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Abstract. Ground-based pyranometer measurements of thén addition, the black-sky albedo is understood to represent
(clear-sky) broadband surface albedo are affected by thé¢he situation where no atmosphere exists, i.e. it is a prop-
atmospheric conditions (mainly by aerosol particles, watererty of only the surface (and the illumination spectrum of
vapour and ozone). A new semi-empirical method for esti-the Sun). The atmospheric correction needed for the retrieval
mating the magnitude of the effect of atmospheric conditionsof surface albedo using satellite data has been studied for
on surface albedo measurements in clear-sky conditions iseveral decades and various solutions have been proposed
presented. Global and reflected radiation and/or aerosol optiMartonchik et al., 1998; Strahler et al., 1999; Govaerts et
cal depth (AOD) at two wavelengths are needed to apply theal., 2006; Pinty et al., 2007; Carrer et al., 2009; Rahman and
method. Depending on the aerosol optical depth and the sdedieu, 1994; Lyapustin et al., 2011a,b). In addition, the in-
lar zenith angle values, the effect can be as large as 20 %. Fdluence of the sky radiance distribution, including the effect
the cases we tested using data from the Cabauw atmospherid aerosol particles, on the spectral albedo has been stud-
test site in the Netherlands, the atmosphere caused typicallied in detail (Lewis and Barnsley, 1994). The emphasis has
up to 5% overestimation of surface albedo with respect tobeen on the difference between the albedo values obtained in
corresponding black-sky surface albedo values. clear/partly-cloudy sky (blue-sky) or cloudy sky (white-sky)
conditions and conditions without atmosphere (black-sky).
Validation of the black-sky and white-sky albedo values is
complicated by the facts that (1) a satellite never observes the
1 Introduction Earth surface in black-sky conditions, (2) ground-based con-
tinuously observing instruments do not measure the surface
Satellite-based surface albedo products require long-termyack-sky albedo because of the intervening atmosphere (in-
validation using continuous surface albedo measurementsryments receive radiation already attenuated by the atmo-
which need to be made with the highest possible accuracgphere), (3) a satellite instrument cannot detect the surface
and free of atmospheric influence. For example, the validayagiance in white-sky conditions because clouds obscure its
tion of the CM-SAF SAL (Satellite Application Facility on yjew and (4) the spatial land cover heterogeneity affects the
Climate Monitoring; Surface ALbedo; Schulz et al., 2009) gatellite-based albedo value but typically not markedly the
product has two main strategies: large areas are validateground-based albedo value. Spectrogoniometers can be used
with airborne measurements or individual pixels are val-fo, black-sky albedo estimation, but then the target charac-
idated with continuous ground-based measurement resultgyistics have to remain constant during the measurements,
during long periods, preferably covering seasonal variationynjch take about 15min or more to cover the whole hemi-
(Riihela et al., 2010). sphere with a statistically sufficient number of individual
The black-sky and white-sky albedo quantities represenineasurements (Peltoniemi et al., 2010). Also, the blue-sky

the extreme cases under completely direct and completelygjhedo can be observed by ground-based instruments, but a
diffuse illumination (Pinty et al., 2005; Raan et al., 2010).

Published by Copernicus Publications on behalf of the European Geosciences Union.



2676 T. Manninen et al.: Atmospheric effect on the ground-based measurements of broadband surface albedo

satellite-based blue-sky albedo value is a result of observedtmosphere (TOA). Because the motivation for this work is to
radiance and a model calculation. The quality assessment aferive the atmospheric correction for ground-based measure-
satellite-based black-sky and white-sky albedo values is ofments, which in turn are used for validation of satellite-based
ten based on estimating the accuracy of the blue-sky valualbedo estimates, only clear-sky cases are of interest. Since
and then relating this accuracy theoretically to the black-skythe surface albedo is generally wavelength dependent (Liang
and white-sky albedo accuracy (Ramet al., 2010). etal., 2002), the broadband albedo value measured at the sur-
Another alternative is to study the effect of the atmosphereface is different from the value that one would obtain without
on the ground-based albedo measurements separately and dbe atmosphere (Manninen and Rii&geP008). In this paper
rive estimates for the difference between their black-sky andve show that variations of up to 20 % may occur.
blue-sky albedo values. This analysis is completely indepen- This result is based on simulations of the atmospheric con-
dent of satellite instruments, since they are not involved at alltribution to the surface albedo that would be measured with
in the estimation of the atmospheric effect. The advantage o& ground-based pyranometer for a range of land cover types,
this approach is that one does not have to tackle the effectarious solar zenith angles and typical aerosol optical depth
of the atmosphere and the spatial land cover heterogeneityAOD) values. The direct and diffuse radiant flux density val-
simultaneously when comparing satellite- and ground-basedies are obtained from the SPCTRAL2 model (Bird and Rior-
albedo estimates. In this paper we present an approach to ddan, 1986; Gueymard, 1995, 2001) with the ASTM Standard
rive the black-sky albedo directly from ground-based mea-G173-03 as input for the TOA solar spectral radiant flux den-
surements, and the representativeness of the ground meaity. A simple and robust atmospheric correction was derived
surement site for the satellite measurements as regards susy parameterization of the black-sky albedo as function of
face homogeneity can be analysed independently. Especiallthe corresponding simulated blue-sky albedo, AOD, and dif-
when using a relatively coarse resolution satellite instrumentfuse and direct flux densities. This formula is then applied
such as AVHRR, this separation of effects is important. to the broadband albedo, AOD, and direct and diffuse radi-
The broadband surface albedo is measured continuouslgnt flux density values, all measured at the BSRN Cabauw
at several permanent locations using pyranometers, for exsite, in order to estimate the magnitude of the atmospheric
ample by the BSRN network (Ohmura et al., 1998; WRCP, correction related to real albedo data.
2007). A pyranometer senses the heating power of broad- The developed method offers a robust way to estimate the
band solar radiant flux density on a planar surface. It is deimagnitude of the atmospheric effect on measured broadband
signed to measure the solar radiant flux density (in watts peblue-sky albedo data in cases when not enough information
square metre) from a field of view of 180nstrumental error  is available on the atmospheric characteristics to allow for
sources of pyranometers have been studied for decades atice use of more refined methods. The need is obvious when
are well known (Michalsky et al., 1995; R4 et al., 2007).  using old ground-based albedo data sets, which are not al-
Typically the spectral response is good and the cosine corways accompanied by simultaneously measured accurate at-
rection, which takes into account the difference between thenospheric data.
angular response of a real pyranometer and the perfect co-
sine dependence of an ideal sensor, is essentially only needed
when the solar zenith angle is larger thar?.6Byranome- 2 Materials
ter measurements used for the validation of satellite-retrieved
surface albedo estimates require attention to levelling accu:

. ) 2|.1 Spectral atmospheric radiation model
racy, non-perfect cosine response, solar zenith angle and soli

moisture effects (Lucht et al., 2000a; Strahler et al., 1999).1he proadband surface albegig, is the ratio of the total re-
Although a lot of thorough scientific work concerning the fie¢ted radiation and the incoming radiation. In practice only

diffuse and direct fraction of solar radiation has been carriede shortwave part of the spectrum (300—2500 nm) is taken

out (e.g. Marsden et al., 2005; Pinty et al., 2005; Kaskaouti§nig account. Pyranometers usually measure the total radi-
and Kambezidis, 2009), the effect of the atmospheric opticab o integrated over the bandwidth 305-2800 nm. The sur-

depth on the pyranometer-measured albedo has thus far n@{ce aiheday,y, is related to the solar zenith angle, the
been studied. This effect is important only when pyranome-gfiected short wave radiatioRey, the total short wave ra-

ters are used for_characterisation of the black-sky surfacjiant flux densitylsy at the surface, and the spectral albedo
albedo, because in that case the albedo values are affect

A) via
by the atmosphere due to the modification of the surface radi- )
ant flux density spectra by atmospheric absorption while also Rsw(0;) [« (67, M) 1(6;, 1) dr
scattering, and the relative contributions of direct and diffuse®b (%z) = 7 @) J1O, van @
swiVz 2

radiant flux density vary with atmospheric optical depth. The

main problem is varying cloud cover, but even in completely For direct and diffuse illumination, the black-sky and
clear-sky conditions the downward spectral radiant flux den-white-sky albedo dppgir and appdif, respectively) are re-

sity at the surface has a different shape than that at the top dated to the angular dependence of the surface reflectance
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fr®:., ¢:. 0. ¢. 1) (i.e. the Bidirectional Reflectance Distri- 7, (x, ¢.) = exp(—taer(%)/cost!). 6)
bution Function, BRDF) via (Nicodemus, 1970; Schaepman-
Strub et al., 2006) where (Bird and Riordan, 1986)
abbdir (602) = cos#, = cosf; + 0.15(93.885 — cosf,) ~+2°3 (7
2n /2 . .
1 (f [ fi6;,¢.,0,4,1)co8 sin9d¢>d9> Iair (6, 1) cOSHd ) andzaer(A) is the aerosol optical depth (AOD) at wavelength
00 ) A. The AOD wavelength dependence is described by a power

J 1dir (6, 1) COSO.d 1 law (Angstiom, 1929)

CApbdiff =
27 /227 /2 . A —aa
f(f [ [ fi(6.,6.,6,9,1)cos sind I (9;,A)cos9;sin63d¢d0d¢:d93> dx Taer(M) = B - A% = Taer (Aref) - | — , (8)
0000 3) Aref
27 7/2 ’
/ <Of { L <92qk>c0wzsin6zd¢:d9z) dx whereg is the AOD at the reference wavelengiis (usually

taken at 1 um) anda is the,&ngstrt')m exponent evaluated
for the wavelength paik; and 1. The set ofraer and cor-
respondingxa and g values used in this study are given in
Table 1.

To calculate the direct and diffuse solar radiant flux den-
sities at the surface per unit areki{(x) and Iy (1)), de-
tailed atmospheric measurements are required together with
the albedo measurements. In this study we consider only
clear-sky cases. Ground-based surface albedo measurements
apb(0;) = dabpdir(0;) + (1 — d) appuift, 4) are usually not accompanied by simultaneous detailed atmo-
spheric measurements, which would allow for an accurate

Wr:?;ﬁd IS t he frac;nonalhamoutrr]]t of ((jj|.rectt frladlznt ﬂl.JtX‘ di atmospheric correction. Hence, a parameterization is devel-
e e el s 2P LS compuatons i 3 rlatielySmpe u or
N ative radiative transfer model which requires using onl
density Ip(A) (ASTM Standard G-173-03) and the broad- q 9 y

a limited and readily available number of atmospheric pa-
band albedo would be the b!ack-sky albedg,. However, rameters. The model SPCTRAL2 (Bird and Riordan, 1986;
the presence of aerosol particles, water vapour and gases

h h ; hat both the di d diff @ueymard, 1995, 2001) was chosen for that reason.
the atmosphere requires that both the direct and diffuse con- rpe egtimation of the diffuse solar radiant flux density at

tributions to the radiant flux density at the surface are taker‘the surface K (1)) is much more complex than the estima
i -

mtg a(f:countl.b . I d at ing incid tion of the direct solar radiant flux because it contains com-
urtace albedo values measured at grazing incidence arb’onents related to the interaction between the atmosphere

gles are typically brone o error, and therefore values_ Me33nd the surface. Aerosols affect the direct and diffuse compo-

sured at solar zenith angles larger thaf afe usually dis- nents of the radiant flux density in opposite ways. The larger

. . tt'he AOD, the smaller the amount of direct radiation reach-
tenuation by the atmosphere can quite accurately be taken]g the surface is, but the larger the proportion of the dif-

into account by assuming that the light propagates in thefuse radiation. The atmospheric effect is most evident at the

gfcm(:sf?herg alo_?g a stra|grf1t path. Thelntthtehdwde_ct ?_olar r]fj"éhortest wavelengths because the AOD is usually largest at
trllanS uxt ensi ydoln a §ur9ac§ r}orma OI etmwgc 1on ol the shorter wavelengths. Also, the increase of the solar zenith
€ Sun at ground level(6;, ) for wavelength is re- qangle results in decrease of the direct radiant flux density and
. ) ncrease of the fraction of diffuse radiant flux density due to
Io(%) = Ho(\) D by (Bird and Riordan, 1986) the longer atmospheric path. y
Igir (A, 6;) = Ho(L) DTy (A, 6;) Taer(A, 6;) Tw (X, 6;) The diffuse radiant flux density computed in SPC-
To(X, 0,) Ty (X, 62), (5) TRALZ consists of thrt_ae components: (1) Rayleigh scatter-
_ . . . ing, (2) aerosol scattering and (3) a component that accounts
where Hp is the exFra-terrestrlaI radiant flu>_< density at the for multiple scatterings of light between the ground and the
mean Earth-Sun distance for wavelengitD is the correc- 540 qgphere. The diffuse radiant flux density component con-

“03 factor fr? r the Ear.th—Sunfd|st§1nce; ?ﬂr? Ther, TW’hTO ; tains separate transmittance terms for ozone, water vapour,
andTy are the transmittance functions of the atmosphere for;, . gas, aerosol absorption and aerosol scattering.

molecular (Rayleigh) scattering, aerosol attenuation, water

vapour absorption, ozone absorption, and uniformly mixed2 2 Cosine effect of pyranometer measurements

gas absorption, respectively. The direct irradiance on a hor-

izontal surface is obtained by multiplying Eqg. (5) by @@s  The difference of the true blue-sky albedo vadig and that

The aerosol transmittance is observed by the pyranometer depends on the cosine of the

where the BRDF describes which fraction of the reflected
radiation coming from directiornd(, ¢,) is reflected to the
direction @, ¢), whereg, and¢, are the solar zenith and az-
imuth angles, and and¢ are the zenith and azimuth angles
of the viewing direction. The BRDF is not typically a strong
function of the wavelength, but slightly different values are
often obtained for the visible and near-infrared wavelengths
The blue-sky albedaypy is then
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Table 1.The values of the aerosol optical deppy, at wavelengths

assess the typical size of a cosine effect. Taking into account

440nm and 870nm used in the simulations. The correspondinghe variation of the Earth—Sun distance (Bird and Riordan,
Angstom parameter valuesandg are given as well. The first row 1986) would alter the estimated radiant flux dendigyby
corresponds to the standard atmosphere ASTM Standard G173-03egs thant 2.5 %. The size of the cosine correction here is

Taer at 440 nm

Taer at 870 nm  «

0.27
0.1
0.1
0.1
0.1
0.25
0.25
0.25
0.25
0.5
0.5

1.75
1.75
1.75
1.75

NNDN

0.0729
0.03
0.05
0.075
0.099
0.075
0.125
0.188
0.248
0.15
0.25
0.375
0.495
0.225
0.375
0.563
0.75
0.3
0.5
0.75
0.99
0.375
0.625
0.938
1.25
0.45
0.75
1.125
1.495
0.525
0.875
1.313
1.75
0.6

1

15
1.98

1.92E+00
1.77E+00
1.02E+00
4.22E-01
1.47E-02
1.77E+00
1.02E+00
4.22E-01
1.47E-02
1.77E+00
1.02E+00
4.22E-01
1.47E-02
1.77E+00
1.02E+00
4.22E-01
9.78E-04
1.77E+00
1.02E+00
4.22E-01
1.47E-02
1.77E+00
1.02E+00
4.22E-01
5.87E-04
1.77E+00
1.02E+00
4.22E-01
4.90E-03
177E+00
1.02E+00
4.22E-01
4.19E-04
1.77E+00
1.02E+00
4.22E-01
1.47E-02

0.0558
0.0235
0.0434
0.0707
0.0988
0.0586
0.108
0.177
0.247
0.117
0.217
0.354
0.494
0.176
0.325
0.530
0.749
0.235
0.434
0.707
0.988
0.293
0.542
0.884
1.249
0.352
0.651
1.061
1.494
0.411
0.759
1.238
1.749
0.469
0.868
1.414
1.976

solar zenith angle value (Michalsky et al., 1995jdReet al.,

expected to be typical of the older sensor types. The data of
this study, based on CM22 pyranometers, does not need a
cosine correction.

2.3 Data

87 individual reflectance spectra of diverse land cover types
which were selected from the USGS Spectroscopy Lab data
base for the atmospheric simulations: 10 for grass, 19 for for-
est, 5 for crop, 6 for lichen, 4 for minerals, 18 for man-made
materials, 4 for water, 8 for snow/ice and 13 for mixtures of
rock, etc. (Clark et al., 2007). The spectra are shown in Fig. 1.

Aerosol and albedo data was obtained from the Cabauw
Experimental Site for Atmospheric Research (CESAR)
(CBW, 51°1815’N, 04°5537" E, —1 ma.s.l., The Nether-
lands), which is located in flat terrain in the centre of The
Netherlands. The surrounding area consists mainly of grass-
land interrupted by narrow ditches. At the site, which is
owned and supervised by KNMI, a consortium of eight
Dutch institutes has collectively brought together a suite of
instrumentation for atmospheric research, including land—
atmosphere interaction and cloud, aerosol and radiation in-
teraction. The site consists of a 213 m tall meteorological
tower, a remote sensing terrain, a BSRN station and a field
for micro-meteorological observations. High quality radia-
tion observations are performed at the BSRN station includ-
ing an AERONET CIMEL Sun photometer.

AOD is measured at Cabauw using the CIMEL Sun pho-
tometer at four wavelengths (440, 675, 870 and 1020 nm) and
data are available via AERONET (Holben et al., 1998). The
data are cloud-screened and quality-controlled (Level 2.0).
In this paper we used data for the period January—July 2007.
In this period the mean value of the AOD at 440 nm was 0.33
with a standard deviation of 74 %. The corresponding values
for 870 nm were 0.16 and 73 %. A wide variation of the AOD
is observed, which allows for studying the effect of the AOD
and the solar zenith angle (using the seasonal variation) sep-
arately. The maximum AOD values are very high (1.96 and
1.17 at 440 nm and 870 nm, respectively), thus the data set

2007). The uncorrected global radiant flux density is the suan be used to demonstrate the effect for a range of aerosol

of the directlyj and diffuselyj; radiant flux density values.
The radiant flux density. with the cosine effect taken into

account is obtained from

I .
Ie = <1+ dit

1367 co9,

The value of the correction coefficie@ytp is 0.9789, and
the correction coefficienfyp values for all solar zenith an-

> Iir Cotp + <1

Ldir
1367 co9, ) Jait Care- (9)

concentrations. The AOD values measured in Cabauw were
used as the basis for selecting the AOD range used in the
simulation of the atmospheric effect.

One-minute averages of the direct and diffuse solar radi-
ant flux densities measured at BSRN Cabauw were used to
estimate the difference between blue- and black-sky albedo
in situations when AOD was available (Knap, 2011). Broad-
band albedo is measured in Cabauw using Kipp & Zonen

gles were in this study interpolated/extrapolated from thoseCM22 pyranometers with a time resolution of 10 min (Knap,
at solar zenith angles of 0, 10, 20, 30, 40, 50, 60 arfd 70 2012). No cosine correction was needed for the data. The
The mean Earth—Sun distance was used in the simulations tmean of the albedo was 0.25 with a standard deviation of
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Fig. 1. Reflectance spectra used in the study (Clark et al., 2007). The blue curves represent snow and water, the green curves vegetation, th
s man-made targets. The snow/water curves contain examples of various
melting snow cases, ice and sea water. The vegetation curves contain examples of various tree species, flowers, weeds and grass. The mixtu
curves contain examples of various rocks, such as basalt and limestone. The mineral curves contain dolomite, magnetite and labradorite
sample spectra. The man-made target curves are various kinds of asphalt, bricks, roof tar, roofing felt, tar paper, concrete, wood beam an

red curves mixtures, the yellow curves minerals and the lilac curve

dust debris.

7.1%. The mean values and standard deviations for the AOBird and Riordan 1986; Sect. 2.1) and the 87 USGS Spec-
at wavelengths of 440 and 870 nm corresponding to the existtroscopy Lab land cover spectra and aerosol optical depth
ing solar radiant flux values were 0.35 and 69 % and 0.16 andalues varying in the range observed in Cabauw (Sect. 2.3).
78 %, respectively. The presence of aerosol was accounted for by using the AOD
There is no obvious correlation between the surface albedealues, at wavelengths of 440 and 870 nm, given in Table 1.
and the AOD values, so the seasonal variation of the surfac&he maximum value for the AOD at 440 nm was taken to

and the atmospheric aerosol load are relatively independen

be roughly the highest value observed at Cabauw. The max-

Thus, the data set of Cabauw is well suited for testing theimum AOD value at 870 nm was then taken to be similar
estimation of the effect of the atmosphere on the measuretb that at 440 nm. Ozone was included in the simulations

broadband surface albedo.

3 Simulation of the atmospheric effect on the
broadband surface albedo

Simulations of the atmospheric effect on the broadband sur

for three different concentrations: 0.25, 0.35 and 0.5 atm-cm.
Water vapour was accounted for by using the following three
concentrations: 0.5, 2 and 3.5 cm of precipitable in a vertical
path. The solar zenith angle values used in the simulations
were 0, 10, 20, 30, 40, 50, 60 and°7®Il combinations

of the 87 spectra, 37 AOD combinations, 3 ozone values,

face albedo were carried out using the SPCTRAL2 model

www.atmos-meas-tech.net/5/2675/2012/
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Fig. 2. The calculated black-sky albedg,, versus corresponding simulated pyranometer measuremgnty the surface albedo for all
87 land cover spectra (left panel) and all 9 grass spectra (right panel) for all 333 atmosphere parameter combinations studied. The solar zenitl
angle value®, are colour coded as indicated in the legend.

3 water vapour values and 8 solar zenith angle values weré< 0.2 %) as compared to the whole radiant flux density or
simulated, resulting in altogether 231 768 individual cases. that in the near-infrared band.

The simulated blue-sky broadband albegg, was ob- This data set was used to develop a method for estimating
tained using the sum of the modelled dirégt and diffuse  the effect of the atmosphere on the pyranometer-based albedo
Igis radiant flux densities for the radiant flux density, in measurements.

Eq. (1). The required reflectance spectra were directly de-

rived from the USGS Spectroscopy Lab data base (Clark et

al., 2007). Then only the BRDF was needed to obtain they Results
surface albedo estimate. At this stage the idea was to simu-

late the variation range of the atmospheric effect for a cho-4 1  simulations
sen example set of land cover spectra which covers the wide

variation of typical land cover types. Therefore, it was not The calculated broadband black-sky albegg, is shown in
critical to have the BRDF description for the chosen indi- Fig. 2a as a function of the simulated blue-sky albegg
vidual model targets, which are just random representative$yata for all land cover types, solar zenith angles and AOD
of similar targets, but the BRDF descriptions had to be re-ya|yes are included. The results for the different solar zenith
alistic both in size and in characteristics. In addition, as theangles are colour-coded, but the land cover types or AOD val-
same BRDF values were used for the black-sky albedo tqes are not specified. As an example, the results over grass
which the results were compared, the effect of the BRDF isare presented in Fig. 2b. The horizontal lines in Fig. 2 are
even less important. The BRDF values were obtained usinggsed by the AOD, which affects the blue-sky albedo but
the methods developed for visible and near-infrared bands ofot the black-sky albedo. The strong variation of the blue-
satellite instruments (Roujean et al., 1992; Wu et al., 1995) sy albedo for the range of AODs studied here clearly shows
The spectra were split into a visible and and near-infrarecne importance of atmospheric correction for black-sky mea-
part separated at 750 nm. surements. The results over a single surface (grass, Fig. 2b)
The corresponding black-sky albedo values were calCuyye similar. Although the effect of the atmosphere is not large
lated using the same surface description as for the blue-skygr the standard atmosphere (ASTM Standard G173-03) (Ta-
albedo calculation, bufr in Eq. (2) was takento be the TOA  pe 1), the whole range of AOD values causes a drastic vari-
radiant flux value. The total, visible and near-infrared radiantgtion in the simulated values.
flux density valuesp,,, lo,;, and/o,,) at the top of the at- The relative difference between the simulated blue-sky
mosphere were obtained by integrating the solar radiant fluxrface albedo and the corresponding black-sky albedo,
density spectra (ASTM Standard G173-03) over 305-750 nm g (@bb — a0,) /@0y, 1S Plotted in Fig. 3 as a function of
for the visible band and over 750-2500nm for the near-the simulated blue-sky albedo for the whole data set and sep-
infrared band. Pyranometers usually measure the radiant flugrately for different solar zenith angles. The relative differ-
density integrated over the band 305-2800 nm; however, néance clearly depends on the solar zenith angle; at small solar
glecting the contribution of the band 2500-2800 nm is justi- zenjth angles the blue-sky albedo is mostly smaller than the
fied since the radiant flux density in that band is negligible corresponding black-sky albedo, but at a solar zenith angle of
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Fig. 3. The simulated relative difference of the blue-sky albeglg and black-sky albedag,, values versus the blue-sky surface albedo
app for all 87 land cover spectra used in the studied atmospheres for solar zenith angle Ygtopdéft panel), 30 (top right panel), 50
(bottom left panel) and 70(bottom right panel).

7C° the blue-sky value is mostly the larger of the two. This only target which systematically has a clearly smaller re-

is in accordance with previous studies (Lucht et al., 2000b) flectance in the near-infrared band than in the visible band

The range of variation of the relative differences is similar was snow, which has the highest broadband albedo values

for all angles. The effect of the atmosphere can be more thaof the whole data set. Accordingly, snow albedgvalue

20 %. > 0.6 in Fig. 3) was mostly less overestimated in low solar
The ratios of the calculated blue-sky and black-sky albedozenith angle cases.

values versus the aerosol optical depth at 440 nm and the dif- The simulations have been made with the assumption of an

fuse radiant flux density are shown in Fig. 4 for the whole ideal pyranometer. In practice, sometimes a cosine correction

data set used in the simulations. These results will be used iis needed for large solar zenith angle values (Sect. 2.2) and

designing the regression formulas of Sect. 4.2. typically leads to a reduction of the true albedo (Michalsky
The atmospheric optical depth usually decreases with inet al., 1995). Hence, the cosine correction would shift the

creasing wavelength. Therefore, the radiant flux density isrelative differences for a solar zenith angle of 1Big. 3b) a

less attenuated at near-infrared than shorter wavelengths, ariew percent upward.

the irradiance spectrum at the surface is different from that The relative difference in the blue-sky and black-sky sur-

at TOA with relatively larger attenuation at wavelengths in face albedo values due to differences only in ozone or water

the UV/VIS than in the NIR range. On the other hand, for vapour amounts was on average smaller than 0.3%, and in

most of the studied reflectance spectra (Fig. 1) the reflectanc®5 % of the simulated cases it was smaller than 0.8 %.

is higher in the near-infrared region than in the visible re-

gion. Smaller attenuation and higher reflectance in the near-

infrared wavelengths leads to higher broadband albedo esti-

mates than would occur without the atmospheric effect. The
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Fig. 4. Ratio of the calculated blue-sky and black-sky albedo values versus the aerosol optical depth at 440 nm (left panel) and the diffuse
radiant flux density amount (right panel).

4.2 Regression formulas Table 2. The values of the regression parameters for the empirical
relationship of Eqg. (10) between the simulated pyranometer mea-

The data presented above clearly demonstrate the complesured broadband surface albedo and the corresponding broadband

relation between the black- and blue-sky broadband surfacélack-sky albedo.

albedos. Due to the complex nature of the diffuse radiation

component (Bird and Riordan, 1986) and the varying shapes Regression Al Grass  Forest Mixtures Water, snow

. . e arameter of rock and ice
of the diverse land cover type spectra (Fig. 1), it is not pos- P
sible to derive a simple analytic relationship between the < é-gig; 01-1%24243 010-%27 o éi%%w 00(1-35316
c1 . —0. —0. —0. —0.
To provide a correction which takes into account the atmo- ¢ —0.0643 —0.0366 —0.0350 —0.0296 0.1029
spheric effect, an empirical regression between the black- <4 —-0.372 0157 0312 -0.271 —0.290

and blue-sky surface albedo of the formg, (1+...) was

sought. The parameters included were the AOD values at two

wavelengths {440 and tg7g), the solar zenith angléd() and parameter values were also derived for subsets of certain tar-
the direct (gir) and diffuse (gir) radiant flux densities. The gets: (1) grass, (2) forest, (3) water, snow and ice and (4) mix-
mathematical formulation of the correlation is sought to re-tures of rock. For all other targets than water, snow and ice,
semble expressions in the diffuse radiation components (Birdhe parametetg is slightly larger than unity, as expected.
and Riordan, 1986) and the observed relationships (Fig. 4)For water, snow and ice, the functional form of Eq. (10) is

The obtained relationship is not optimal. This is understandable because the snow and ice
spectra are the only ones for which the reflectance essentially
. (1 - eXp(—T44o/ Cost; )) decreases with increasing wavelength. As the characteristics
%0 = b/ €0 + €1 1-— of the snow spect id d di

Qbb pectrum vary over a wide range depending on

impurities and water content (Warren and Wiscombe, 1980;
T (1 — exp(—7s70/c0sb; ) Wiscombe and Warren, 1980), the available snow spectra are
coso;, not considered sufficiently representative to suggest deriving

Iir /1367 (1 — exp(—T1440/cosb, a snow specific set of regression parameters.
tes [23en 003952 / ) + cali / 1367} - (10) Equation (10) is written so that it uses both AOD and the

direct and diffuse flux density values, because often they are
For convenience, the radiant flux densities (in Wanare = measured independently. Another alternative to use this re-
normalized with the solar constant 1367 W#in order to  gression formula is to estimate the direct and diffuse flux
obtain regression coefficients of roughly equal magnitude. Itdensity values from the AOD as described in Sect. 2.1 (Bird
is noted that when applying this equation, the measured solasind Riordan, 1986). In clear-sky conditions the diffuse radi-
radiant flux density values are input as such without any cor-ation value may be so small that its measurement inaccuracy
rection for the varying Sun—Earth distance. The regressiorstarts to deteriorate the albedo estimates based on Eq. (10).
parameter valueg are given in Table 2, and the coefficient Also, the integration time of the measurements of AOD and
of determination for the regression was 0.999 when.al, the flux densities may differ so much that the measured val-
1870, 07, 0ZONe and water vapour amount values and all specues do not represent the same conditions. Then it is better
tra were included. The correction term reducesgowhen to estimate the flux density values from the measured AOD
I4if =0, t440=0 andzg70=0; the value ofcg > 1, which is values when using Eq. (10).
due to a small contribution from Rayleigh scattering. With  Using Eq. (10) for correction of measured albedo values
no atmospheric effectg would be exactly 1. Regression requires simultaneous data of AOD, which is not always
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Fig. 5. Difference between the albedo estimate of the black-sky surface afggdased on the regression Eq. (10), and the black-sky
albedo valuexg,, plotted as a function of the corresponding simulated blue-sky albggl@btained using Egs. (1) ... (8) for the 87 land
cover type spectra used in all studied atmospheres and for the solar zenith angle ¥aB®s®0° and 70. The opacity of the points is
related to the frequency of that value.

available. Therefore, another regression equation was deFable 3. The values of the regression parameters for the empirical
rived for cases when only the (direct and diffuse) solarrelationship of Eq. (11) between the simulated pyranometer mea-
radiant flux density values are available for atmosphericSUl’Ed broadband surface albedo and the corresponding broadband

CO”‘ec“on b|aCk-Sky a|bed0.
A0y, = Qbb [do + di log (14ir/1367) Regression All Grass  Forest Mixtures Water, snow
(1 — exp(—0.1/cosb,)) + ds Idiff/1367]- (11) parameter of rock and ice
do 0.9842 0.9803 0.9721  0.9902 0.9620
The values for the regression coefficiedts d1 andd, are dy —0.109 -0.114 -0.142 -0.0981 —0.0691
given in Table 3. The coefficient of determination for this 42 —-0.241 -0237 -0339 -0225  -0.304

regression was also 0.999. It should be noticed that the simu-
lated values of i are based on the AOD values, so the AOD
information is included in this equation implicitly, though not Equation (11) produces almost as good black-sky albedo esti-
explicitly. Again, separate parameter values are also given fomates as Eq. (10), but for large solar zenith angles it is clearly
the various targets. When applying this equation, the meapoorer.
sured solar radiant flux density values are input as such with- The mean and the relative mean difference of all atmo-
out any correction for the varying Sun—Earth distance, whichspherically corrected and true black-sky albedo values are
is used here only as a scaling factor to achieve reasonablehown as solid red curves in Fig. 6 for Egs. (10) and (11) us-
size regression coefficients. ing the general regression parameter values of Tables 2 and 3.
The black-sky albedo estimation (Egs. 10 and 11) was apThe corresponding 90 % quantile values for the difference
plied to the studied land cover spectra and calculated direcand relative difference of the atmospherically corrected and
and diffuse solar radiant fluxes. The results are presented itrue black-sky albedo values are shown in solid blue curves.
Fig. 5, which shows the absolute differences between the esFhe corresponding differences between the blue- and black-
timated and true black-sky albedos as function of the blue-sky values are shown as dashed curves. Obviously Eq. (10)
sky albedo. Figure 5 shows that the absolute differences arproduces only slightly better black-sky albedo estimates than
mostly quite small. The 90 % relative error quantile is aboutEq. (11), but in both cases the atmospherically corrected
8 %. Comparison with Fig. 3 shows that also the relative dif-albedo estimates are markedly closer to the black-sky val-
ferences are substantially reduced. The estimation accuraayes than the blue-sky albedo values. The reason that the cor-
decreases rapidly when the solar zenith angle exceeds 60rection is less important for the solar zenith angle value of
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Fig. 6. Statistics for the difference (top panels) and relative difference (bottom panels) between the atmospherically correctég albedo

and the calculated black-sky valug,, (solid curves) are shown as a function of the solar zenith angle for the regression Egs. (10) (left
panels) and (11) (right panels), using the general values for the regression parameters. For comparison, the deviation and relative deviatiol
of the simulated (Eq. 1) blue-sky surface albeglg from the corresponding calculated black-sky valigg, (dashed curves) are shown as

well. The mean and 0.9 quantile values are presented in each case. The curves are based on all 231 768 individual combinations of 87 spectr:
37 taer pairs, 3 0zone amount values, 3 water vapour values and 8 solar zenith angle values.

about 60 is demonstrated by Fig. 3; the sign of the correc- and the corresponding relative difference was 3.8 %. How-
tion changes at about that solar zenith angle value. ever, the number of individual spectra in each target class was
The atmospherically corrected (black-sky) albedo estimateso small (10 ... 18) that it is difficult to determine how much
o, deviates from the black-sky value,, by about 0.007  of the improvement came from not having variation enough
for both regression equations, whereas the uncorrecteth the grass data set. Hence, it is considered safer to apply
albedoayy, deviates from the black-sky valug,, by an av-  the general regression parameter values unless a large num-
erage of 0.016. The corresponding relative difference valueder of site specific spectra are measured outdoors in varying
are 3.2 and 6.7 %, respectively. However, more important isveather conditions for regression parameter retrieval. A site
that the atmospheric correction removes large errors so thatlassified as grass may not always contain just grass. There
the deviation from the true valuep, — ag,,| is on average may be dead leaves, snow or water pools on it, or the grass
in 90 % of the cases smaller than 0.016 (Eqg. 10) and 0.019nay be withered or burned.
(Eg. 11) and the relative error is smaller than 7.1 % (Eq. 10)
and 7.2% (Eq. 11). For the uncorrected albegg the cor- 43  capauw data
responding deviations are 0.039 and 13 %. The largest dif-

ference between the simulated blue-sky albedo and the O he method for estimating the effect of the atmosphere on the

responding black-sky value was at nadir 0.11, which was : .
measured broadband albedo was tested with real data using
reduced to 0.044 (Eq. 10) and 0.066 (Eq. 11) by the atmo'simultaneous albedo, AOD and direct and diffuse solar radi-

spheric correction. Although Iarge solar zenith angle valuesant flux density measurements at Cabauw. The one minute
(~ 7C°) naturally are problematic for measurements (for co-

. . . averages of the diffuse and direct radiance and the 10 minute
sine response, for example), it must be emphasized that th 9

. . - Sverages of the albedo closest to the AOD measurement time
atmospheric effect is non-negligible also when the Sun ele, 9

vation is high. (every 15 minutes in clear-sky conditions) were chosen. The

tmospherically corrected albedo values were obtained by

Using regression parameter values optimised for the target ... .
in question (Tables 2 and 3) naturally improved the resultsgpphcatlon of Eg. (10) to the measured albedo. First, the

. calculations were carried out by estimating the solar direct
when applying Egs. (10) and (11). For example, for grass the nd diffuse radiant flux density from the AOD data in the

0 . .
90 % quantile of the albedo difference was on average 0.000 ame way as in the simulation calculations. The results are
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Fig. 7. Relative difference of the atmospherically corrected measured afgggland (uncorrected) measured albeglg values at Cabauw
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Egs. (10) (left panels) and (11) (right panels) with the general regression parameter values and mggsvakaes at 440 nm and 870 nm.

The opacity of the points is related to the frequency of the value.

presented in Fig. 7, which shows the relative differences be- 10— : ; —
tween the atmospherically corrected and the measured values g i I\C/leéggﬂ%d i?r';(]i'aﬁggse ral parameters .
of the blue-sky surface albedo as function of the solar zenith g 5

angle. Figure 7 shows that due to the effect of the atmosphere g [

the albedoayy is overestimated by up to 5%. The atmo- 8 0, i
spheric correction decreased the average albedo from 0.25 7 s » ’*M ;
to 0.24, but the standard deviation increased at the same time (;3 | . :
from 1.8 to 1.9 %. It is noted that the albedo values were not = 40— ‘ ‘ ‘
normalized with respect to the solar zenith angle, and there- 020 02z 024 026 028
fore some variation is due to differences in the solar zenith Qpp

angle. Also, the change of season from February to July

causes albedo variations due to biologically-induced (gras$ i%ég-aﬁ;'ig"e d;ﬁzr(e”rfceoﬂfegt‘gd‘;‘tr;“:;shr‘:(;c:l't')ye;g”zlctg ;‘ea'
rows, mowing, grazing of sh nd other chan f the! Opp NG U u values
grows, mowing, grazing of sheep) and other changes of t %abauw as a function of the measured albeglp The corrections

Sun:jace ((j:hallkr)a((:jterlstl_cs. Usm? Eq. (1::1) instead of Edq' (r:]l'_OXNere carried out using Eq. (11) with the general regression parame-
produced albedo estimates closer to those measured. ThiS §§ 51yes and measured direct and diffuse solar radiant flux density

due to the fact that the simpler regression of Eq. (11) does nafg|yes. The opacity of the points is related to the frequency of the
sufficiently compensate for large solar zenith angles (Fig. 7)value.

5 Discussion increased somewhat, especially at the highest albedo values

(which correspond to the largest solar zenith angle values).
When the measured direct and diffuse solar radiant flux denThis may be caused by the slight temporal mismatch of the
sity values were used in applying Eqg. (11), the results werevarious measurements. The AOD values were provided irreg-
about the same as when they were estimated from the AOmilarly with a time signature of seconds, and the direct and dif-
values as shown in Figs. 8 and 9. Interestingly, the problem ofuse solar radiant flux density values were one minute aver-
large solar zenith angles was much reduced when measureajes, whereas the global and reflected radiation values were
values for the solar direct and diffuse radiant flux density integrated over 10 min. Thus, it is recommended to use either
were used. When Eq. (10) was applied, the scatter in the dat&qg. (10) with only AOD data (used also for retrieval &f;
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0.30 ; ‘ ; ; ; specific for that site. Also, the solar zenith angle effect could
éf_‘00§%039+1'01 X / be better taken into account if the regression parameters were
0.28) = T derived separately for all angles. (However, the number of

individual points is already large and each additional angle
would require calculation of 28 971 individual points.) Yet,
the current method with constant coefficient values can be
applied to estimate the magnitude of the effect of the atmo-
sphere on the broadband surface albedo measurements, inde-
o~ pendent of any satellite data. Climatological AOD character-

e 1 istics could be used instead of Sun photometer measurements
to estimate the site-specific atmospheric effect.
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Fig. 9. Comparison of two atmospherically corrected albedo esti- The effect of the atmosphere on the measured broadband sur-
matesaqg,,,. The horizontal co-ordinate is based on Eq. (10) and face albedo can be as high as 20 % (relative). The magnitude
measured albedo and AOD data, and the vertical co-ordinate igf the error depends on the solar zenith angle and the aerosol
based on Eq. (11) and measured albedo, direct and diffuse rad'c')ptical depth. When the solar zenith angle is about 6te
ant flux density values. The opacity of the points is related to the . ff . f th h d h
frequency of the value. various effects of the atmosphere ten .to compensate eac
other, so that the blue-sky albedo value is closer to the black-
sky albedo value than when the solar zenith angle is smaller
and Igitr) or EqQ. (11) with measured direct and diffuse radia- or larger than that. L
. . . A robust method was developed for estimating the ef-
tion. The small bias of 0.004 and almost unity slope (1.01) of
fect of the atmosphere on broadband surface albedo values

the relationship between the two albedo estimates (Fig. 9) : X
. . measured using ground-based pyranometers. The input val-
whose correction terms have different data sources (mea-

sured AOD or direct and diffuse solar radiant flux density), ues needed_ are the global and reflected radiation values and
aerosol optical depth values at two wavelengths. Alterna-

supports the choice of these two methods as reliable alterng:

tives. The bias is related to large solar zenith angles whichively’ it is possible to use the direct and diffuse solar ra-
) 9 ges, diant flux density data instead of the aerosol optical depth

are less well taken into account by the simpler Eq. (11). (The o : :
. . T . “values. The accuracy decreases with increasing solar zenith
high value of the coefficient of determination is caused by in-

ternal correlation, because both albedo estimates are derive\éillue for both alternatives. The average accuracy for black-

S . sky albedo estimation based on albedo and AOD data was
by multiplying the measured albedo by a correction factor.)™ ~. ) -
. : stimated to be 0.007, and in 90 % of the cases it is on av-
For comparison, when the albedo estimates based on Eq. (1 . . .
: ; age 0.016. When using measured direct and diffuse solar
would be calculated using AOD data, the corresponding re-_ . . L
. . _ radiant flux density values instead, the albedo estimation ac-
lationship would bey = —0.026 +1.12 x. .
curacy is about the same.

The atmospheric correction presented requires besides thé .
i Although the method was developed in response to re-
normal pyranometer measurements (global radiant flux den- . I . .
. - quirements for validation of satellite-based albedo estimates,
sity and reflected radiation) only AOD values for at least two

wavelengths to determine the spectral behaviour (Eq. 10)|t is not dependent on any satellite instrument. It provides a

Preferably the wavelengths are 440 and 870 nm as used iROSSIb'“ty to separately SIUdY the .effect of the atmosphere
on the surface albedo estimation without the complication of

the AOD measurements, but using Eq. (8) the AOD Valuesthe heterogeneity of land cover, which is always problematic

for these wavelengths could also be estimated from two Othe\r/vhen using satellite data for albedo estimation
wavelengths. No BRDF is needed when using the model. If '
measured values of the direct and diffuse solar radiant flux
densities are available, they can be used. Otherwise, if th@cknowledgementsThe authors thank Fred Bosveld and
AOD is known, the direct solar radiant flux density can be wouter Knap (KNMI, De Bilt, The Netherlands) for the Cabauw
calculated from the solar zenith angle and the solar constarurface albedo data. The AOD data made available by AERONET
using Eqg. (6). Then the diffuse component is the difference ofis gratefully acknowledged. The work was financially supported
the measured global radiant flux density and the direct solaby EUMETSAT in the project Satellite Application Facility on
radiant flux density. Climate Monitoring.

The regression parameters presented here were derived to .
be applicable to various kinds of land cover spectra. For perEdited by: M. Wendisch
manent measurement sites, one might improve the accuracy

by replacing the spectra used in the simulations with spectra
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