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ABSTRACT

The complexity of inhomogeneous surface–atmosphere radiation transfer is one of the foremost problems in the field of
atmospheric physics and atmospheric radiation. To date, the influence of surface properties on shortwave radiation hasnot
been well studied. The daily downward surface shortwave radiation of the latest FLASHFlux/CERES (Fast Longwave And
Shortwave FluxesTime Interpolated and Spatially Averaged/Clouds and the Earth’s Radiant Energy System) satellite data
was evaluated againstin situ data. The comparison indicated that the differences between the two data sets are unstable and
large over rugged terrain compared with relatively flat terrain, and the mean absolute error of the satellite products reaches
31.4 W m−2 (12.3%) over rugged terrain. Based on the SSF (single satellite footprint)/CERES product, the influence of
surface properties on the distribution of downward surfaceshortwave radiation (DSSR) was analyzed. The influence of
surface properties on DSSR over the Tibetan Plateau is abouttwice as large as that in two other regions located at the same
latitude (eastern China–western Pacific and subtropical North Pacific). A simulation was carried out with the help of the
I3RC (International Intercomparision of Three-Dimensional Radiation Code) Monte Carlo 3D radiative transfer community
model. The results showed that DSSR increases as surface albedo increases. Moreover, the impact of surface albedo on
DSSR is larger if the spatial distribution of clouds is more non-uniform. It is hoped that these results will contribute to the
development of 3D radiative transfer models and the improvement of satellite inversion algorithms.
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1. Introduction

Solar radiation is a significant source of heat for the
earth–atmosphere system. The heterogeneity of surface solar
radiation could affect the radiative energy budget, weather
systems and climate change. The solar flux received by the
surface involves the attenuation of insolation by scattering
and absorption caused by atmospheric gases, aerosols, cloud
particles, and surface properties. Among others, surface
parameters generally include altitude, gradient, slope direc-
tion and surface albedo. Different surface properties result
in different dynamic and thermodynamic processes, which
influence the exchange of matter and energy between the
land surface and the atmosphere. The surface albedo char-
acterizes the surface reflection of solar radiation. It deter-
mines energy exchange between the surface and atmosphere,
and it is a key factor influencing Earth’s climate system.
Even a small change in surface albedo could shift the energy
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balance of the earth–atmosphere system, and result in re-
gional and global climate change (Wang et al., 2002; Stroeve
et al., 2005). Over the Tibetan Plateau, the mean surface
elevation is 4000 m above sea level. Its protruding nature
with high elevation and complex surface properties results
in equally complex weather and cloud systems over the re-
gion. There is a 3D radiative transfer problem in the inho-
mogeneous surface–atmosphere system. However, most ra-
diative transfer models and satellite inversion algorithms are
highly simplified. Compared to atmospheric composition and
clouds, the effects of surface properties on downward surface
shortwave radiation (DSSR) have not been well studied until
now. Thus, it is worth exploring the effects of surface prop-
erties on DSSR.

As an important complement to ground observations,
satellite remote sensing provides data with preferable conti-
nuity and homogeneity in both time and space, and has be-
come an effective way to study surface radiation budgets.
However, satellite products may be severely biased due to
input data inaccuracy, algorithm errors, and the influence
of surface properties and elevation differences (Yang et al.,
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2006). The complexity of spatial orientation and the optical
properties of the surface have so far been investigated in a
relatively limited number of radiative transfer schemes (e.g.,
Dubayah and Rich, 1995; Wang et al., 2005; Liou et al., 2007;
Helbig et al., 2009; Lee et al., 2013; Stöckli, 2013). Theiref-
fects on the surface solar radiation budget have not been well
accounted for in the most widely applied radiative transfer
schemes in which the lower boundary is assumed to be unob-
structed, horizontal, and homogeneous. Therefore, it is nec-
essary to validate satellite data against in situ observations,
because such validations not only guarantee data quality but
also provide useful information to improve the retrieval algo-
rithms. Meanwhile, climate simulations require accurate and
stable radiation budget data, and the products obtained from
space are useful for climate research (Ohring et al., 2005).

The Tibetan Plateau has great impacts on energy and wa-
ter cycles at both regional and global scales, making it a
useful research area for testing the quality of data and the
estimation algorithms. Yang et al. (2006, 2008, 2010) as-
sessed the satellite-estimated surface downwelling shortwave
irradiance of ISCCP-FD (International Satellite Cloud Cli-
matology Project-Flux Data) and GEWEX-SRB (Global En-
ergy and Water Cycle Experiment-Surface Radiation Bud-
get) by using the in situ data of several surface sites over
the Tibetan Plateau. Comparisons indicated that the errors
of satellite products are spatially dependent over Tibet, and
discrepancies between different products are usually larger
in the presence of highly variable terrain. Gui et al. (2009,
2010) compared ISCCP-FD and CERES-FSW (Clouds and
the Earth’s Radiant Energy System-Monthly Gridded Radia-
tive Fluxes and Clouds) hourly surface solar radiation with
ground measurements. The results showed that the accuracy
of satellite-estimated data cannot meet the requirements of
research communities, and satellite-estimated data over the
Tibetan Plateau must be substantially improved, especially
for the shortwave components.

Observations show that the downward shortwave radia-
tion over Tibet is much higher than that over sea level along
the same latitude (Ma et al., 2005; Wang et al., 2013). In ad-
dition to the high elevation, there are several west–east elon-
gated high mountains and many hills leading to the complex
terrain. The complex terrain can affect solar radiation in di-
rect (Dubayah and Rich, 1995; Dubayah and Loechel, 1997;
Kang et al., 2002; Wang et al., 2005; Ryu et al., 2008; Helbig
et al., 2009) and indirect (Kuwagata et al., 2001; Kurosaki
and Kimura, 2002) ways. Besides clouds, the leading uncer-
tainties in surface fluxes originate from the surface and near-
surface atmospheric properties (Zhang et al., 2006, 2007).

According to the results of a 3D Monte Carlo photon trac-
ing program, the mean surface solar flux over a region with
complex topography can deviate from a smooth surface by as
much as 10–50 W m−2 for an albedo of 0.2, and the anoma-
lies of solar flux in clear–sky conditions can be as much as
600 W m−2 (Liou et al., 2007). Given the altitudinal de-
pendence of DSSR, caution is needed when applying current
satellite data to plateau regions. Ground measurements over
the Tibetan Plateau can be used as a benchmark for evaluating

satellite algorithms at high elevations (Yang et al., 2006).
Most evaluations of satellite products have been per-

formed in low elevation areas with smooth surfaces, and high
accuracy has been shown. As for the quality of satellite prod-
ucts over the Tibetan Plateau, most previous studies have fo-
cused solely on relatively short periods of several months,
and have not evaluated the latest FLASHFlux (Fast Long-
wave And Shortwave FluxesTime Interpolated and Spatially
Averaged)/CERES product. It is unknown to what extent
surface properties influence satellite-estimated DSSR. The
transfer of shortwave radiation under the co-existence of 3D
clouds and complex surface properties still requires explo-
ration.

The remainder of the paper is arranged as follows. Sec-
tion 2 introduces the datasets and processing used in the
study. In section 3, the DSSR from the latest FLASHFlux/
CERES data over a whole year is assessed against three
ground sites over the Tibetan Plateau, and the impact of sur-
face properties on the satellite-estimated DSSR is analyzed.
Then, the shortwave radiation flux transferred through two
types of clouds is simulated using a state-of-the-art model.
Finally, the overall conclusions of the study and some further
discussion are presented in section 4.

2. Materials and methods

2.1. In situ data

In situ observations from three sites are adopted in this
study (Fig. 1):

(1) Yangbajain [(30.088◦N, 90.540◦E); 4350 m]: This
site is located on the southern side of Nyainqentanglha Moun-
tain in the center of the Tibetan Plateau. It is annexed to the
Institute of High Energy Physics of the Chinese Academy of
Sciences.

(2) The Nam Co Monitoring and Research Station for
Multisphere Interactions [(30.774◦N, 90.988◦E); 4730 m].
This site is located on the southeast shore of Nam Co Lake,
220 km away from Lhasa. It was established by the Institute
of Tibetan Plateau Research, Chinese Academy of Sciences
in 2005.

(3) The Semi-Arid Climate and Environment Observa-
tory of Lanzhou University [known as SACOL; (35.946◦N,

Fig. 1. Locations of the Yangbajain, Nam Co and SACOL sites.
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104.137◦E); 1965.8 m]. This site is near the city of Lanzhou,
on the southern bank of the Yellow River in northwestern
China. In particular, this site is very close to the geometric
center of China’s mainland.

The values of surface shortwave irradiance were mea-
sured by pyranometers at each site [Yangbajain: TBQ-2-B-
I, HUATRON, Beijing, China (1-min resolution); Nam Co:
Model-CM, Kipp & Zonen, The Netherlands (5-min resolu-
tion); SACOL: Model-CM, Kipp & Zonen, The Netherlands
(1-min resolution)]. The sensitivity of the TBQ-2-B-I pyra-
nometer is 10.22× 10−6 V W−1 m2. The TBQ-2-B-I pyra-
nometer is comparable to other pyranometers, and is widely
used in meteorological stations. All three solar pyranometers
were rigorously tested before installation. The time sequence
of thein situ data is from April 2009 to March 2010 at Yang-
bajain and Nam Co, and from January 2009 to August 2010
at SACOL. To acquire the best possible data for solar radia-
tion, daily quality assurance checks are essential. The quality
control procedures are derived from WMO (World Meteo-
rological Organization) and Geiger et al. (2002) with minor
modifications.

2.2. Satellite data

By improving the scene identification and increasing the
sensitivity of angular distribution models, CERES improves
the TOA flux accuracy for individual cloud types, thereby
providing a more reliable dataset for studying radiative pro-
cesses and radiative forcing by cloud type (Loeb et al., 2003).
CERES has four level products. Our work used the SSF (Sin-
gle Scanner Footprint) product from level 2 and FLASHFlux
Version 2G from level 3. The other products after level 2 are
based on the level 2 products. The SSF product contains one
hour of instantaneous CERES data for a single scanner instru-
ment. The SSF combines instantaneous CERES data with
scene information from a higher resolution imager such as
VIRS (Visible/Infrared Scanner) on TRMM (Tropical Rain-
fall Measuring Mission) or MODIS (Moderate-Resolution
Imaging Spectroradiometer) on Terra and Aqua. Each SSF
granule contains one hour of data, which is approximately
two-thirds of an orbit from a single CERES instrument. The
width of the SSF swath is limited to the width of the imager
swath with which the CERES data were convolved. Each
SSF field of view (FOV) represents one scanner measure-
ment. Measurements are taken every 0.01 seconds. Accord-
ing to different algorithms, the SSF can be divided into two
products: the “A” model product (Li et al., 1993) and “B”
model product (Gupta et al., 2001).

2.3. Methods

The gridded satellite data were bilinearly interpolated
onto the locations of thein situ data, so the satellite andin
situ data can be compared. It should be noted that deviation
exists in the ground observations themselves, and the valida-
tion techniques also produce errors because of the inhomoge-
neous distribution of meteorological variables. The statistical
methods used in this work follow previous studies (Huang,
2004; Houborg et al., 2007; Kim and Liang, 2010; Yang et

al., 2010). The statistics are reported in absolute (W m−2)
and relative units (percentage of average measured global ir-
radiance). The statistics in absolute units are given by
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k=1(ek − ē)(mk − m̄)
√

1
N ∑N

k=1(ek − ē)2
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wheree andm represent satellite predictions and ground mea-
surements, respectively; ¯e andm̄ are the averages of satellite
predictions and ground measurements, respectively;N rep-
resents the number of samples; ME represents mean error;
MAE represents mean absolute error;R represents the cor-
relation coefficient; and RMSD represents root-mean-square
deviation.

In this study we used the I3RC Monte Carlo 3D radiative
transfer community model (I3RC-community-monte-carlo).
This model has been tested and found to be superior and more
efficient in computing the downwelling flux than SHDOM
(Spherical Harmonic Discrete Ordinate Method) (Cahalan et
al., 2005; Pincus and Evans, 2009). The heart of the model
is a monochromatic integrator, and more details can be found
in Pincus and Evans (2009). Nevertheless, there are two ma-
jor limitations of this model: First, the current code cannot
solve atmospheric molecular absorption problems. Second,
the current code can only deal with Lambertian surfaces. In
our study, the simulation used 109 photons to guarantee pre-
cision, based on the suggestion of Evans and Marshak (2005).

To ensure better accuracy for examining the interplay of
the surface, clouds and solar radiation, we performed sim-
ulations at a nonabsorbing wavelength of clouds in the vis-
ible spectrum (0.675µm) and an absorbing wavelength in
the near-infrared spectrum (2.13µm) under different sur-
face albedos without considering the atmosphere. Unfortu-
nately, the topographic effect was not implemented because
of the limitation of the current Monte Carlo code. The setting
of some basic parameters follows that of Pincus and Evans
(2009). For all calculations, the sun azimuth was set to 0◦

(in this study, 0◦ means that the sun’s rays are directed from
the direction of increasingx), and the sun zenith was set to
30◦. In this study, a stratocumulus field (Moeng et al., 1996)



762 SURFACE PROPERTIES IMPACT ON DOWNWARD SURFACE SHORTWAVE RADIATION VOLUME 32

and a cumulus field (Stevens and Lenschow, 2001) are used
as the input of the Monte Carlo model. Figure 2 shows the
two cloud fields. More information about these two clouds
can be found in Wang et al. (2014).

3. Results

3.1. Comparisons of satellite and in situ data

First, we plotted the daytime solar radiation against time.
Days with a very smooth curve were considered as clear-sky
days because clouds lead to clear fluctuation of solar radia-
tion. Figures 3a, c and e show the scatter diagrams for all all-
sky days and Figs. 3b, d and f for clear-sky days. For all all-

sky days, there are large differences between the two prod-
ucts. Among the different sites, the satellite errors are smaller
at SACOL, which has a relatively flat surface compared to the
other two sites with their rugged terrain. The correlation coef-
ficients between FLASHFlux and the observation are 0.899,
0.884 and 0.966 for Yangbajain, Nam Co and SACOL, re-
spectively. The mean absolute errors of satellite-estimated
data are 26.69 W m−2 (10.96%), 31.38 W m−2 (12.26%) and
18.84 W m−2 (15.93%), respectively. The root-mean-square
errors for the three sites range from 12.92% to 16.86%.

Under clear-sky conditions (Figs. 3b, d, f), the DSSR re-
sults based on the FLASHFlux/CERES products andin situ
data show a much better relationship than that under all-sky
conditions. At Yangbajain and Nam Co, the FLASHFlux

Fig. 2. (a, b) Liquid water content (units: g m−3), (c, d) effective particle radius (units:µm), and (e, f)
optical depth (units: 1) at wavelength 0.67µm of (a, c, e) stratocumulus and (b, d, f) cumulus. Note:
the photographs corresponding to the cloud optical depth atwavelength 0.67µm were adopted from I3RC:
http://i3rc.gsfc.nasa.gov/casesnew.html. [Reprint from Wang et al. (2014)]
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Fig. 3. Scatter diagrams of the DSSR of FLASHFlux/CERES products versus in situ observations
(units: W m−2): (a, b) Yangbajain; (c, d) Nam Co; (e, f) SACOL.R represents correlation; ME
represents mean error; MAE represents mean absolute error;and RMSD represents root-mean-square
deviation.

value tends to be lower than ground measurements on every
clear-sky day. The mean error is−16.57 W m−2 (−6.66%)
for Yangbajain,−17.09 W m−2 (−6.34%) for Nam Co, and
−4.39 W m−2 (−0.95%) for SACOL. At the same time, the
RMSD is very small, which suggests the difference between
the two datasets is very stable. The satellite products are more
consistent with surface measurements under cloudless con-
ditions than under all-sky conditions. The differences indi-
cate that the satellite errors partly result from the algorithms,
which ignore 3D cloud properties. The quality of the satel-
lite inversion products is spatially dependent, and tends to be
better for the area with smooth terrain.

The mean error for all all-sky days is negative at Yangba-
jain and Nam Co, and positive at SACOL. The positive bias
at SACOL site may be mainly attributable to the underesti-
mation of the aerosol amount in the retrieval process, espe-
cially for aerosol in the sub-thin-cloud layer (Hayasaka etal.,
2006). Very low aerosol optical values have been observed
over the Tibetan Plateau because of the sparse population and
minimal industrial activity (Cong et al., 2009). Therefore, at

Yangbajain and Nam Co, the DSSR is much less affected by
aerosols. The causes of the negative biases at Yangbajain and
Nam Co are not immediately obvious. The negative biases
may be due to the neglect of 3D radiative effects under the
conditions of the heterogeneous clouds and complex surface,
satellite overestimation of aerosol optical depth, or other rea-
sons.

But how does the error between satellite andin situ
measurements differ among the twelve months of the cal-
endar year? Figure 4 shows the MAE and RMSD as a
function of the calendar month. The MAE and RMSD
vary with month. At Yangbajain, the MAE varies from
7.58% up to 26.56% with the highest value in June, and
the RMSD varies from 9.49% up to 18.35% with the highest
value in May. At Nam Co, the MAE ranges from 8.69%
to 33.82% with the lowest value in January and the high-
est value in May, and the RMSD ranges from 10.07% to
22.99% with the lowest value in January and the highest
value in May. At SACOL, the error changes smoothly
throughout the year, except in a few months. There is a
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Fig. 4. The error of FLASHFlux/CERES DSSR for all all-sky
days in every month: (a) mean absolute error; (b) root-mean-
square deviation.

peak of the MAE (26.05%) in September. The RMSD re-
mains at about 11%, with a highest value of 24.18% in
September and second highest value of 18.39% in Novem-
ber.

The error varies at different sites with different surface
properties. The error at SACOL is relatively stable over the
whole year, which is probably related to the relatively stable
cloud activity. At Yangbajain and Nam Co, the error in May
and June is larger than that of other months. The peak error
in May and June is associated with the large cloud amount
during that time (Huo and L̈U, 2012). The large RMSD indi-
cates that the spatial and temporal variability of clouds con-
tributes to considerable uncertainty in May and June. The
differences between the FLASHFlux and surface measure-
ments are different among different sites. These differences
are unstable and large over rugged terrain compared with rel-
atively flat terrain, especially when cloud activity is highly
frequent. The above results indicate large uncertainty in the
coupling between 3D heterogeneous clouds and complex sur-
face properties on radiative transfer processes. The complex
surface properties can induce complex weather types and sky
conditions, which eventually forms a complex physical role
to affect the radiation transfer process.

3.2. The spatial variation of satellite-derived instanta-
neous DSSR

This subsection described the work using the SSF/
CERES instantaneous orbit products. The coefficient of vari-
ability (CV), which is mainly used to compare the dispersion
of the different groups, is the ratio of the standard deviation
to the corresponding average of a set of data. In order to
evaluate the effect of surface properties on the distribution
of DSSR, three regions were chosen to obtain domain av-
erages. These three regions were located at the same lati-
tudes (26◦–40◦N) but at different longitudes: eastern China–
western Pacific (ECWP, 105◦–135◦E), subtropical North Pa-
cific (NP, 150◦–180◦E), and the Tibetan Plateau (TP, 75◦–
105◦E). Based on digital elevation data at the resolution of
500 m from SRTM (Shuttle Radar Topography Mission),

NASA, Fig. 5 shows the elevation of the TP and ECWP re-
gion. The white region on the right represents the ocean. The
NP region is characterized by sea surface and is not shown
in Fig. 5. Clear-sky conditions were defined as occurring
when the clear area percentage coverage at the subpixel res-
olution was greater than 99.9%. During the period 1 April
2009 to 31 March 2010, the monorail tracks within an hour
that contained clear-sky sampling points (M) of more than
500 were chosen as our experimental database; the number
of such tracks was 145 in the TP region, 190 in the ECWP
region, and 54 in the NP region.

Figure 6 shows the variation of the spatial CV of DSSR in
the 1 h track, plotted by the ordinal number of eligible tracks
(N) from January to December on the horizontal axis and the
CV on the vertical axis. The number above the horizontal axis
represents the month corresponding toN, and some months
are not marked in the figure because of the inexistence of
eligible orbits or too few eligible tracks. These unmarked
months include June, July and August for the TP region (Fig.
6a), and January for the NP region (Fig. 6c). The months
between April and September are referred to as the summer
half year, and others are referred to as the winter half year.
If the monorail tracks within an hour that contained clear-sky
sampling points of more than 800 were chosen, the number
of such tracks was 56 in the TP region, 128 in the ECWP
region, and 15 in the NP region. The distributions of the spa-
tial CV for the sampling points of more than 800 were the
same as those for the sampling points of more than 500, so
the figures for the sampling points of more than 800 are not
shown.

The CERES products do not fully account for the im-
pact of the varied surface properties, especially the impact
of complex topography. The errors in computing the radia-
tive transfer can influence the DSSR results. There are two
ways in which the surface influences the CV: one is the nature
of the radiative transfer related to the surface, and the other is
the limitation of the satellite inversion algorithm in resolving
the sophisticated surface properties. It is hard to completely
separate these two effects under current conditions. How-
ever, there are only slight differences between the “A” model
products and the “B” model products in their spatial CVs of
DSSR under clear-sky conditions (Fig. 6), which suggests
that the DSSR error induced by the limitations of the satellite
inversion algorithm has little impact on the CV. Therefore,
the nature of the radiative transfer is the dominant factor in
the occurrence of the different CV in the different regions.
The influence of surface characteristics on the DSSR displays
annual variation, and this annual variation presents the same
pattern as the shape of the opening up of the parabolic in the
three different areas. The annual variabilities of the CV in
the TP and ECWP regions may be mainly attributable to the
shading effect. The shading effect is relatively small whenthe
solar altitude angle is high, which would lead to the lower CV
in the summer half year. In the NP region, the wave changes
may lead to the annual variability of the CV. The waves are
closely related to the wind speeds. In winter, the NP region
takes the brunt of the prevailing westerlies, which resultsin
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Fig. 5. Elevation (at the resolution of 500 m from SRTM, NASA) of the TP and ECWP regions
(units: m). The white region on the right represents the ocean.

Fig. 6. Coefficient of spatial variation for SSF/CERES DSSR: (a) Tibetan Plateau (TP); (b)
eastern China–western Pacific (ECWP); (c) subtropical North Pacific Ocean (NP). The number
of clear pixels is larger than 500 in one hour on the satellitescanning track; “A” and “B” re-
spectively represent the satellite data from the “A” model and “B” model. The horizontal axis
shows the ordinal number of eligible tracksN from January to December. The number above
the horizontal axis represents the month corresponding toN.

the high wind speeds. In summer, the wind speeds are rela-
tively small in the NP region because of the influence of the
subtropical high pressure. The CV ranges from about 1% to
17% in the TP. The overall ranges of CV in the ECWP and
NP regions are very similar, and the CV varies from 1% up
to 13%. The ranges of CV are similar in the NP and ECWP
regions probably because the entire NP region and about half
of the ECWP region are covered by ocean. The land surface
of the ECWP region is much less variable than that of the
TP region, while the underlying surface of the NP region is
mainly affected by waves. The similar ranges of the CV in
the ECWP and NP regions may indicate that the influence
of huge waves on the CV can be as large as that of the land
surface.

In the three regions within the same latitudes, solar ra-
diation in the TP is the most strongly affected by the un-
derlying surface conditions. Table 1 illustrates the spatial
CV of DSSR in the three areas. In the situation ofM be-
ing greater than 500, the average CV is 9.44% for the TP
region, 4.95% for the ECWP region, and 3.49% for the NP
region. In the situation ofM being greater than 800, the av-
erage CV is 10.5% for the TP region, 5.11% for the ECWP
region, and 3.55% for the NP region, respectively. The sun-
light or solar fluxes that reach the surface can be physically
grouped into the following five components: direct flux, dif-
fuse flux, direct-reflected flux, diffuse-reflected flux, and cou-
pled flux. The direct-reflected flux, which consists of photons
directly from the sun without encountering scattering, andare

Table 1. Statistics for the DSSR under clear-sky conditions.

Mean
(W m−2)

Standard deviation
(W m−2)

CV

M > 500 TP 686 60.4 9.44%
ECWP 733 33.0 4.95%

NP 848 27.6 3.49%
M > 800 TP 670 66.5 10.5%

ECWP 724 33.8 5.11%
NP 842 28.0 3.55%

Note: The mean CV of each region is the averaged CV of all eligible tracks.
The mean DSSR and standard deviation of each region are obtained in the
same way as the mean CV.

subsequently reflected by surrounding terrain, is the domi-
nant component contributing to the different DSSR between
the flat surface and the surface with complex topography (Lee
et al., 2013). As can be seen from the above, the impact of
underlying surface conditions is the lowest in the NP region
and the greatest in the TP region, which is about twice as
large as that in the other two regions.

Figure 7 demonstrates the variation of DSSR in one hour
for several satellite scanning tracks whenM is greater than
800. The days chosen in Figs. 6a–f are very close, and the
DSSR for a large region as a whole has no obvious change
in one or two days, so the variations are comparable. Figures
7a and e show the variation in the TP and NP regions on the
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Fig. 7. The variation of SSF/CERES DSSR in one hour on the satellite scanning track (units: W m−2): (a, b) Tibetan
Plateau (TP); (c, d) Eastern China–western Pacific (ECWP); (e, f) subtropical North Pacific Ocean (NP). Both the
height in the vertical direction and the coloring stands forthe value of DSSR. The dark spots at the bottom of each
panel represent the locations under clear skies. Taking (a)as an example, the label “2010030908” means between 0800
and 0859 on 9 March 2010 UTC.

same day (9 March 2010 UTC), respectively. The clear-sky
sampling points in the monorail track within an hour are 1256
for Fig. 7a, and 814 for Fig. 7e. The CV of DSSR is 5.98%
for the TP region and 3.17% for the NP region. Although the
distribution of clear-sky sampling points can affect the CV,
the surface properties still contribute the most to the DSSR
and its CV. Figures 7b and f are for two tracks with similar
clear-sky sampling points (1036 and 1091, respectively) on
nearby days. The spatial CV of DSSR is 6.95% in the TP re-
gion and 4.10% in the NP region. Figures 7c and d show the
spatial variation of DSSR within one hour for two tracks in
the ECWP region.M is 2722 for Fig. 7c and 851 for Fig. 7d.
The CV is 2.55% and 4.95%, respectively. The above case
analyses show that the underlying surface properties affect
the distribution of DSSR the most in the TP region.

3.3. Simulation by the I3RC model

Shortwave flux transmittance (T ) is the ratio of the sur-
face horizontal solar radiation to extraterrestrial radiation
(Liou, 2002). Under the concurrence of variable surface
albedo and 3D clouds, what is the effect of surface albedo
on the shortwave flux transmittance? As an example, Fig. 8
shows the distributions of the shortwave flux transmittance

of stratocumulus clouds. Figures 8a–d are for the wavelength
of 0.675µm, and Figs. 8e–h are for the wavelength of 2.13
µm. For each simulation at a certain wavelength, the surface
albedo was 0.0 for Figs. 8a and e, 0.2 for Figs. 8b and f, 0.4
for Figs. 8c and g, and 0.6 for Figs. 8d and h. For the re-
gions with white color, the transmittance is greater than 1.0,
which means that the enhancement of the radiation caused
by cloud cover is more evident than the reducing effect. We
know that such a phenomenon is mainly induced by scattered
radiation resulting from the underlying surface and inhomo-
geneous structure of clouds in principle. From the figures, we
conclude that the distributions of shortwave radiation trans-
mittance in the three domains are similar, which is mainly
caused by the structure of clouds. The averageT at 0.675µm
is 0.686, 0.745, 0.815 and 0.900 for a surface albedo of 0.0,
0.2, 0.4 and 0.6, and at 2.13µm it is 0.512, 0.548, 0.589 and
0.638, respectively. It is clear that the shortwave flux trans-
mittance increases as the surface albedo increases.

Another example is for the impact of cumulus cloud on
the distribution of the shortwave flux transmittance (Fig. 9).
Figures 9a–d are at 0.675µm, and Figs. 9e–h are at 2.13
µm. The averageT at 0.675µm is 0.900, 0.929, 0.959, and
0.992 for a surface albedo of 0.0, 0.2, 0.4 and 0.6, respec-
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Fig. 8. Simulated shortwave flux transmittance of stratocumulus cloud at wavelengths (a–d) 0.675
µm and (e–h) 2.13µm. The surface albedos are 0.0 in (a, e), 0.2 in (b, f), 0.4 in (c, g) and 0.6 in (d,
h).

tively, and at 2.13µm it is 0.860, 0.880, 0.901 and 0.923,
respectively. For cumulus cloud, the effects of surface albedo
on downward shortwave radiation flux are weaker than for
stratocumulus cloud. This is because the stratocumulus cloud
field has a much more complex structure than that of cumulus
cloud. Surface properties have a stronger effect on solar radi-
ation under the sky of more complex 3D clouds. The largest
effect occurs in regions with cloud gaps. This is mainly at-
tributed to the increase of the diffuse radiation, while thedi-

rect solar radiation component is almost unaffected. If the
spatial changes of cloud properties (e.g. cloud optical thick-
ness, liquid water content, effective particle radius, cloud
coverage and geometry) are more complex, the role of sur-
face albedo on DSSR is stronger. At the same time, we can
see that DSSR will increase as surface albedo increases. As
the surface albedo increases, more photons will be reflected
to the sky instead of reaching the ground, and participate in
the processes of multiple scattering. A proportion of thosere-
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Fig. 9. Simulated shortwave flux transmittance of cumulus cloud at wavelengths (a–d) 0.675
µm and (e–h) 2.13µm. The surface albedos are 0.0 in (a, e), 0.2 in (b, f), 0.4 in (c, g) and 0.6
in (d, h).

flected photons will transfer to the ground through a complex
physical process.

Previous studies on surface albedo have paid much more
attention to its effect on the upward surface shortwave radia-
tion than its effect on the DSSR (e.g., Li et al., 1993; Gupta et
al., 2001; Ma and Pinker, 2012; Qin et al., 2012). Our study

shows that surface albedo has an important role in the value
of DSSR itself. Given the importance of the upward surface
shortwave radiation based on surface albedo and DSSR, it
is necessary to consider the effect of surface albedo on the
surface radiation budget. Surface albedo is a dynamic pa-
rameter. It can change not only with the variation of surface
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conditions, such as the physical and chemical properties of
soil, but also with the sun’s angle. Surface albedo itself is
complex and uncertain. At present, the problem of the error
due to surface albedo in the satellite inversion and radiative
transfer algorithm is a challenge in the field of atmospheric
science. Further study is still needed.

4. Conclusion and discussion

4.1. Conclusion

As a basic problem in the earth–atmosphere system, de-
tailed studies of the radiative transfer process contribute to
further research on climate change and the physics of remote
sensing. In the TP region, its protruding nature with high
elevation and complex surface properties results in equally
complex weather and cloud systems. As a result, present ra-
diative transfer models and satellite inversion algorithms can-
not meet the necessary requirements. Satellite remote sensing
has become more and more widely used in the geosciences.
However, satellite data should be evaluated againstin situ ob-
servations before being used. The TP is characterized by high
elevation and complex surface properties, and thus acts as a
useful benchmark for evaluating satellite data.In situ obser-
vations at Yangbajain, Nam Co, and SACOL were adopted in
this study to evaluate FLASHFlux satellite data. The effects
of surface properties on the DSSR were analyzed by com-
paring the TP, ECWP and NP regions. The I3RC model was
used to study the effects of surface albedo on the DSSR. The
main results can be summarized as follows:

(1) Under clear-sky conditions, the satellite products and
in situ data are consistent with a correlation of 0.992 at Yang-
bajain, 0.991 at Nam Co site, and 0.998 at SACOL. The mean
absolute error of satellite-estimated products is about 6.7% at
Yangbajain, 6.3% at Nam Co, and 3.4% at SACOL. Under
all-sky conditions, the error increases significantly because
the present algorithms ignore 3D cloud properties. The qual-
ity of the satellite inversion products is spatially dependent,
and it tends to be better for smoother terrain. The error in-
creases and becomes more variable with the increasing com-
plexity of surface properties.

(2) The CV was used to evaluate the effect of surface
properties on the distribution of DSSR. The work was per-
formed by choosing three regions located at the same lat-
itudes (26◦–40◦N), including the TP region (75◦–105◦E),
the ECWP region (105◦–135◦E), and the NP region (150◦–
180◦E). The CV has an annual cycle, which is higher in the
winter half year and lower in the summer half year. The max-
imum CV reaches about 17% in the TP region, and about
13% in the other two regions. When the clear-sky sampling
points of the monorail track within an hour are greater than
500, the average CV is 9.44% for the TP region, 4.95% for
the ECWP region, and 3.49% for the NP region. When the
clear-sky sampling points are greater than 800, the averaged
CV is 10.5%, 5.11% and 3.55%, respectively. The impact of
underlying surface features in the TP region is about twice as
large as in the ECWP or NP regions.

(3) The I3RC numerical simulations showed that surface
albedo affects DSSR dramatically. DSSR increases as sur-
face albedo increases, and the impact of surface albedo on
DSSR is larger if the spatial distribution of clouds is more
non-uniform. Surface albedo is just one of the parameters of
surface properties. It is necessary to consider the effect of
surface albedo on the surface radiation budget.

4.2. Discussion

Current satellite products face great challenges over the
TP because of the complex surface and sky conditions. Sur-
face properties dramatically affect the distribution of DSSR
over the TP, which in turn will modulate the energy cycle and
further lead to a series of climatic and meteorological con-
sequences. The present study qualitatively and quantitatively
indicated that the effect of surface features is an absolutere-
striction for the precision of current radiative transfer mod-
els and satellite inversion algorithms. In areas with a com-
plex surface, the variability of that underlying surface and
its radiative properties combine to generate complicated spa-
tial and temporal patterns of surface radiation budgets. Un-
der clear-sky conditions, shortwave surface effects can lead to
surface temperature differences of up to 2.5 K, and longwave
effects to differences of up to 1 K (Manners et al., 2012). The
TP has very different characteristics of DSSR compared to
other regions. More attention should be paid to the effect of
the underlying surface on the surface radiation balance.

In terms of the effect of surface properties, most previ-
ous studies have simply performed their work under clear-
sky conditions (e.g. Liou et al., 2007; Manners et al., 2012;
Lee et al., 2013). However, the Earth’s average cloud fraction
is about two thirds (Maddux et al., 2010), and the complex-
ity of surface properties can induce equally complex weather
types and sky conditions. Complex surfaces and 3D clouds
coexist most of the time. In our simulation, only the sur-
face albedo effect was investigated under the sky with 3D
clouds because of the limitation of the current I3RC Monte
Carlo code. Our simulation showed that the impact of surface
albedo on DSSR is larger if the spatial distribution of clouds
is more non-uniform. The problem will be more complex
if the topographic effect is added into the radiative transfer
model. In the future, we intend to perform studies of the to-
pographic effect by improving the I3RC Monte Carlo model,
or by using other effective models. The present work can be
used as a foundation upon which we can build and think about
how to extract the surface shortwave radiation values by using
more accurate methods and satellite data. It is imperative to
establish inhomogeneous surface–atmosphere coupling into
radiative transfer models.
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