid cell size of the homogeneous albedo areas, whereas
the effect of AOD and 6, can be neglected. For moderate aerosol conditions (AOD
< 0.4) the effect of the flight altitude and the range of the heterogeneity of the local

surface albedo is the dominant factor determining this deviation. To estimate A of the
complete area, a linear parametrization that includes the flight altitude, grid cell size of
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homogeneous surfaces and a slope parameter was derived. It was found that the slope
parameter corresponds to the mean deviation between the local surface albedo and its
areal mean value. For the calculation of the maximum deviation one can use a rough
estimation of the surface albedo distribution and the range of potential albedos (e.g.
2/3 water and 1/3 lawn with albedo 0.06 and 0.23, respectively) which can be derived
from satellite images or land use data. Depending on the distribution of the local albedo
values in the surface albedo map, correlation coefficients between 0.9 and 0.99 were
derived for the parametrization. This parametrization was applied for an experimental
surface albedo map. Along a flight track the surface albedo was retrieved from mea-
sured and simulated irradiances. The albedo map for the 3-D simulation was derived
from the surface Landsat product. Both, parametrization and direct comparison of local
and retrieved area-average surface albedo, have shown similar mean deviations (20 %
and 25 %) over land. The surface albedo derived from the aircraft measurements in
general follows the simulated results which means that the local surface albedo may
deviate also about 18 % from the area-averaged surface albedo in average and locally
up to 50 %.

To conclude, for flight altitudes larger or equal to the range of the size of areas
with homogeneous local surface p,, the retrieved area-averaged surface albedo o,
deviates significantly from the corresponding local surface albedo. In this case, using
Oret @S boundary for remote sensing applications can lead to large uncertainties. In
contrast, radiation budget and layer properties can be computed with the retrieved
area-averaged surface albedo as long p,; is representable for the considered altitudes.
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