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Abstract

Ground-based pyranometer measurements of broadband surface albedo values are
affected by the atmospheric conditions. A new method for estimating the magnitude of
this effect in clear sky conditions is presented. Global and reflected radiation values
and AOD values at two wavelengths are needed to apply the method. Depending
on the atmospheric optical depth and the sun zenith angle values the effect can be
as large as 20%. For the test case of Cabauw the atmosphere caused typically 5%
higher surface albedo values than the corresponding black-sky surface albedo values.

1 Introduction

Satellite Application Facilities (SAFs) are specialized development and processing cen-
tres within the EUMETSAT Applications Ground Segment. The Satellite Application
Facility on Climate Monitoring (CM SAF) was initiated in order to generate and archive
high quality data sets for climate monitoring and modelling (Schulz et al., 2009). One
of the CM SAF products is the surface albedo product (SAL), which is defined to be the
black-sky broadband albedo normalized to sun zenith angle of 60°. Satellite based sur-
face albedo products require long term validation based on continuous surface albedo
measurements, which need to be made with the highest possible accuracy and free
of atmospheric influence. The validation of the SAL product has two main strategies:
large areas are validated with airborne measurements instantaneously or individual
pixels are validated with continuous ground-based measurement results during long
periods, preferably covering seasonal variation (Riihela et al., 2010).

The black-sky and white-sky albedo quantities represent the extreme cases under
completely direct and completely diffuse illumination (Pinty et al., 2005; Roman et al.,
2010). In addition, the black-sky albedo is understood to match the case, when no
atmosphere exists. l.e. itis a property of only the surface (and the illumination spectrum
of the sun). The atmospheric correction of satellite images has been studied since
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several decades and various solutions for taking into account the atmospheric effects
on the albedo have been proposed (Martonchik et al., 1998; Strahler et al., 1999;
Govaerts et al., 2006; Pinty et al., 2007; Carrer et al., 2009; Rahman and Dedieu, 1994;
Lyapustin et al., 2011a,b). In addition, the influence of the sky radiance distribution,
including the effect of aerosols, on the spectral albedo has been studied in detail (Lewis
and Barnsley, 1994). The emphasis has been on the difference between the albedo
values obtained in clear sky (blue-sky), diffuse sky (white-sky) and without atmosphere
(black-sky) conditions.

Validation of the black-sky and white-sky albedo values is complicated by the fact
that neither the satellite nor the ground based instrument can measure the surface
black-sky albedo because of the atmosphere and the satellite instrument cannot mea-
sure the surface white-sky albedo because of the cloud cover. Only the blue-sky albedo
can be observed both by the satellite and the ground based instruments. The quality
assessment of satellite based black-sky and white-sky albedo values is often based on
estimating the accuracy of the blue-sky value and then relating this accuracy theoreti-
cally to the black-sky and white-sky albedo accuracy (Roman et al., 2010).

Another perspective is to study the effect of the atmosphere on the ground mea-
surements separately and derive estimates for the difference between the black-sky
and blue-sky albedo values for them. This analysis is completely independent of the
chosen satellite instrument. The advantage of this approach is that one does not have
to tackle the effect of the atmosphere and the spatial land cover heterogeneity simul-
taneously, when comparing satellite and ground based albedo estimates. Especially
when using a relatively coarse resolution satellite instruments, such as AVHRR, this is
important.

The broadband surface albedo is measured continuously at several permanent lo-
cations using pyranometers, for example by the BSRN network (Ohmura et al., 1998;
WRCP, 2007). A pyranometer senses the heating power of broadband solar irradi-
ance on a planar surface. It is designed to measure the solar radiation flux density
(in watts per square metre) from a field of view of 180°. Instrumental error sources
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of pyranometers have been studied for decades and are well known (Michalsky et al.,
1995; Raich et al., 2007). Typically the spectral response is good and the cosine cor-
rection, which takes into account the difference between the angular response of a
pyranometer in ideal conditions (i.e. vacuum) and in the atmosphere, is essential only
when the sun zenith angle is larger than 60°. Pyranometer measurements used for the
validation of satellite-retrieved surface albedo estimates require attention to leveling ac-
curacy, nonperfect cosine response, solar zenith angle and soil moisture effects (Lucht
et al., 2000). The effect of the atmospheric optical depth on the pyranometer-measured
irradiance has so far not been studied, because it is important only when pyranometers
are used for surface characterisation such as albedo measurements. The albedo val-
ues obtained using pyranometers contain contributions from the atmosphere, because
the surface irradiance spectra are modified by atmospheric absorption and scattering.
The main problem is varying cloud cover, but even in completely clear sky conditions
the surface irradiance spectra have a different shape than those at the top of atmo-
sphere (TOA). Since the surface albedo is generally wavelength dependent the broad-
band albedo value obtained is different from the value that one would obtain without
the atmosphere (Manninen and Riiheld, 2008). In this paper we show that variations
of up to 20 % may occur. This is undesirable because ground-based albedo measure-
ments are used as ground truth for satellite validations in addition to dedicated field
campaigns (Liang et al., 2002).

This conclusion is based on simulations of the atmospheric contribution to the sur-
face albedo that would be obtained by ground-based pyranometer reflectance spectra
measurements for a range of land cover types, various sun zenith angles and typical
aerosol optical depth (AOD) values. The direct and diffuse irradiance values are ob-
tained from the SPCTRAL2 model (Bird and Riordan, 1986; Gueymard, 1995, 2001)
with the ASTM Standard G173-03 as input for the TOA solar spectral irradiance. In
addition, a robust regression formula is derived for the relationship of the simulated
pyranometer-measured surface albedo and the corresponding black-sky albedo. This
formula is then applied to albedo and AOD measured at the BSRN Cabauw site in
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order to estimate the magnitude of the atmospheric correction related to real albedo
data.

2 Materials

The atmospheric effect on measured surface albedo is simulated for 87 individual re-
flectance spectra of diverse land cover types which were selected from the USGS
Spectral lab data base: 10 for grass, 19 for forest, 5 for crop, 6 for lichen, 4 for miner-
als, 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.

AOD measured at Cabauw on clear days during January—July 2007 is available at
four wavelengths (440 nm, 675 nm, 870 nm and 1020 nm) via AERONET (Holben et al.,
1998). Values for two wavelengths are shown as a function of the sun zenith angle in
Fig. 2. A wide variation of the AOD is observed at all angles, which allows studying the
effect of the AOD and the sun zenith angle separately. Also the largest AOD values
are very high, so that the data set is able to demonstrate the effect of aerosols very
well. Therefore the AOD values measured in Cabauw were used in the simulation of
the atmospheric effect.

Simultaneously measured broadband albedo (Knap, http://www.knmi.nl/bsrn/) and
AOD are available for Cabauw thus allowing for estimation of the magnitude of the
atmospheric effect on real data. The albedo measurements are carried out using pyra-
nometers of the highest available accuracy and with high time resolution (1 to 3 min).
The measurement site is completely flat grassland. The albedo values were normal-
ized to a sun zenith angle of 60° using (Briegleb et al., 1986):
1+2xfcosé,

1 . (1)
+ f
Here a is the measured broadband albedo, a, the normalized albedo, 6, the sun zenith

angle and f a coefficient related to the land cover class. For Cabauw the value f =0.22,
corresponding to grass, was used.

a, = a
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The normalized albedo values are shown in Fig. 3 as a function of the AOD for
wavelengths 440 nm and 870 nm. As expected the AOD value range starts from smaller
values for the larger wavelength. Obviously the variation of the AOD value in Cabauw
is large for both wavelengths. In addition, there is no marked correlation between the
surface albedo and the AOD values so that the seasonal variation of the surface and
the atmospheric aerosol load are relatively independent. Thus the data set of Cabauw
is well suited for the testing the atmospheric effect estimation to be developed on the
measured broadband surface albedo.

3 Simulation of the atmospheric effect on the broadband surface albedo

The broadband surface albedo ay,, is the ratio of the total reflected radiation and the
incoming radiation. In practice only the shortwave part of the spectrum (300 nm—
2500 nm) is taken into account. Pyranometers usually measure the total radiation
integrated over the bandwidth 305 nm—2800nm. The reflected short wave radiation
R, is related to the short wave irradiance /g, the spectral albedo a(1) and reflectance
r(A) via

Ry, [a)I(A)dA [ r(d)BRDF (8,, 0, @, @, ) [(A) dA 5
oo = 7 [1(2) dA [ 1(A) dA @)
where the bidirectional reflectance distribution function BRDF (6,, 6, @,, @, A) de-
scribes which fraction of the reflected radiation coming from direction (8,, @,) is re-
flected to the direction (8, @), where 6, and @, are the sun zenith and azimuth 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.

If there were no atmosphere the irradiance used in Eq. (2) would be the top of atmo-
sphere solar spectral irradiance /(1) (ASTM Standard G-173-03) and the broad band
albedo would be the black-sky albedo a,,. However, the presence of aerosol particles
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and gases in the atmosphere requires that both the direct and diffuse contributions to
the irradiance at the surface are taken into account.

Surface albedo values measured at grazing incidence angles are typically very noisy
and values measured at sun zenith angles larger than 70° are usually discarded from
analysis. In that case the attenuation by the atmosphere can quite accurately be taken
into account by assuming that the light propagates in the atmosphere along a straight
path. Then the direct solar irradiation at the surface per unit area /4, (1) is related to the
irradiation at the top of the atmosphere /,(1) by (Bird and Riordan, 1986)

L) = Io(A) exp (~74(1)/cos 6,) cos 6, (3)

where 6, is the sun zenith angle and 7,(1) is the aerosol optical depth (AOD), which
depends on the wavelength according to (Angstrom, 1929)

PR
Tald) = 847 = Tl - (=) @)
ref

where T, (1) is the AOD at wavelength 4, B is the AOD at the reference wavelength
A (usually taken at 1 um) and a, is the Angstrém exponent evaluated for the wave-
length pair 1; and 1,. An example set of AOD values was derived for the simulations by
regression of Eq. (4) to the measured AOD values at wavelengths of 440 nm, 675 nm,
870nm and 1020 nm. The regression was carried out separately for each quartet of
recorded AOD values. Altogether there were 2226 quartets resulting in 2226 regres-
sion functions 7¢(4).

The estimation of the diffuse solar irradiation at the surface per unit area /(1) is
much more complex. Because the motivation for this work is to derive the atmospheric
correction for ground-based measurements, which in turn are used for validation of
satellite-based albedo estimates, only clear sky cases are of interest. In addition,
ground-based surface albedo measurements are usually not accompanied by simul-
taneous aerosol measurements which allow for an accurate atmospheric correction.
Therefore a relatively simple but informative model, using only a limited and readily
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available number of atmospheric parameters, would be desirable to estimate the dif-
fuse irradiation. The model SPCTRAL2 (Bird and Riordan, 1986; Gueymard, 1995,
2001) was chosen for that reason.

The diffuse irradiance computed in SPCTRAL2 consists of three components:
(1) Rayleigh scattering, (2) aerosol scattering and (3) a component that accounts for
multiple scattering of light between the ground and the atmosphere. The diffuse ir-
radiance component contains separate transmittance terms for ozone, water vapour,
mixed gas and aerosol absorption and for aerosol scattering.

The absorption bands of ozone and water vapour are mainly situated at longer wave-
lengths, so that the exact amount of ozone and water vapour are not crucial for the total
broad band irradiance in clear sky cases. Therefore in the simulations the ozone and
water vapour contributions are taken to be equal to those of the standard atmosphere
(ASTM Standard G173-03).

The simulated broadband albedo that would be measured by a pyranometer is then
obtained using the sum of the modelled direct /3, and diffuse /4 radiation for the ir-
radiance /g, in Eq. (2). The required reflectance spectra are directly derived from the
USGS Spectroscopy Lab database (Clark et al., 2007). Then only the BRDF is needed
to obtain the surface albedo estimate.

At this stage the idea is to simulate the variation range of the atmospheric effect for
a chosen example set of land cover spectra, which covers the wide variation of typical
land cover types. Therefore, it is not critical to have the BRDF description for the chosen
individual model targets, which are just random representatives of similar targets, but
the BRDF descriptions have to be realistic both in size and in characteristics. The
BRDF values were obtained using the methods developed for visible and near infrared
bands of satellite instruments (Roujean et al., 1992; Wu et al., 1995). The spectra were
split into a visible and an infrared part separated at 750 nm.

The total, visible and near-infrared irradiance values (/ygy, /ovis @nd /o) at the top of
the atmosphere are obtained by integrating the solar irradiance spectra (ASTM Stan-
dard G173-03) over 305 nm—750 nm for the visible band and over 750 nm—2500 nm
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for the near infrared band. Pyranometers usually measure the irradiance integrated
over the band 305 nm-2800 nm, but the irradiance in the band 2500 nm—2800 nm is
negligible (<0.2 %) compared to the whole irradiance or that of the near infrared band.

The simulated broad band surface albedo values that a pyranometer would observe
were then compared to the corresponding simulated black-sky surface albedo values
in order to assess the effect of the atmosphere on the albedo observation. A typical
cosine correction was also calculated to check its effect on the results (Michalsky et al.,
1995). The uncorrected global irradiance is just the sum of the direct /,;, and diffuse
l4i irradiance values. The cosine corrected irradiance /, was obtained from

le=(1+ _Jar lgir Cotp + (1 - N - Liitr Cote- (5)
¢ 1367 cos 6,) " 1367 cos 69,/ “

The correction coefficient Cptp values for all sun zenith angle were interpo-
lated/extrapolated from the values given by Michalsky et al. (1995) for 0, 10, 20, 30,
40, 50, 60 and 70°.

4 Results

Aerosols affect the direct and diffuse components of the irradiance in opposite ways.
The larger the AOD, the smaller is the amount of direct radiation reaching the surface,
but the larger is the proportion of the diffuse radiation. The atmospheric effect is most
evident at the shortest wavelengths because the AOD is usually largest at the shorter
wavelengths. Also the increase of the sun zenith angle results in decrease of the
direct irradiance and increase of the fraction of diffuse irradiance due to the longer
atmospheric path.

The calculated broad band black-sky albedo is shown in Fig. 4a as a function of the
simulated pyranometer measurement of the broad band surface albedo for all studied
land cover types and AOD values. The effect of varying AOD (Fig. 2) manifests in the
horizontal variation range of the simulated blue-sky albedo values corresponding to
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each calculated black-sky albedo value. Although the effect of the atmosphere is not
large in the standard atmosphere (ASTM Standard G173-03) the whole range of AOD
values measured at Cabauw cause a drastic variation in the simulated values. Without
quantifying the atmospheric effect this kind of data would be problematic for validation
of satellite products. Fitting radiative transfer equations simultaneously to the surface
and the atmosphere might not produce good results, when the AOD values are large.

Taking a subset of only grass spectra does not improve the situation much (Fig. 4b).
The difference between the simulated pyranometer-measured surface albedo and the
corresponding black-sky albedo depends on the sun zenith angle, overestimations be-
ing more common at small sun zenith angle values, but the variation range is about
the same for all angles (Fig. 5). The effect of the atmosphere can be as large as 20 %.
For small sun zenith angle values the atmosphere causes typically overestimation of
the black-sky albedo, whereas for sun zenith angle of the order of 70° underestima-
tion is more common. In the Cabauw data the atmospheric optical depth in most cases
decreases with increasing wavelength. Therefore near-infrared irradiance is less atten-
uated than that at shorter wavelengths and thus the spectrum at the surface changes
from that at the top of the atmosphere with a relatively lower intensity in the near-
infrared part of the spectrum. On the other hand for most of the studied spectra the
reflectance is higher in the near-infrared region than in the visible region. This resulted
in a larger fraction of reflected radiation than would have been, if the irradiance spec-
trum had been equal to that of the TOA irradiance. The only target which has a clearly
smaller reflectance in the near infrared band than in the visible band, was snow. Ac-
cordingly snow albedo was mostly underestimated also in low sun zenith angle cases.
However, one has to take into account that the simulated result corresponds to an ideal
pyranometer. The cosine correction is largest at large sun zenith angle values and typ-
ically such, that it would lead to overestimation of the albedo (Michalsky et al., 1995).
A typical cosine correction would shift the error points of Fig. 5 corresponding to the
sun zenith angle value 70° a few percent upwards.
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Due to the complex nature of the diffuse radiation component and the varying shapes
of the diverse land cover type spectra it is not possible to derive a simple analytic rela-
tionship between the black-sky surface albedo o, and the simulated surface albedo
a,,- Therefore an empirical regression of the form a,, (1 +...) was sought. The pa-
rameters included were the AOD values at two wavelengths (7449 and 7g7), the sun
zenith angle (6,) and the direct (/y,) and diffuse (/4) irradiance and the mathemati-
cal form of their appearance is sought to resemble expressions in the diffuse radiation
components (Bird and Riordan, 1986). The obtained relationship is

(1—exp (—T440/c0s 6,)) (1-exp (—7g70/cos 6,))

Aoy = Q 1+¢c +c
Obb bb 1 T—— 2 cos 6,

lgr (1 = exp (=T440/c0s 6,))
cos 62

+ 03 + C4 /dif'f . (6)

The regression parameter values are given in Table 1 and the coefficient of determina-
tion for the regression was 0.999, when all AOD values and all spectra were included
in the regression. The individual correction terms equal zero, when the AOD =0, be-
cause then 7449 =0, 7579 = 0 and /4 = 0, so that the estimate approaches the black-sky
value properly.

The black-sky albedo estimation (Eq. 6) was applied to the studied land cover spec-
tra, and it turned out that the absolute difference between the estimate and the true
value was quite small (Fig. 6). The estimation accuracy decreases when the sun
zenith angle exceeds 60°. The mean and the relative mean accuracy of the estimated
black-sky albedo are shown in Fig. 7. Obviously the atmospherically corrected albedo
estimate is on average within 0.005 of the black-sky value, whereas the uncorrected
albedo deviates roughly 0.01 from it. However, more important is that the atmospheric
correction removes large errors so that the deviation from the true value is in 90 %
of the cases smaller than 0.015 and the relative error is smaller than 8 %. For the

395

AMTD
5, 385-409, 2012

Atmospheric effect
on the ground-based
measurements

T. Manninen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/385/2012/amtd-5-385-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/385/2012/amtd-5-385-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

uncorrected albedo the corresponding deviations are 0.03 and 11 %. The largest dif-
ference between the simulated pyranometer-measured albedo and the corresponding
black-sky value was at nadir 0.09, which was reduced to 0.044 by the atmospheric
correction. Although large sun zenith angle values (~70°) are problematic for mea-
surements (for cosine response for example), the atmospheric effect is non-negligible
also when the sun elevation is high.

The derived atmospheric correction method was then tested with real data using
simultaneous albedo and AOD measurements at Cabauw. The atmospherically cor-
rected albedo values were obtained by application of Eq. (6) to the measured incoming
and reflected radiation, AOD and sun zenith angle values. It turned out that the atmo-
sphere typically increased the albedo of the order of 5% (relative) (Fig. 8). The atmo-
spheric correction decreased the average albedo from 0.26 to 0.25, but the standard
deviation increased at the same time from 3.5 % to 4.0 %. Evidently the normalization
of the broadband albedo using the parameter value f =0.22 in Eq. (1) is derived for
a typical atmosphere. If the parameter f would be given a value of 0.3, the normal-
ization would be suited to the atmospherically corrected albedo values at Cabauw. In
that case the mean albedo value would still be 0.25, but the standard deviation would
match the original value of 3.5 %.

The atmospheric correction presented requires besides the normal pyranometer
measurements (global irradiance and reflected radiation) only AOD values for at least
two wavelengths to determine the spectral behaviour (Eq. 6). No BRDF is needed
when using the model. The direct solar irradiation can be calculated from the sun
zenith angle and the solar constant, when the AOD is known (Eq. 3). Then the dif-
fuse component is the difference of the measured global irradiance and the direct solar
irradiance.

The regression parameters presented here were derived to be applicable to various
kinds of land cover spectra. For permanent measurement sites one might improve the
accuracy if the spectra used in the simulations were replaced with spectra specific for
that site. Also the sun zenith angle effect could be better taken into account, if the
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20

regression parameters were derived separately for all angles. Yet the current method
with constant coefficient values can be applied to estimating the size of the effect of the
atmosphere on the broadband surface albedo measurements, independently of any
satellite data. Climatological AOD characteristics could then be used in estimating the
site specific atmospheric effect.

5 Conclusions

A robust method was developed for estimating the effect of the atmosphere on broad-
band surface albedo values measured using ground based pyranometers. The input
values needed are the incoming and reflected radiation values and aerosol optical
depth values at two wavelengths. Although the method was developed in the needs
of validation of satellite based albedo estimates, it is not dependent on any satellite
instrument. It provides a possibility to separately study the effect of the atmosphere on
the satellite albedo products without complication of the heterogeneity of land cover.

The effect of the atmosphere on the measured broadband surface albedo can be as
high as 20%. The size of the error depends on the sun zenith angle and the atmo-
spheric optical depth.
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