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E. Jäkel1, M. Wendisch1, and B. Mayer2,3

1Leipzig Institute for Meteorology (LIM), University of Leipzig, Leipzig, Germany
2Meteorological Institute, Ludwig-Maximilians-University, Munich, Germany
3Deutsches Zentrum für Luft- und Raumfahrt (DLR), Oberpfaffenhofen, Germany

Correspondence to:E. J̈akel (e.jaekel@uni-leipzig.de)

Received: 14 September 2012 – Published in Atmos. Meas. Tech. Discuss.: 10 October 2012
Revised: 22 January 2013 – Accepted: 4 February 2013 – Published: 1 March 2013

Abstract. Spectral airborne upward and downward irradi-
ance measurements are used to derive the area-averaged sur-
face albedo. Real surfaces are not homogeneous in their
reflectivity. Therefore, this work studies the effects of the
heterogeneity of surface reflectivity 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 al-
titudes between 0.1 km and 5 km are used to derive 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, parametrizations
are presented which quantify the horizontal distance from the
coastline that is required to reduce surface heterogeneity ef-
fects on the area-averaged surface albedo to a given limit.
The parametrization which is a function of altitude, aerosol
optical depth, single scattering albedo, and the ratio of local
land and sea albedo was applied for airborne spectral mea-
surements. In addition, the deviation between area-averaged
and local surface albedo is determined for more complex sur-
face albedo maps. For moderate aerosol conditions (optical
depth less than 0.4) and a wavelength range between 400
and 1000 nm, the altitude and the heterogeneity of the sur-
face 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 devia-
tions (20 % vs. 25 %) over land.

1 Introduction

The surface albedoρ is important with respect to the surface
and atmosphere energy budgets from global to local scales.
Furthermore,ρ is a boundary condition for radiative transfer
calculations and a key quantity for various algorithms ap-
plied in the field of atmospheric remote sensing. For exam-
ple, the retrieval of microphysical parameters of optical thin
clouds based on airborne or satellite-borne measurements re-
quires representative data of the surface albedo.ρ can be
obtained by local measurements of the ratio of upward ir-
radianceF↑ and downward irradianceF↓ on the surface. In
the subsequent text, this surface albedo is called local sur-
face albedo (ρloc). 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 surface albedoρret is obtained. This paper in-
vestigates the effects of heterogeneity in local surface albedo
ρloc on the retrieved area-averaged surface albedoρret.
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The effect of spatial heterogeneity in local surface albedo
on up- and downward irradiances was studied by several au-
thors (e.g.Deg̈unther and Ḧanel, 2000; Li et al., 2002; Chiu
et al., 2004). Deg̈unther et al.(1998) and Deg̈unther and
Meerk̈otter (2000) investigated the influence of inhomoge-
neous snow cover on downward ultraviolet (UV) irradiance
for clear-sky and a stratiform cloud situations. In both cases
they concluded that the albedo heterogeneity within 40 km
may influence the UV downward irradiance at 330 nm wave-
length by about 2–7 %. For a stratiform cloud, the surface
albedo heterogeneity 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 ef-
fect onF↓ decreases due to interactions of the photons with
the surface and the cloud layer, enhancing the probability of
attenuation and lessening the horizontal photon spread.

The concept of effective albedo was introduced byLi et al.
(2002). The effective albedo is used in 1-D radiative transfer
simulations to consider for 3-D effects either due to measure-
ments over inhomogeneous surfaces or due to 3-D radiative
transfer simulations (Pirazzini and R̈ais̈anen, 2008). Chiu
et al. (2004) have shown that 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 heterogeneous local
albedo pattern leads to underestimation of retrieved short-
wave cloud absorption for partly snow-covered surfaces by
up to 8 %. The reason for the underestimation is the nonlinear
relationship (convex function) between the surface albedo
and the cloud absorption.

In satellite-based 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 dark-
ens bright pixels caused by horizontal photon transport. Re-
flected radiances of the surrounding areas, out of the sensor
field of view, are scattered by the atmosphere into the field
of view, thus causing a blurring effect and reducing the con-
trast of an image. As a result, the retrieval algorithm over
dark targets overestimates the derived AOD, which causes
a systematic underestimation 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; Wut-
tke and Seckmeyer, 2006) deliver the local surface albedo
data for point locations only, whereas satellite measure-
ments cover larger areas (Schaaf et al., 2002). On an in-
termediate scale, airborne radiation measurements deliver

the retrieved area-averaged surface albedoρret (Webb et al.,
2004; Wendisch et al., 2004; Coddington et al., 2008; Bier-
wirth et al., 2009).

Retrieving the surface albedo from airborne measure-
ments of upward and downward irradiances involves two is-
sues. First, atmospheric absorption and scattering due to gas
molecules and aerosol particles within the layer between the
flight level and the surface contribute to the airborne albedo
measurement. Second, they mask the surface albedo. This
masking gets larger by (i) increasing optical depth of the at-
mospheric 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 ap-
plied (Wendisch et al., 2004). Second, the flight altitude de-
termines the surface area surveyed by the sensor of the spec-
tral upward irradianceF↑ (in units of W m−2 nm−1). F↑ re-
sults from the radiance integrated over the lower hemisphere,
and weighted by the cosine of the zenith angleθ according
to the following equation:

F↑
=

2π∫
0

1∫
0

I↑
· µdµdϕ, (1)

with I representing the radiance in units of W m−2 nm−1

sr−1, µ is the cosine of the zenith angleθ , andϕ the az-
imuth angle. Due to theµ-weighting,F↑ is dominated by
the upward radiance near nadir direction (µ = 1). For increas-
ing altitude, reflected radiances from a larger area contribute
with significantµ-weighting to the upward irradiance. Com-
bined 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 albedoρret
retrieved by the method ofWendisch et al.(2004), based
on airborne measurements and the heterogenous local sur-
face albedoρloc, depends on the flight altitude and aerosol
properties.

Since many remote sensing applications need knowledge
aboutρloc instead ofρret, this paper investigates how well
the surface albedo can be spatially-resolved by airborne mea-
surements depending on the heterogeneity of the local sur-
face 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 stud-
ies of, e.g. certain satellite retrievals. In Sect. 2, modeling
and experimental tools are introduced. Section 3 analyzes the
simplified case of two adjacent surface types (sea and land).
Furthermore, more complex surface albedo patterns are in-
vestigated and a parametrization is provided to estimate the
mean deviation betweenρloc andρret. A summary of the find-
ings and conclusions are given in Sect. 4.
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2 Methods and materials

2.1 Modeling

Radiative transfer simulations are performed with the libRad-
tran 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 in-
dividual 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. MYS-
TIC applies periodic boundary conditions, which needs to
be considered for the setup of the model domain. For gas
absorption the LOWTRAN parametrization byPierluissi and
Peng(1985), as adapted from SBDART (Ricchiazzi and Gau-
tier, 1998), was used. The extraterrestrial spectrum is taken
from Gueymard(2004), which is averaged over 1 nm wave-
length intervals in the solar spectral region. Profiles of pres-
sure, temperature, density, and gases are taken from profiles
given inAnderson et al.(1986) as input for the simulations.
The aerosol particle properties are specified by the spectral
aerosol optical depth, the single scattering albedoω̃ and the
asymmetry parameterg. Furthermore, Lambertian surface
reflection is assumed in this study.

The accuracy of the Monte Carlo results is determined
by the number of traced photons. In order to balance com-
putational efforts and accuracy, the photon numberN was
adjusted such that a given relative standard deviationσ of
the result was achieved. For our applicationσ is set to 5 %,
which corresponds to the accuracy of the airborne irradiance
measurements (Wendisch et al., 2001; Wendisch and Mayer,
2003).

2.2 Airborne radiation measurements

The Spectral Modular Airborne Radiation measurement sys-
Tem (SMART)-Albedometer (Wendisch et al., 2001; Jäkel
et al., 2005; Bierwirth, 2008; Ehrlich et al., 2008) was in-
stalled on a Partenavia P68B aircraft to measure upward and
downward 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 measured in cloudless conditions
on 12 September 2002 are used in this paper. Flights were
made over sea and land surfaces (predominantly agriculture,
villages, and occasional areas of woodland) in a triangular

horizontal flight pattern within an area of 20× 20 km2 at an
altitude ofzflight = 500 m. The input parameters for the corre-
sponding extrapolation method are taken from previous IN-
SPECTRO publications (Kylling et al., 2005; Thiel et al.,
2008): the AOD is approximated by using the̊Angstrøm for-
mula AOD =β · λ−α and respective̊Angstrøm coefficients
α = 1.3, andβ = 0.044. This gives an AOD = 0.1 at 532 nm
wavelength. These values were derived from the data set of
a ground-based elastic backscattering lidar system (Gobbi
et al., 2000), which measured within the time frame of
the flights during INSPECTRO. According toKylling et al.
(2005) the single scattering albedõω and asymmetry param-
eterg of the maritime aerosol particles are set toω̃ = 0.98 and
g = 0.75, respectively.

The up- and downward irradiances in flight levelzflight
were used to retrieve the area-averaged surface albedoρret
(Wendisch et al., 2004). The method requires that the mea-
sured and simulated spectra of the downward irradiances in
zflight agree within the measurement uncertainties. The it-
erative extrapolation algorithm starts with a given standard
albedoρ0, 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 levelzflight and the surfacez = 0. The
ratio of the modeled albedo at the surface,ρn(z = 0), and at
flight level,ρn(zflight), is used to obtain the surface albedo for
the next iteration stepρn+1:

ρn+1(z = 0) =
ρn(z = 0)

ρn

(
zflight

) · ρmeas
(
zflight

)
n = 0, 1, 2, ... . (2)

As the iteration proceeds, the resulting surface albedo con-
verges to the area-averaged surface albedo. The algorithm is
stopped if∣∣∣∣1 −

ρn+1(z = 0)

ρn(z = 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 per-
pendicular 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 aerosol proper-
ties on the retrieved area-averaged surface albedoρret (see
Fig.1). ρret is influenced by both sea and land surface albedo,
depending on the distance from the coastline. The position of
an arbitrary point on the surface is given by Cartesian coor-
dinates (x, y, 0). d denotes the horizontal distance between
Cartesian coordinate point (x, y, 0) and the foot point of
the aircraft (vertical projection of aircraft position on sur-
face).ϕ describes the azimuth angle in the polar coordinate

www.atmos-meas-tech.net/6/527/2013/ Atmos. Meas. Tech., 6, 527–537, 2013
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Fig. 1. Synthetic flight geometry with aircraft flying in altitude
zflight. The aircraft flies perpendicular to the coastline at constant
altitude.

system,θ0 refers to the solar zenith angle andθ represents
the zenith angle between the nadir direction and the line
between the aircraft in levelzflight and position (x, y, 0).
In cases where no atmospheric masking is considered, the
area-averaged surface albedo retrieved from aircraft mea-
surementsρret(x, y, zflight) is a mix of the local surface
albedo (ρloc) of sea and land. For a Lambertian surface and
neglecting atmospheric masking, the upward radianceI↑(z)

in altitudesz ≤ zflight is isotropic, i.e.

I↑
(
x, y, z ≤ zflight

)
=

F↑
(
x, y, z ≤ zflight

)
π

=
F↓

(
x, y, z ≤ zflight

)
· ρloc(x, y, 0)

π
(4)

for F↓(x, y, z ≤ zflight) =F↓(x, y, 0), the downward irra-
diance,F↓, is constant with altitude. Using Eq. (1) we obtain

F↑
(
x, y, z ≤ zflight

)
=

2π∫
0

1∫
0

F↓(x, y, 0)

π
· ρloc(x, y, 0) · µdµdϕ, (5)

with ρloc(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

ρret
(
x, y, zflight

)
=

F↑
(
x, y, zflight

)
F↓

(
x, y, zflight

)
=

1

π

2π∫
0

1∫
0

ρloc(x, y, z = 0) · µdµdϕ. (6)

According to this equation,ρret is a weighted mean of the lo-
cal surface albedo field with the weighting functionµ, which
can be calculated from the flight altitude and the horizontal
distanced by the following:

µ = cosθ = cos

[
arctan

d(x, y)

z

]
. (7)

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

ρret
(
x, y, zflight

)
=

1

π

∫
ϕ

∫
µ

ρsea· µdµdϕ

+
1

π

∫
ϕ

∫
µ

ρland · µdµdϕ. (8)

Introducing the sea–land surface albedo ratioδ =ρland/ρsea,
Eq. (8) is expressed as follows:

ρret
(
x, y, zflight

)
=

1

π

∫
ϕ

∫
µ

ρsea· µdµdϕ

+
1

π

∫
ϕ

∫
µ

δ · ρsea· µdµdϕ. (9)

We define a critical distancedc where the area-averaged sur-
face albedo has a maximum deviation of 10 % of the given
local surface albedo. The threshold of 10 % combines the
measurement uncertainty of the SMART-Albedometer and
the relative standard deviation of the photon noise. Since the
local surface albedo of the sea is lower than that of land we
can write

ρret(dc) = 1.1 · ρsea, (10)

and Eq. (9) simplifies to the following equation:

1

π

∫
ϕ

∫
µ

µdµdϕ +
1

π

∫
ϕ

∫
µ

δ · µdµdϕ = 1.1. (11)

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

In the following the atmospheric masking is introduced
and the impact of aerosol properties (AOD,ω̃, g) on the
critical distancedc is quantified using measured and simu-
lated spectral irradiance (up- and downward) at flight altitude
zflight. Local surface albedo maps consisting of two fields
which characterize sea and land are generated for a domain
of 2× 200 km2 with a horizontal grid size of 0.2× 0.2 km2

(see Fig.1). In a first step, the sea albedo is fixed to 0.026 fol-
lowing Bowker et al.(1985) atλ = 450 nm, whereas the land
albedo is varied with respect to different reflectivity prop-
erties to test various sea–land surface albedo ratiosδ. For
some cases, also the sea albedo is adjusted. The sensitivity
of dc on the aerosol properties are tested for AOD-values be-
tween 0.0 and 0.4, ãω-range of 0.65 to 0.98 and asymme-
try parameters between 0.65 and 0.85. Synthetic flights are
performed in different flight altitudeszflight between 0.2 and
2.0 km in 0.2 km increments. Upward and downward irradi-
ances are calculated for the entire model grid.F↓ andF↑

values of all grid cells parallel to the coastline are averaged
to minimize the uncertainties due to photon statistics. The
averaged irradiances simulated for the different altitudes are

Atmos. Meas. Tech., 6, 527–537, 2013 www.atmos-meas-tech.net/6/527/2013/
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Fig. 2. (a)Cross-section of retrieved surface albedoρret across the coastline (solar zenith angleθ0 = 30◦, aerosol optical depth AOD = 0.3,
single scattering albedõω = 0.75, asymmetry parameterg = 0.75).(b) Critical distance to coastline dependent on flight altitude (θ0 = 30◦,
ω̃ = 0.75,g = 0.75).

used to retrieveρret(zflight) following the method described
by Wendisch et al.(2004). Exemplarily, Fig.2a shows the
retrieved area-averaged surface albedosρret at 450 nm that
results from the assumed flight perpendicular to the coastline
for different altitudes (AOD = 0.3,̃ω = 0.75,g = 0.75,δ = 7.7).
With increasing distance from the coastline (x = 0,y, 0),ρret
converges to the local surface albedo of seaρsea= 0.026 and
landρland= 0.2. When flying above sea in direction perpen-
dicular to the coastline, the retrieved surface albedo will in-
crease 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 distancedc over land forzflight = 2 km
indicated by the vertical dashed line is 2.4 km.

Figure 2b displays the critical distance as a 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 betweendc andzflight is obvious. The de-
viation from the linear fit between critical distance and flight
altitude results from the photon noise. The higher the flight
altitude the more impact there is on the adjacent surface and
the aircraft needs to fly in a greater distance from the coast-
line to measure an undisturbed surface albedo. For greater
optical depth this effect gets smaller and the critical distance
decreases, which is more obvious over sea than over land.
The geometry effect excluding atmospheric masking is rep-
resented by the case without atmosphere. For this specific
case the maximal critical distance is derived.

For each combination of AOD,̃ω, g, solar zenith angleθ0
(30◦, 50◦), wavelength (450 nm, 645 nm), and surface albedo
ratio investigated in the simulations a linear regression line
was fitted to the slope defined by the ratiodc/zflight. Figure3a
shows that the slope and AOD have a linear relationship,
which is more pronounced for absorbing aerosols with lower
single scattering albedo. In contrast, the slope is not sensi-
tive to the AOD of highly scattering aerosols (ω̃ = 0.98). The
slope and the surface albedo ratio reveal a nonlinear increase

with increasing ratio which can be approximated by a loga-
rithmic fit function. As expected, the higher the ratio between
ρland andρsea, the higherdc is, as shown for AOD = 0.0 and
AOD = 0.4 in Fig.3a for ω̃ = 0.75. Slope calculations for dif-
ferent solar zenith angles and wavelengths exhibit no distinct
dependence of the slopes on these two parameters. Also, the
effect of asymmetry parameter is negligible within the uncer-
tainties of the linear regression of the slopes.

As a result a parametrization is provided that allows the
calculation of the slopedc/zflight and the determination of
the relation between flight altitude and critical distance from
the coastline. Several multiple regressions were performed
with different combinations of dependent variables (e.g.θ0,
λ, AOD, ω̃, δ, ln δ, andρsea). The correlation coefficients of
the parameterizations were within a range of 0.62 to 0.98.
Finally, just the parameters AOD,̃ω, andδ and their com-
bination were chosen for the parametrization, which has the
following form:

dc

zflight
= a0 + a1 · ln δ + a2 · AOD + a3 ·

AOD

δ
+ a4 · ω̃ · δ, (12)

with a0 = 0.162± 0.079, a1 = 1.401± 0.049, a2 =−2.771
± 0.135, a3 = 6.526± 0.721, anda4 = 0.082± 0.004. This
parametrization shows a correlation coefficient of 0.98. The
parameterized slopes and the slopes derived from the ra-
diative 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 parameter-
ized slopes include the uncertainty of the coefficients derived
from the multiple regression. Additionally, the one-to-one
line is shown in Fig.3b. The validity of this parametrization
was tested for wavelengths where extinction is mainly caused
by aerosols. For wavelength regions with strong molecu-
lar absorption or scattering, Eq. (12) should not be applied.
Therefore, the parametrization is restricted to a wavelength
range between 400 and 1000 nm.

So far the parametrization was considered for surfaces
with a lower albedo than the albedo of the adjacent sur-
face (δ > 1) and a surface albedo ratioδ defined as the ratio

www.atmos-meas-tech.net/6/527/2013/ Atmos. Meas. Tech., 6, 527–537, 2013
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Fig. 3. (a) Slopedc/zflight as a function of aerosol optical depth (θ0 = 30◦, δ = 30.8,g = 0.75,ω̃ = 0.65 and 0.98), and surface albedo ratio
δ =ρland/ρsea(θ0 = 30◦, ω̃ = 0.75,g = 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.

Fig. 4. (a)Measured spectra of area-averaged surface albedoρret for land, sea, and coastline.(b) ρret for 870 nm wavelength along the coastal
overflight. The black dots mark the measurement points of the spectra from(a).

between land and sea albedo. To generalize,δ is now defined
as follows:

δ = ρ1/ρ2, (13)

with ρ1 the surface albedo of the adjacent area andρ2 the
surface albedo of the area which is overflown. Exemplarily,
to derive the critical distance over land,δ is calculated by
δ =ρsea/ρland. Out of it a separate parametrization is derived
for 0< δ < 2. Since the aerosol has low impact for thisδ-
range on the slope (cf. Fig.2b over land), the parametrization
is given by the following:

dc

zflight
=

∣∣(−1.448± 0.018) + (1.334± 0.0334) · δ
∣∣. (14)

Note that the right-hand side of Eq. (14) needs to be written
in absolute value bars, otherwise the slope would be negative
whenρ1 < ρ2.

3.1.2 Realistic surface albedo maps derived from
INSPECTRO data

The parametrization given by Eq. (12) is applied to airborne
surface albedo measurements performed during the INSPEC-
TRO 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 re-
trieved from measurements in 500 m altitude are presented
in Fig. 4a. The spectral vegetation step near 700 nm wave-
length is clearly identified. Also, the increase of the surface
albedo over land and near the coastline is obvious. To esti-
mate the critical distance from the coastlinedc, the highest
surface albedo ratio within the measured spectral range is
needed. For this example we found the maximum value of
δ = 3.8 atλ = 870 nm withρsea= 0.06 andρland= 0.23 taken
from Bowker et al.(1985). Figure 4b shows the retrieved
area-averaged surface albedo for 870 nm wavelength along

Atmos. Meas. Tech., 6, 527–537, 2013 www.atmos-meas-tech.net/6/527/2013/
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Fig. 5. Albedo maps with different distributions:(a) randomly and(b) systematically with variable grid size between 0.1 and 2 km. The
dashed line marks the position of a cross-section through the model domain.

Fig. 6. Vertical cross-section of the retrieved area-averaged surface albedoρret for (a) 0.2, (b) 1 km, and(c) 2 km resolution at 450 nm
wavelength.

the flight track crossing the coastline. From this figure we can
derive a critical distance of 1.0 km. The parametrization after
Eq. (12) with AOD = 0.044 at 870 nm,̃ω = 0.98, andδ = 3.8
gives a slope ofdc/zflight = 2.29 that corresponds to a critical
distancedc ≈ 1.1 km.

3.2 Inhomogeneous albedo maps

3.2.1 Synthetic albedo maps

The deviation between retrieved area-averaged surface
albedoρret and local surface albedoρloc is presented for a
more complex situation of an inhomogeneous surface. A set
of parameters is varied (θ0, g, ω̃, AOD, λ 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 deviation1 of each surface pixel is
the following:

1 =
ρret − ρloc

ρloc
· 100%, (15)

whereρloc andρret are calculated and averaged over the en-
tire model domain. For an estimation of this mean deviation
a parametrization will be given.

In a first step, synthetic albedo maps of 10× 10 grid cells
are generated, where the model domain size is varied be-
tween 1 and 20 km. Local surface albedo values ranging be-
tween 0.02 and 0.2 (appropriate range for surfaces like water,
grassland, sand and concrete) are distributed over the 10× 10
grid with variable grid cell sizes. An example is shown in
Fig. 5. The albedo values in both plots have the same statis-
tics 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 of upward and downward irradi-
ances were performed for a set of input parameters. Fig-
ure 6 shows the vertical distribution of the retrievedρret at
different altitudeszflight along a cross-section through the
model domain at all grid cells alongy = 5 as illustrated in
Fig. 5a (for θ0 = 50◦, AOD = 0.3, g = 0.65, ω̃ = 0.75) up to
5 km altitude. For the most heterogeneous surface albedo
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Fig. 7. (a)Vertical profile of the mean albedo deviation1 for different horizontal resolutions.(b) Correlation of mean albedo deviation and
cosθ with θ = arctan(s/zflight).

field (Fig.6a) with 0.2 km resolution, the horizontal variabil-
ity of ρret 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.6c) significantly increases
the level where the horizontal variability ofρret can be ne-
glected (3.0 and 4.5 km, respectively).

In a next step, the mean deviation1 of the entire model
domain is calculated, which is shown as a function of altitude
in Fig. 7a (for θ0 = 50◦, AOD = 0.3,g = 0.65,ω̃ = 0.75). The
nonlinear increase of1 is strongly affected by the grid cell
sizes 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 albedoρret
corresponds to the mean local surface albedoρ loc of the en-
tire model domain. Consequently, the maximum value1max
corresponds to the mean deviation betweenρ loc andρloc:

1max = mean

(
ρ loc − ρloc

ρloc

)
. (16)

Both parameters,s andzflight, can be combined by the zenith
angleθ = arctan(s/zflight). As shown in Fig.7b, a linear re-
gression between cosθ and the mean deviation1 of the
form,

1 = a · cosθ = a · cos

(
arctan

s

zflight

)
, (17)

can be fitted to the data points. Exemplarily, the slopes of all
studied cases range between 59 and 61 with a correlation co-
efficient of 0.99 which reveals no significant differences for
a. The impact of AOD andθ0 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), scattering processes within the atmosphere can be
neglected compared to surface albedo inhomogeneity effects.

Table 1 summarizes the fit results as function of the sur-
face albedo ranges. As expected, expanding the albedo range
leads to an increase of1. Arctic situations with alternating
bright (snow covered) and dark regions (open sea) would

Table 1.Fit results of Eq. (17).

albedo range a (uniform) a (random) mean theoretical
(ρmin/ρmax) convergence

value1max

0.028 205 220 204
0.04 144 156 145
0.06 97 106 100
0.08 72 81 76
0.1 60 65 61
0.14 40 45 42

give the largest values for1. For the uniform albedo distri-
bution, the relation between1 and cos

[
arctan(s/zflight)

]
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 (Fig.5a), 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 value1max
which was calculated for all albedo maps using Eq. (16).
Comparing these values to the slopesa of the linear regres-
sion reveals a good agreement (maximum deviation 11 %).
Consequently, the slopea in Eq. (17) can be approximated by
1max. This becomes reasonable when, for altitudesz much
larger than the pixel sizes, the cosine ofθ = arctan(s/zflight)

approaches unity in Eq. (17) and 1 =1max=a. To apply
Eq. (17), a first guess of the albedo distribution taken from
satellite data is needed to calculate1max.

3.2.2 Experimental albedo maps derived from
INSPECTRO

The estimation of1 using Eq. (17) is applied to an experi-
mental albedo map measured along a flight path during the

Atmos. Meas. Tech., 6, 527–537, 2013 www.atmos-meas-tech.net/6/527/2013/
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Fig. 8. (a)Landsat image and flight track of the studied area over East Anglia;(b) retrieved 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 map
is approximated by the surface reflectance product of the
Landsat satellite. 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 pur-
poses 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× 19 km2. 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 µm). Based on
that,F↑ andF↓ at 500 m altitude which correspond 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× 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 albedo taken from the Landsat data at 660 nm wave-
length is indicated by the blue line, which shows the strong
spatial fluctuations of grassland/forest and wheat fields over
land. Additionally, Fig.8b displaysρret(meas) retrieved from
the airborne irradiance measurements (black line), which
shows reasonable agreement withρret (sim) retrieved from
the simulated irradiances. Over seaρret (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
ρret (sim) andρloc can locally exceed 100 %. The mean devia-
tion1 along this flight track is calculated by averaging all1-
values which are derived from Eq. (15). The mean deviation

1 is about +20 %. The overestimation about the dark sur-
faces is not completely compensated by the underestima-
tion of the brighter surface albedos. From the parametriza-
tion given in Eq. (17), 1 can be also estimated with the
following parameters:s = 600 m (typical size of one homo-
geneous surface area);zflight = 500 m; and the slope parame-
ter a, which is taken from the theoretical convergence value
1max; cf. Eq. (16). For the entire albedo map,1max= +45 %,
which gives a mean deviation1 of +25 %. Along the flight
track over land,1max and1 were calculated with +30 and
+20 %, respectively. The latter is lower than the value de-
rived from the retrieval of the area-averaged surface albedo
(25 %). The deviation might be caused by the uncertainty of
the grid size parameters that was estimated for the albedo
map.

4 Conclusions

This study investigates the effect of local surface albedo
heterogeneity and aerosol parameters on the retrieved area-
averaged surface albedo from airborne upward and down-
ward irradiance measurements. 3-D radiative transfer simu-
lations were performed for different local surface albedo and
aerosol situations. Calculated upward and downward irradi-
ances in altitudeszflight between 0.1 and 5 km were used to
retrieve 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 lo-
cal surface albedo (input data of the 3-D simulations) was de-
termined as a function of altitude, heterogeneity of the local
surface albedo (spatial scale and contrasts of surface albedo),
solar zenith angleθ0, aerosol optical depth, and single scat-
tering albedo.

For adjacent land and sea, a critical distancedc was de-
fined where the retrieved area-averaged surface albedo has a
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maximal deviation of 10 % of the given local surface albedo.
Two simple parametrizations were derived which provide the
critical perpendicular distancedc from the coastline. For sur-
face albedo ratiosδ ≥ 2, the parametrization is a function
of flight altitude zflight, AOD, ω̃ and δ. In contrast, when
δ < 2 the impact of the aerosol is negligible; therefore a sec-
ond parametrization was provided which is only a function
of the surface albedo ratioδ and flight altitudezflight. The
parametrizations include a first guess of the sea and the land
albedo estimated from example values presented byBowker
et al. (1985). The critical distancedc gets larger for albedo
fields with higher surface albedo ratios. The parametrization
was applied 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 dis-
tance of about 1.1 km was calculated with the parametriza-
tion for flights above sea, which could be also derived from
the aircraft measurements.

For a more complex mixture of surface albedos, the mean
deviation1 between area-averaged and local surface albedo
was determined.1 shows a strong dependence from the alti-
tude and the grid cell size of the homogeneous albedo areas,
whereas the effect of AOD andθ0 can be neglected. For mod-
erate aerosol conditions (AOD< 0.4) the effect of the flight
altitude and the effect of the range of heterogeneity of the
local surface albedo are the dominant factors determining
this deviation. To estimate1 of the complete area, a linear
parametrization that includes the flight altitude, grid cell size
of 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 distri-
bution 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 re-
trieved area-average surface albedo have shown similar mean
deviations (20 and 25 %) over land. The surface albedo de-
rived 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 surfaceρloc, the
retrieved area-averaged surface albedoρret deviates signifi-
cantly from the corresponding local surface albedo. In these

cases, usingρret as the boundary for remote sensing appli-
cations can lead to large uncertainties. In contrast, radiation
budget and layer properties can be computed with the re-
trieved area-averaged surface albedo as long asρret is rep-
resentable for the considered altitudes.
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Schmidt, S., Kniffka, A., Thiel, S., Junkermann, W., Blumthaler,
M., Silbernagl, R., Schallhart, B., Schmitt, R., Kjeldstad, B.,
Thorseth, T. M., Scheirer, R., and Mayer, B.: Spectral actinic flux
in the lower troposphere: measurement and 1-D simulations for
cloudless, broken cloud and overcast situations, Atmos. Chem.
Phys., 5, 1975–1997,doi:10.5194/acp-5-1975-2005, 2005.

Li, Z., Cribb, M., and Trishchenko, A.: Impact of surface inhomo-
geneity on solar radiative transfer under overcast conditions, J.
Geophys. Res., 107, 4294,doi:10.1029/2001JD000976, 2002.

Lyapustin, A.: Three-dimensional effects in the remote sensing of
surface albedo, IEEE T. Geosci. Remote, 39, 254–263, 2001.

Lyapustin, A. and Kaufman, Y.: Role of adjacency effect in the re-
mote sensing of aerosol, J. Geophys. Res., 106, 11909–11916,
2001.

Mayer, B.: Radiative transfer in the cloudy atmosphere, Eur. Phys.
J Conf., 1, 75–99, 2009.

Mayer, B. and Kylling, A.: Technical note: The libRadtran soft-
ware package for radiative transfer calculations – description
and examples of use, Atmos. Chem. Phys., 5, 1855–1877,
doi:10.5194/acp-5-1855-2005, 2005.

Pierluissi, J. and Peng, G.-S.: New molecular transmission band
models for LOWTRAN, Opt. Eng., 24, 541–547, 1985.

Pirazzini, R. and R̈ais̈anen, P.: A method to account for surface
albedo heterogeneity in single-column radiative transfer calcula-
tions under overcast conditions, J. Geophys. Res., 113, D20108,
doi:10.1029/2008JD009815, 2008.

Ricchiazzi, P. and Gautier, C.: Investigation of the effect of surface
heterogeneity and topography on the radiation environment of
Palmer Station, Antarctica, with a hybrid 3-D radiative transfer
model, J. Geophys. Res., 103, 6161–6178, 1998.

Schaaf, C. B., Gao, F., Strahler, A. H., Lucht, W., Li, X. W., Tsang,
T., Strugnell, N. C., Zhang, X. Y., Jin, Y. F., Muller, J. P., Lewis,
P., Barnsley, M., Hobson, P., Disney, M., Roberts, G., Dun-
derdale, M., Doll, C., d’Entremont, R. P., Hu, B. X., Liang, S. L.,
Privette, J. L., and Roy, D.: First operational BRDF, albedo nadir
reflectance products from MODIS, Remote Sens. Environ., 83,
135–148, 2002.

Thiel, S., Ammannato, L., Bais, A., Bandy, B., Blumthaler, M.,
Bohn, B., Engelsen, O., Gobbi, G. P., Gröbner, J., J̈akel, E.,
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