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Abstract: Considering large and complex areas like the Tibetan Plateau, an analysis of the spatial
distribution of the solar radiative budget over time not only requires the use of satellite remote
sensing data, but also of an algorithm that accounts for strong variations of topography. Therefore,
this research aims at developing a method to produce time series of solar radiative fluxes at high
temporal and spatial resolution based on observed surface and atmosphere properties and topography.
The objective is to account for the heterogeneity of the land surface using multiple land surface and
atmospheric MODIS data products combined with a digital elevation model to produce estimations
daily at the kilometric level. The developed approach led to the production of a three-year time
series (2008–2010) of daily solar radiation budget at one kilometer spatial resolution across the
Tibetan Plateau. The validation showed that the main improvement from the proposed method is
a higher spatial and temporal resolution as compared to existing products. However, even if the
solar radiation estimates are satisfying on clear sky conditions, the algorithm is less reliable under
cloudy sky condition and the albedo product used here has a too coarse temporal resolution and is
not accurate enough over rugged terrain.
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1. Introduction

Radiation fluxes at the Earth’s surface drive processes like evaporation, photosynthesis, and
heating of soil and air. Therefore, they are important variables in vegetation dynamics and climate
change modelling [1,2], as well as key indicators of drought [3]. The solar radiation budget, also called
net solar radiation, is defined as the difference between incident and reflected shortwave radiative
fluxes at the Earth’s surface [4]. When considering large and complex areas like the Tibetan Plateau,
presenting important spatial and temporal variability, it is not feasible to accurately retrieve the solar
radiation budget from ground-based measurements [5]. The use of satellite remote sensing data allows
us to monitor land surface solar radiative fluxes over large areas at a satisfying spatial and temporal
resolution, which meets the requirements of current studies on climate and land surface processes.
Numerous algorithms have been developed to estimate solar radiative fluxes using satellite radiometric
measurements [6–14] and some have led to the production of regional or global datasets [15]. To
the knowledge of the authors, among the best known are the Surface Radiation Budget project
(SRB) [16], the Clouds and the Earth’s Radiant Energy System (CERES) [17], the International Satellite
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Cloud Climatology Project (ISCCP) [18], and the Global LAnd Surface Satellite (GLASS) radiation
products [19].

To date, most of the available radiation products have high temporal resolution but too coarse
spatial resolution (30–280 km scale) to investigate local-scale radiation balances [20]. Moreover, they
are often not suitable to characterize rugged areas such as the Tibetan Plateau [21], even if some of
those algorithms have been adapted to tilted surfaces [22–25]. The challenge is then to model the
solar radiation budget at a higher spatial resolution and to account for the variations in topography.
With the currently available spaceborne sensors, a daily monitoring of the surface radiative fluxes
limits the spatial resolution to one kilometer. Some satellite data products have been developed and
regularly improved to characterize the atmospheric and land surface properties at these spatial and
temporal scales. The main goal of this paper is then to propose an operational method to monitor daily
solar radiative fluxes at one kilometer resolution based on those existing products and accounting
for topography effects. The methodological choices for the atmospheric characterization and the
topographic correction are driven by the fact that the method should be easily reproducible and should
allow the production of an accurate solar radiation budget time series. In that context, the objective is
to evaluate the potential of using existing satellite data products, such as the ones provided by MODIS,
to estimate the solar radiation budget over the Tibetan Plateau. The idea is to assess the accuracy that
can be achieved only by using those existing satellite data products over heterogeneous areas. To do
so, MODIS (Moderate-Resolution Imaging Spectroradiometer) satellite data products time series at a
kilometer resolution are used to estimate the atmospheric transmittance as well as the land surface
albedo and a digital elevation model (DEM) is used to compute the local illumination angle, leading to
a new approach to model daily radiation fluxes at higher spatial resolution. The algorithm provides
instantaneous fluxes computed for all sky conditions which are then aggregated into daily averages.
In order to test and validate the method, a three-year time series of daily solar radiation budget is
produced over the Tibetan Plateau.

2. Materials and Methods

2.1. Study Area and Validation Data

The Tibetan Plateau, lying between the Himalayan range to the south and the Taklimakan desert to
the north (Figure 1), is the largest and highest plateau area in the world spreading over 1.2 million km2

and presenting an average elevation over 5000 meters. Ground measurements, coming from four
radiative balance stations located on the Tibetan Plateau (Figure 1): BJ (now Nagqu), Linzhi, NamCo,
and Qomolangma, are used to evaluate the modelled solar radiation budget estimates. The information
concerning the stations’ sites and instruments is taken from Babel et al. [26]. The BJ site is set over
relatively flat terrain in a large valley at 4502 m. The vegetation is very low, sometimes interspersed
with bare soil, but quite homogeneous on the landscape scale. The nearest hill slopes are located at
about 1 km away. The Linzhi station, lying at 3327 m, is located at the start of a small valley in an
area covered by an alpine meadow with tall grasses and herbs during the summer period, while the
meadows outside of the site are grazed and thus very short. The landscape is very heterogeneous
with steep slopes, covered by mixed forest. The pastures outside the fence alternate with a small creek
and bushes and single trees, respectively. The NamCo station, at 4730 m, is located on the southeast
shore of the NamCo Lake, which is the second largest saline lake in the Tibetan Plateau. The station is
surrounded by several mountain ranges, especially the Nyenchentanglha mountain range in the South.
The measurement site itself is settled over a flat terrain, and the typical vegetation around the station
is an alpine steppe. The Qomolangma Atmospheric and Environmental Observation and Research
Station lies at 4276 m above sea level located at 30 km from the Mount Everest. The station is set in a
valley enclosed by steep slopes at a distance of 750 m east and 500 m north-west and south-west of the
tower with a height of about 600–800 m above ground level. A side valley comes in from the west. The
site land cover is dominated by riverbed gravel, with very sparse vegetation, but also small patches of
short alpine meadows.
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Figure 1. The Tibetan Plateau and surroundings, with the study area extent delimitation (red line), and location of the ground stations (circled red crosses) within the
study area.
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2.2. Solar Radiation Budget from Remote Sensing

2.2.1. Instantaneous Solar Radiation

The solar radiation budget (Rns) is defined as the difference between the incident (RsÓ) and
reflected (RsÒ) solar radiative fluxes (W¨m´2) at the surface at a certain time (Equation (1)):

Rns “ RsÓ ´ RsÒ (1)

The estimation of the solar radiation budget requires an accurate quantification of the solar
incident radiative flux reaching the Earth’s surface, commonly named irradiance and noted as E
hereafter, and the determination of the fraction of irradiance reflected by the surface, controlled by
the surface albedo. Therefore, Rns can also be expressed as function of the surface albedo (a) and
irradiance (E, W¨m´2) as follows:

Rns “ p1´ aq E (2)

During the last few decades, many approaches were proposed to estimate surface irradiance
using satellite measurements, at both regional and global scales, for a wide range of satellite data type,
geostationary [27–33] or polar orbiting satellite [34–36]. However, most of the methods make use of
geostationary satellite images [37], limiting the spatial resolution of the estimations. Raphael et al. [38],
Pinker et al. [39], and Niemela et al. [7] provide a review for some of those methods which present
different degree of complexity. Whatever the complexity of the model, the irradiance at the surface can
be basically expressed as [7]:

E “ S0 ˆ cosθs ˆ τ (3)

The solar zenith angle θs multiplied by the solar constant S0 corrected for the sun-earth distance
provides the top of the atmosphere (TOA) irradiance (E0) for a given time of the day and a given day of
the year. The last term of the equation, τ, the atmospheric shortwave transmittance, allows to integrate
the atmospheric effects and to estimate surface irradiance from extraterrestrial irradiance. Even if more
complex estimations can be found, S0 is mostly estimated for a given day of the year, considering
astronomical parameter such as the sun-earth distance. The solar geometry depends on the day of the
year as well as on the geographic coordinates of the location considered. For those computations, the
main guidelines followed in this paper are based on Iqbal [40].

In this method, τ is the variable derived from satellite data. As described in several
publications [1,41–44], τ is influenced by five radiation-damping processes: (1) Rayleigh scattering;
(2) aerosol extinction; (3) ozone absorption; (4) water vapor absorption; and (5) permanent gas
absorption, leading to the partitioning of the extraterrestrial irradiance into direct, diffuse, and
backscattered radiations. The atmospheric transmittance estimated and used in this study takes
into account each of those processes, which can be respectively translated in the following spectral
radiative transmittance factors: τr, τa, τoz, τw, τg. The latter are then used to compute the spectral
transmittance function of the atmosphere, defined by two elements: (1) the beam transmittance (TB)
and (2) the diffuse transmittance (TD). The spectral radiative transmittance factors used to compute
the broadband transmittance functions, come from Yang et al. [8] based on the Leckner’s spectral
model [45]. The performance of this model was tested and verified in several studies [46–49]. For all
sky conditions, the influence of clouds is taken into account by adapting the broadband transmittance
function according to the parameterization described in Stephens et al. [50], also applied and validated
in Van Laake et al. [1]. Once the broadband transmittance factors are computed, the beam and the
diffuse transmittances can be calculated and the surface irradiance is then computed as follows:

E “ S0 ˆ cosθs ˆ TB ` S0 ˆ cosθs ˆ TD (4)

The solar irradiance retrieval methods from remote sensing data are often applied considering
flat terrain. Some methods were adapted or new ones developed to take into account the effects of
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topography on satellite measured data [51–53]. Those topographic corrections have been successful
in improving the quality of the retrieved surface variables [54,55]. A common procedure applied in
many algorithms to take into account topography is to use the average terrain slope and azimuth in
the computation of the local illumination angle. In order to integrate the impact of topography, θs is
replaced by the solar incident angle (θi). θi is computed at the satellite overpass time and is accounting
for the terrain slope and azimuth derived from the DEM [56]. Then Equation (4) becomes:

E “ S0 ˆ cosθi ˆ TB ` S0 ˆ cosθi ˆ TD (5)

2.2.2. Daily Solar Radiation

While the surface properties can be relatively constant over a day, assuming that there are no
important changes of the surface conditions, the surface irradiance is varying over the day because it
strongly depends on the sun geometry and atmosphere conditions, especially the presence of clouds.
The surface irradiance is an instantaneous value computed at satellite overpass time which needs to
be extrapolated to get the daily mean solar irradiance. There are several ways to proceed according
to the data availability. For the sake of simplicity, the estimated albedo value is assumed as valid
for the entire day. So, in order to characterize the solar irradiance at the surface, the variation in the
Sun geometry and the state of the sky should also be taken into account. Regarding the Sun-target
geometry, the solar zenith angle can be easily computed for each desired local time. To describe the
state of the sky, one of the commonly used indicators is the total cloud cover which represents the
fraction of the sky covered by clouds, usually measured at regular time intervals and averaged to a
daily value. Thus, regular measurements over the day are required for their accurate estimation. When
no information is available, the daily solar irradiance can be approximated using a sinusoidal function
proposed by Bisht et al. [9], estimating the diurnal cycle of net solar radiation. In this function, the daily
average net solar radiation (Rns_d), in terms of the instantaneous all skies shortwave radiation (Rns)
can be obtained using the local satellite overpass time (tsat) as well as local sunrise (tsr) and sunset
time (tss):

Rns_d “
2ˆ Rns

rπˆ sin pπ pptsat ´ tsrq { ptss ´ tsrqqqs
(6)

2.3. Solar Radiation Budget Using MODIS Data Products

MODIS data were selected because they are freely, widely and, for most of the products, have
a kilometric resolution, and are available daily. However, when this study was conducted, MODIS
albedo products were only available as eight-day products. Additionally, they are reliable and more
than 10 years of archives are available allowing for the computation of historical averages and anomaly
detection [3].

The methodology to estimate solar radiative fluxes over the Tibetan Plateau is implemented using
Terra-MODIS atmospheric and land products level 2 and 3. All the atmospheric products are not related
to the spectral wavelength and the albedo is a broadband product. Then, no narrow-to-broadband
conversion is needed in this case as the produced solar radiative fluxes are directly broadband estimates.
The surface pressure, atmospheric optical depth (AOD), the precipitable water, ozone thickness, and
cloud properties are extracted from the level 2 atmospheric products. To compute the solar incident
angle, the local satellite overpass time is necessary and is taken from MOD11A1 day view time. The
black-sky and white-sky albedo are obtained from MCD43B3. Then, the blue-sky albedo is derived
according to the method given in Román et al. [57]. All the required MODIS products are presented
in Table 1.
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Table 1. MODIS data products level 2 used for the estimation of solar radiative fluxes.

Product
Short Name

Product
Group

Product
Name

Spatial
Resolution

Temporal
Resolution Data Layer Used

MOD04_L2 Atmosphere Aerosol 10 km Daily Corrected optical
depth land

MOD05_L2 Atmosphere Water Vapor 5 km Daily Water vapor NIR retrieval

MOD06 Atmosphere Cloud 1 or 5 km Daily

Surface pressure
Cloud top pressure
Cloud fraction day

Cloud optical thickness

MOD07 Atmosphere Atmosphere
profile 5 km Daily Total ozone

MOD11A1 Land
Land Surface
Temperature
& Emissivity

1 km Daily Day view time

MCD43B3 Land Albedo 1 km Eight-day Black-sky albedo
White-sky albedo

All the data products used during the solar radiative fluxes computation, except for the albedo
product, are daily products and include missing data. Thus, a data filling plan was implemented in
order to fill the gaps before using the data in the computation. The methodology applied is based on
spatial and temporal gap filling. When there is less than 10% of missing data in a scene, local spatial
average are used to fill the gaps. When there is more than 10% of missing data and if the corresponding
eight-day or monthly MODIS level 3 products are available, the latter are used to fill the gaps. If
missing pixels remain after this operation or if no eight-day or monthly MODIS products are available,
the average value of the surrounding pixels is used. If there are still some pixels without value, the last
option is to fill the pixel with the average value of the whole image (Figure 2). In parallel, a quality
flag dataset is produced to provide information about the reliability of the estimates retrieved using
those filled datasets.Remote Sens. 2016, 8, 504 6 of 23 
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Figure 2. MODIS daily products gap filling procedure.

Eight-day and monthly MODIS datasets are available for AOD, precipitable water, and ozone
thickness. There is no such product available for the surface pressure data but this daily product is
relatively complete, as shown later on (Section 3.4), then the use of the data filling procedure based on
the local average is sufficient. The filling plan used the data presented in Table 2.
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Table 2. MODIS data products level 3 used for the daily products gap filling.

Product Short
Name

Product
Group

Product
Name

Spatial
Resolution

Temporal
Resolution Data Layer Used

MOD08_E3 Atmosphere Eight-Day
Joint product 1 degree 8-day

Corrected optical
depth land Water

vapor NIR retrieval
Total ozone

MOD08_M3 Atmosphere
Monthly
Global

product
1 degree 1 month

Corrected optical
depth land Water

vapor NIR retrieval
Total ozone

The characteristics of the topography are retrieved at 1 km resolution from the DEM provided
by the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), i.e., the Global
Digital Elevation Model (GDEM) version 2. ASTER-GDEM2 is one of the most complete high-resolution
digital topographic dataset in the world to date. The ASTER-GDEM2 covers land surfaces between
83˝N and 83˝S at a spatial resolution of 1 arc-second. Even if some geolocalization errors and
elevation aberrations have been identified at the global scale, this dataset remains the best alternative
in accessibility to high-quality elevation data for the selected study site [58].

2.3.1. Atmospheric Transmittance Clear Sky

The instantaneous irradiance at the surface (E) is estimated according to Equation (5). For clear
sky conditions, the spectral radiative transmittance factors: τr, τa, τoz, τw, τg, required to estimate the
spectral transmittance function of the atmosphere, are calculated as follows [8]:

τr « expp´0.008735 msˆ
´

0.547` 0.014 ms ´ 0.00038 ms2 ` 4.6ˆ 10´6 ms3
¯´4.08

q (7)

τa « exp
ˆ

p´mq ˆ bˆ
´

0.6777` 0.1464 pm bq ´
´

0.00626
´

pm bq2
¯¯¯´1.3

˙

(8)

τoz « exp
´

´0.0365
´

pm lq0.7136
¯¯

(9)

τw « exp
´

´0.05 pm wq0.3097
´ 0.0138ˆ ln pm wq ´ 0.0581

¯

(10)

τg « exp
´

´0.0117 ms0.3139
¯

(11)

l (cm´1), w (cm2¨ g´1) and b (km´1) are the thickness of the ozone layer, the precipitable water and the
Angstrom turbidity coefficient (0.406 ˆ AOD), respectively. The air mass (m) and pressure corrected
air mass (ms) are computed as:

m “ 1{
´

sinαs ` 0.15 p57.296 αs ` 3.885q´1.253
¯

(12)

ms “ m pP{P0q (13)

With P0 = 1.013ˆ 105 (Pa), P representing the surface pressure, accounting for the surface elevation
and αs the solar elevation angle.

Then, the broadband transmittance functions: the beam transmittance (TB) and the diffuse
transmittance (TD) are computed from the Equations (7)–(11), as follows:

TB « τoz ˆ τw ˆ τg ˆ τr ˆ τa (14)

TD « 0.5 τoz ˆ τw ˆ τg ˆ p1´ τa ˆ τrq (15)
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2.3.2. Atmospheric Transmittance All Skies

When the cloud cover fraction provided by MODIS (MOD06) is higher than 50%, the influence of
clouds is taken into account by adapting the equations according to the parameterization described
in Stephens et al. [50]. To do so, the direct beam and diffuse irradiance are first computed for the
atmosphere above the clouds. In that case, the pressure-corrected air mass is calculated to the level of
cloud top pressure (Pc)—not surface pressure anymore and the atmospheric water vapor content is
assumed to be contained entirely below the cloud top. Those assumptions lead to modify the equations
to estimate (τr), (τg) and (τw) while the ones for (τa) and (τoz) remain (Equations (16)–(18)).

τr « exp
ˆ

´0.008735 mc
´

0.547` 0.014 mc ´ 0.00038 mc2 ` 4.6ˆ 10´6 mc3
¯´4.08

˙

(16)

τw « 1 (17)

τg « exp
´

´0.0117 mc0.3139
¯

(18)

With the pressure corrected air mass:
mc “ m pPc{P0q (19)

A broadband cloud transmittance factor (τc) is added to integrate the effect of the cloud on the
shortwave radiation transmissivity. It uses the optical thickness of the clouds (otc) and a coefficient
(bet) linearly interpolated from the values given in Stephens et al. [50] (Equation (20)). For the sake of
simplicity when considering the dependency of cloud absorption to wavelength, Stephens et al. [50]
provided values for two broad intervals of the solar spectrum. The first spreads from 0.3 to 0.75 µm,
where the absorption of the solar radiation by the clouds is extremely small and the second which
extends from 0.75 to 4 µm and integrates the absorption by the clouds.

τc “ 1´ rppbetˆ otcq {cosθsq { p1` pbetˆ otcq {cosθsqs (20)

Finally τc is integrated to the direct beam transmittance factor by adapting Equation (14) as shown
in Equation (21) and the surface solar irradiance is still estimated with Equation (5).

TB “ τoz ˆ τw ˆ τg ˆ τr ˆ τa ˆ τc (21)

All the cloud parameters required for the estimation of surface solar irradiance under cloudy
condition, namely Pc, otc and cloud fraction, are derived from the daily atmospheric products of
MODIS (Table 1).

2.3.3. Solar Radiation Budget

Once the MODIS data products required for the estimation of the solar radiation budget are
extracted, registered, and gap filled, the solar radiation budget can be computed in three main steps
summarized in the workflow presented in Figure 3. First the TOA irradiance is calculated using the
latitude and longitude values of each pixel, the solar constant corrected for the sun-earth distance, the
satellite overpass time derived from MOD11A1 and integrating the slope and aspect of the terrain
derived from the DEM. Second, the atmospheric transmissivity is computed for clear sky using the
surface pressure, AOD, precipitable water, ozone thickness extracted from MOD06, MOD04, MOD05,
and MOD05, respectively. Combined with the TOA irradiance, the surface irradiance is computed for
clear sky. An atmospheric transmission factor for all sky conditions is also computed based on the
cloud top pressure, the cloud optical thickness and the cloud fraction extracted from MOD06. Finally,
the last step consists in deriving the blue sky albedo from MCD43B3 black and white-sky albedos and
combining it with the all skies irradiance to estimate the solar radiation budget.
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Figure 3. Computation of the instantaneous solar radiation budget for all skies using MODIS products
and a DEM.

In order to reach the objective of daily monitoring, the instantaneous solar radiation budget is
converted into daily average. As the method to retrieve the instantaneous solar radiative fluxes is only
based on MODIS data, there are too few measurements over the day to characterize the evolution
of the state of the sky or the sunshine duration, then the daily solar radiation is approximated using
Equation (6).

3. Results

During the development of the method to estimate the solar radiation budget, some efforts have
been done to represent the spatial and temporal heterogeneity of the Tibetan Plateau affecting the solar
radiative fluxes over space and time. The computation of surface irradiance using an atmospheric
transmission factor (Figure 4a,b) and considering terrain mean slope and azimuth to estimate the sun
incident angle (Figure 4c,d), both at the kilometric resolution, highlights the importance of accounting
for the spatial heterogeneity in that area.

Figure 4. Surface irradiance computed using: (a) a constant atmospheric transmission factor or (b) the
proposed methodology and the solar geometry expressed as: (c) the solar zenith angle or (d) the sun
incident angle.

3.1. Solar Radiation Budget Three-Year Time Series

Based on the methodology presented in Section 2.3 and using a database containing the required
gap filled MODIS products, a time series of instantaneous and daily at-surface solar radiative fluxes
from 2008 to 2010 was produced at one kilometer resolution. Figure 5 shows the three-year time series
of instantaneous solar irradiance and reflected fluxes estimated for the four pixels corresponding
to the four ground stations, namely BJ, Linzhi, NamCo, and Qomolangma (noted as Qomo). The



Remote Sens. 2016, 8, 504 10 of 24

instantaneous values are estimated at satellite overpass time which is between 10.30 and 11 am local
time depending on the day.

Figure 5 shows that the instantaneous solar incident and reflected radiative fluxes estimated at
BJ, Linzhi and NamCo fluctuates more than the one obtained over Qomolangma. One of the reasons
could be the lower yearly cloud fraction recorded over Qomolangma, according to the MODIS cloud
products. For Qomolangma, the averaged cloud fraction over the three years is about 29%, while it
is around 42%, 80%, and 46% for BJ, Linzhi, and NamCo, respectively. As the incident and reflected
radiations are correlated, most of the fluctuations are similar. However, some sudden increases in
reflected radiation are also observed for BJ, Linzhi, and NamCo stations. As the reflected fluxes (purple
line in Figure 5) are derived using the MODIS albedo product, those increases are directly linked
to increases of the MODIS albedo values. Figure 6 provides the time series of those MODIS albedo
values (MOD43B3) for the same period and locations. From this figure, the same peaks are identified
in the time lines. Those high values of surface albedo may be caused by the presence of snow on the
ground. Surprisingly, no peak is observed for Qomolangma where snow events usually occur between
mid-October and mid-May. This may be due to the fact that it rapidly melts after snowing and seldom
lasts more than one day (Wang Zhongyan, personal communication, 31 March 2015). Thus, the MODIS
albedo product used in this study, which is an eight-day product, seems to miss those snow events
as at least eight individual days of snow were recorded at the station between mid-2008 to the end
of 2010.

When visually checking the time series outputs, it appeared that, for some days and in area
where the slope is very steep, some pixels present extreme values. One of the reasons is that the
algorithms used in this method have been developed and tested on more homogeneous areas than the
Tibetan Plateau and then the specificities of the Plateau go beyond their range of operation. However,
those extreme values represent a small amount of pixels (less than 2% of the entire image) and, in the
developed method, are filtered out and replaced by the average of the surrounding pixels values.
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3.2. Validation Against Ground Measurements

The radiative fluxes estimates are validated using the ground measurements recorded at the four
stations from 2008 to 2010, considering all skies and clear sky days separately. The distinction between
clear sky and cloudy conditions is made on the basis of the cloud fraction provided by MODIS. Some
incoherent values were observed in the ground measured reflected fluxes, then the data have been
filtered which also masked out some possible snow events. The validation results are presented in the
scatter plot in Figure 7.

According to Figure 7, better results are obtained when the solar radiative fluxes are estimated for
clear sky, especially the instantaneous irradiance. The estimation of the latter performs also better than
for the instantaneous reflected fluxes and the daily net radiations. Concerning the daily net radiations,
the difference between all skies and clear sky conditions is less pronounced, except for Qomolangma
station. This may be explained by the use of the sinusoidal function from [9] for the conversion of an
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instantaneous to a daily value, which does not account for the diurnal variation of cloud coverage
and water vapor. After filtering out the cloudy days and the invalid data, only 14 clear sky days were
available for validation at Linzhi station. For this reason, this station will not be further used for the
validation. To deepen this validation, more statistics are provided in Table 3: the bias (Equation (22)),
the root-mean-square-error (RMSE) (Equation (23)), and the r square from Figure 7.

bias “
1
n

n
ÿ

i“1

estimatedi ´measuredi (22)

RMSE “

g

f

f

e

1
n

n
ÿ

i“1

pestimatedi ´measurediq
2 (23)

The statistics presented in Table 3 confirm that better results are obtained for clear sky. For all
the stations, the instantaneous irradiance is globally overestimated for all skies while it is slightly
underestimated for clear sky at NamCo and Qomolangma and overestimated at BJ. The comparison
between estimated and measured instantaneous incident fluxes is also presented as a timeline in
Figure 8 illustrating the underestimation for clear sky and the overestimation for all skies in NamCo
and Qomolangma. On the contrary, the instantaneous reflected fluxes are generally underestimated
and more important bias values are observed for clear sky. The RMSE computed for the instantaneous
fluxes are relatively high, with less difference between all skies and clear sky for the reflected fluxes.
However, it is important to recall that the RMSE penalizes variance as it gives errors with larger
absolute values more weight than errors with smaller absolute values [59]. For clear sky incoming
fluxes, most of the values are located close to the trend line (Figure 7) while few pixels show large
difference between measured and estimated fluxes. Those large differences have a strong impact on the
RMSE. Furthermore, part of the RMSE is explained by the bias which is, in some cases, important as
compared to the RMSE. The observed bias may be caused by the fact that the instantaneous fluxes are
compared to ground measurements interpolated from 30 min average values. As the cloud cover at a
specific location can evolve rapidly, its impact on data integrated over 30 minutes can be important [60].
Moreover, at this time of the day, the solar radiative fluxes can increase rapidly in 30 min. Finally, the
correlation between estimated and measured instantaneous and daily fluxes is mostly significant at
the station of Qomolangma and only for clear sky conditions. The better results obtained at this station
are probably due to the more stable weather (less fluctuations in Figure 5) in this area and the lower
yearly cloud fraction as presented in Section 3.1. The bias and the RMSE obtained for the validation of
the net daily radiations shows values that are coherent with the results obtained for the instantaneous
fluxes. It seems that in this case, even if very simple, the sinusoidal function applied for the conversion
into daily fluxes does not introduce much more distortion. Moreover, the low difference between all
skies and clear sky in this case is explained by the fact that the definition of clear sky is based on the
sky conditions at the satellite overpass time.
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Table 3. Solar radiative flux validation statistics for instantaneous incident fluxes, reflected fluxes,
and daily net solar radiation. The bias (W¨ m´2), root-mean-square-error (RMSE, W¨ m´2) and r2 are
provided for all and clear skies conditions, at BJ, Qomo, and NamCo stations for the entire time series.

BJ NamCo Qomo

All Skies Clear Sky All Skies Clear Sky All Skies Clear Sky

Instantaneous
incoming

Bias 120.1 42.2 39.5 ´12.9 13.0 ´16.2
RMSE 225.5 126.5 203.5 120.7 117.1 49.8

r2 0.27 0.57 0.31 0.55 0.55 0.89

Instantaneous
reflected

Bias 2.0 ´17.2 ´17.3 ´24.9 ´37.9 ´50.6
RMSE 48.7 36.8 49.0 43.4 53.6 56.0

r2 0.19 0.29 0.30 0.30 0.29 0.60

Net daily
Bias 116.9 91.1 39 21.7 38.6 11.3

RMSE 147.1 120.4 96.9 82.4 77 33.6
r2 0.42 0.50 0.34 0.34 0.22 0.68
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3.3. Evaluation of the Topographic Correction

Unlike most of the existing solar radiations products, this method integrated the impact of
topography by correcting for the local illumination angles based on slope and aspect derived from
the DEM. In order to evaluate the effectiveness of this topographic correction, incident fluxes, and
daily net radiation estimated with and without correction are compared to ground measurements. For
this analysis, only the Qomolangma station is considered as the other sites are located on very flat
ground. Using the ground measurements provided for the whole year 2009 at this station, the fluxes
estimated with and without topographic correction are evaluated and the corresponding bias, RMSE
and r-square values are computed. Table 4 provides an overview of those statistics.
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Table 4. Comparison of solar radiative fluxes estimated with and without topographic correction at
Qomolangma station for the year 2009. The bias (W¨ m´2), the RMSE (W¨ m´2) and the r-square are
provided for all skies and clear sky.

With Topographic Correction Without Topographic Correction

All Skies Clear Sky All Skies Clear Sky

Instantaneous
incoming

Bias 15.9 ´11.3 ´5.0 ´37.8
RMSE 116.0 49 117.1 63.1

r2 0.55 0.89 0.55 0.90

Net daily
Bias 48.3 23.1 43.7 17.3

RMSE 80.3 43.6 77.6 40.7
r2 0.35 0.73 0.34 0.72

From Table 4, it appears that, even if globally better results are obtained after the topographic
correction, the differences are very low. This is mainly due to the fact that, even if this station is
surrounded by mountains, it is still located on a flat area limiting the validation possibilities concerning
the impact of the topographic correction used in this method. The applied correction considering only
the impact of the slope and orientation of the terrain neglects the contribution of the surrounding
terrain which would have a larger influence at Qomolangma station.

3.4. Evaluation of the Gap-Filling Procedure

Even if better results are obtained for clear sky conditions, the correlation between estimated and
measured surface irradiance is quite low, except in Qomolangma station. The inaccuracy observed in
the estimation of the incident radiation may be partially explained by the fact that some of the data
used in the computation of the atmospheric transmissivity are scarcely available over the Plateau
(Table 5). Then, the missing data need to be replaced by less accurate estimates, like weekly or monthly
average values (Figure 2), knowing that the quality of the output is directly linked to the quality of
the input data. From Table 5, it appears clearly that the most problematic atmospheric variable is
the AOD. However, due to the high altitude of the Tibetan Plateau, the atmosphere is thin and the
AOD is very small over that area [61]. This can also be the reason for the important rate of missing
data, i.e., the particular conditions of the Plateau may go beyond the limits of the AOD retrieval
algorithm. Furthermore, except after a sand storm in the Gobi area, a limited variation in aerosol load
was observed [62]. Then using monthly estimates should not be critical in this case.

Table 5. Percentage of missing data for each of the atmospheric products used in the atmospheric
transmissivity factor calculation.

2008 2009 2010 Comments

Surface Pressure 2.2% (˘0.6%) 2.4% (˘3.2%) 2.2% (˘0.6%) Gaps between tiles
Precipitable Water 3.7% (˘2.8%) 4.1% (˘4.4%) 4% (˘3.4%) Gaps + missing data

Total Ozone 50% (˘12.6%) 48.9% (˘12.3%) 50.3% (˘12%) Missing data
AOD 84.5% (˘4.9%) 83.9% (˘4.6%) 84.7% (˘4.6%) Missing data

In order to evaluate the impact of the missing data and the suitability of the gap-filling procedure
the differences between estimated and measured instantaneous incoming fluxes observed for three
different combinations of missing data are compared (Figure 9) based on the quality flag produced
along with the estimations. The three selected combinations cover most of the observed missing data
combinations: (1) only the AOD value was missing; (2) the AOD and the total ozone value are missing;
and (3) all values are missing.

Figure 9 shows that good results are obtained when only the AOD is missing. As explained
previously, the impact of AOD is very low on the Tibetan Plateau. The median error and the dispersion



Remote Sens. 2016, 8, 504 16 of 24

of the data increase when AOD and ozone are both missing, except for NamCo where the dispersion
remains quite similar. Except in NamCo, the fact that more data than AOD and Ozone is missing does
not affect the distribution of the observed errors. The different trend observed at the NamCo station
may due to the presence of the lake very close by, influencing the retrieved atmospheric parameters. It
is also important to keep in mind that, when data are missing, it is often due to important cloud cover
or extreme conditions and, more than the influence of the gap-filling, this can also be the reason of the
error increase. It is then difficult to evaluate the impact of the gap-filling procedure applied in this
study. Nevertheless, it does not seem to cause an increase of the observed errors while allowing the
production of a gap free dataset.Remote Sens. 2016, 8, 504 15 of 23 
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3.5. At-Sensor Validation

To deepen the validation of the solar radiation budget time series, a comparison with satellite
data at the same spatial resolution is performed. This validation method allows to overcome the
footprint issue faced when comparing satellite estimates to ground measurements over heterogeneous
landscape, as illustrated later on (Section 4). The main objective is to verify if the retrieval of the
atmospheric transmissivity for the estimation of surface irradiance is accurate. To do so, the surface
irradiance is estimated following the proposed method. Next, the surface reflectance provided by
MODIS products is used to compute the surface reflected radiance. The latter is then converted to TOA
reflected radiance using atmospheric transmissivity values computed with the same approach but for
the view zenith angle instead of the sun zenith angle. Finally, the estimated TOA reflected radiance is
compared to the TOA reflected radiance measured by MODIS. The atmospheric transmissivity and the
surface irradiance being estimated broadband, a prerequisite to this comparison is the conversion of
the spectral reflectance and radiance data provided by MODIS to broadband estimates. The validation
is performed over the study area subset (135 ˆ 135 km, over strong topography in the South part of the
Plateau) and over the whole year 2010, considering only clear sky days. The results of the comparison
are presented in Figure 10.

This comparison highlights a constant shift between the estimated and the measured TOA
reflected radiance. This is confirmed by the equation of the regression which shows a slope of 1.517 and
an intercept very close to 0. There are two potential reasons for this shift. First, the assumptions made
to convert the measured spectral radiance to broadband radiance could lead to an underestimation of
the broadband radiance. As the land cover is relatively stable over the test area, this underestimation
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could generate a constant bias. Second, the atmospheric transmissivity computed by MODIS to
retrieve the surface reflectance is lower than the one estimated with the approach proposed in this
paper. In this study, the atmospheric transmissivity for clear days is around 0.9 which is confirmed
by the data measured at the ground. It is also possible that those two potential errors add to each
other. However, this comparison shows that the way the atmospheric transmissivity is modelled in
the proposed method is providing suitable results for clear sky days and confirms that the problem
mostly come from cloudy conditions. It also confirms the observation made in Section 3.4, that the
gap-filling procedure does not influence the estimations under clear sky conditions. Thus, as the clear
sky atmospheric transmissivity is correct, the surface irradiance retrieved for clear sky condition is
also correct. Then, the low accuracy observed for the estimated reflected radiance under clear sky
conditions (Figure 7), is probably caused by the MODIS albedo product. This is supported by the
fact that the ground validation shows that the overall estimates of reflected radiance are worse than
estimates of incident radiance with lower correlation between the ground measurements and the
estimates, whatever the sky conditions.
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3.6. Comparison with Evaluations of other Existing Radiative Fluxes Products over the Tibetan Plateau

In order to provide some first hints about the benchmark of the method as compared to some of
the existing ones, a comparison with the error quantities provided in the literature for those products
is discussed. However, only a direct inter-comparison of different methods at the same stations and
for the same time period could provide an accurate benchmarking of the different methods. The
comparison of our estimations with other existing products is based on the results provided in two
papers: Gui et al. [63] and Yang et al. [21]. It is important to keep in mind that the incident and reflected
fluxes validated in our paper are instantaneous values, not hourly or three-hourly means, which
make the results more sensitive to dispersion, especially when evaluated against 30 minutes average
observations provided by the ground station.

The CERES-FSW product is evaluated over the Tibetan Plateau in Gui et al. [63]. This paper shows
positive biases for individual sites ranging from 8.0 W¨m´2 to 131.4 W¨m´2 and RMSEs ranging from
139.0 W¨m´2 to 236.7 W¨m´2 for the CERES incident solar fluxes. For the reflected fluxes, biases
for individual sites range from ´17.1 W¨m´2 to 35.3 W¨m´2 and RMSEs range from 61.6 W¨m´2 to
114.8 W¨m´2. The validation of the incident fluxes estimations provided by the method proposed
in this paper shows biases ranging from ´16.2 W¨m´2 to 120.1 W¨m´2 and RMSEs ranging from
49.8 W¨m´2 to 225.5 W¨m´2. The validation results of those two products are comparable for the
incident fluxes. This is not the case for the reflected fluxes as, in this paper, the biases range from
´50.6 W¨m´2 to 2 W¨m´2 and the RMSEs from 36.8 W¨m´2 to 56 W¨m´2. Overall, the results
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obtained with the proposed method over the Tibetan Plateau seem better than the ones from the
CERES-FSW products, especially for clear sky where higher r2 are observed.

Five solar incident fluxes products are validated over the Tibetan Plateau in Yang et al. [21]. The
validation period covers, at most, 92 days while we used three years of estimation and is done using
three-hour averages, which filter out faster deviations over shorter periods of time between ground
observations and estimated data. Even then, the standard deviations of the difference between three
hours mean observations and satellite products remain pretty high and range between 57.4 W¨m´2 and
112.4 W¨m´2. In our case, the validation for incident fluxes, performed with instantaneous estimates
and 30 min average ground data, gave RMSEs ranging from 117.1 W¨m´2 to 225.5 W¨m´2 for all sky
conditions and 49.8 W¨m´2 to 126.5 W¨m´2 for clear sky. The radiative fluxes estimations presented
in this paper are less accurate under cloudy conditions, but similar accuracy to the one provided for
the validation of the other products is reached under clear sky. Concerning the daily fluxes, the use
of the sinusoidal function from Bisht et al. [9] to go from instantaneous to daily solar radiations is an
approximation and leads to high RMSEs as compared to the one provided by other products.

4. Discussion

The validation showed better solar radiative flux retrieval for clear sky and especially for
instantaneous irradiance. The quality and the availability of the MODIS data products used in
the method have been quoted as a potential source of error. The temporal difference between the time
used in the computation, which is the exact MODIS overpass time, and the 30 min average ground
observations used for the validation was also mentioned, especially linked to the rapid evolution of
the cloud cover over the Plateau. Considering this point, the distinction between clear sky and cloudy
sky for the validation based on the MODIS cloud fraction information was also analyzed. A small test
was run to identify the cloudy conditions based on the difference between the ground measurements
and the top of atmosphere irradiance. The later showed that the days identified as cloudy according
to this method were significantly different that the ones identified as cloudy based on the MODIS
cloud fraction. This discrepancy could lead to the lower correlation observed at BJ and Namco for
incident fluxes estimation under clear sky. Another explanation for the low correlation between the
estimated and the measured fluxes is linked to the spatial footprint of the two compared datasets.
Those errors add up to the error due to the inaccuracy of the computation. First, the use of ground
measurements at higher temporal resolution would improve the validation. Second, it is necessary to
assess the impact of the spatial footprint when validating a variable estimated from remote sensing
with ground measurement. As shown in Figure 11, the stations are located within pixels comprising
several land cover types. Then the measurements collected at the stations are not representative of the
pixel heterogeneity. Several studies stressed that a direct comparison is very challenging because of
this scale issue and the heterogeneity of the land surface at the satellite spatial resolution that reduces
the spatial representativeness of ground point measurements [64–66]. For each of the validation sites,
the footprint was estimated considering the high of the instruments (between 1 and 2 m) and the
field of view of the instrument. Because of the low position of the sensors, the footprint is very small
as compared to the kilometric pixel of the satellite and the spatial variation of the surface is low. In
Figure 11, the site of NamCo appears to be outside of the satellite footprint (red box). This pixel
was selected for the comparison with the NamCo site because the pixel actually covering this site
also includes part of the lake. The presence of water in the pixel would generate distortions in the
validation procedure. Furthermore, the land cover and the topography in the selected pixel are very
similar to the one of the NamCo site.

The validation also pointed out that the estimation of the instantaneous reflected fluxes is less
accurate than the estimation of the instantaneous irradiance and that the difference between all skies
and clear sky is smaller. Two main reasons can be put forward. First, the accuracy of the MODIS albedo
product is not satisfying on the Tibetan Plateau due to its strong topography. Indeed several studies
showed that, for global surface albedo products, e.g., MODIS or AVHRR, the effect of topography
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is an important source of error if retrieval assumes a horizontal surface [67] and that those products
have limited accuracy in areas as rugged as the Tibetan Plateau [68]. As the topographic correction
integrated in the estimation of the irradiance, a topographic correction should also be introduced in
the retrieval procedure of the albedo. Furthermore, the MODIS albedo product used in this study
provides a value every eight days. This temporal resolution is too coarse for the daily monitoring of
radiative fluxes over the Tibetan Plateau which often undergoes fast changes. This product is now
available daily [69], which would help improve the estimation over snowy conditions. In addition, the
use of the albedo from either the overpass time or the local noon-adjusted value should be carefully
considered as it would sometimes contribute to significant errors in net radiation estimation as a result
of diurnal albedo variation.Remote Sens. 2016, 8, 504 18 of 23 
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Figure 11. The four ground stations location on the Tibetan Plateau (yellow pin) and the footprint of
the pixel used for the validation (red lines). BJ (31˝22’N, 91˝53’E), Linzhi (29˝45’N, 94˝44’E), NamCo
(30˝46’N, 90˝59’E), Qomo (28˝21’N, 86˝56’E).

The main limitations of this method are currently the use of the sinusoidal function to extrapolate
the daily solar radiations from one instantaneous value and the fact of neglecting the contribution of the
surrounding terrain in the topographic correction. Concerning the estimation of daily values, solutions
should be explored to integrate the diurnal variation of cloud coverage and water vapor. This could
be performed using the MODIS data product from the AQUA platform to produce the instantaneous
fluxes at another satellite overpass time and more accurately estimate the daily sunshine duration [70]
or by extracting the cloud and water vapor information from other satellites such as geostationary
satellites with a higher temporal resolution. About the topographic correction, even if integrating
the impact of slope and orientation of the terrain is already an improvement as compared to other
existing solar radiation products, the applied correction still remains very simple. The localization of
the ground stations used in this study did not allow for an in-depth evaluation of the effectiveness of
the applied topography correction. However, it is certain that integrating the impact the surrounding
terrain besides the geometry changes is necessary in such a rugged area, as the adjacency effect is also
an important factor. The impact of incident radiations reflected by the surrounding inclined surfaces
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has been highlighted in several studies [71–74]. As working at the square kilometer, the integration of
sub-pixel topography may also improve the results as shown in [75].

5. Conclusions

The method proposed in this paper allows to model the solar radiation budget instantaneously
and daily, at the square kilometer level over the entire Tibetan Plateau using MODIS data products.
Even if the overall accuracy is equivalent to already existing products [21,63], this method provides
solar radiation estimates at the square kilometer level on a daily basis whereas the other net radiation
datasets covering that area provide the same estimates but at a coarser spatial or temporal resolution.
Furthermore, it uses the local solar incident angle in the computation of irradiance while the terrain
geometry is often neglected.

Using MODIS data products offers the advantage of freely available data, which are widely used
and continuously improved. Those data are at a suitable spatial and temporal resolution for this
study and 10 years of archived data for long-term analyses are available. This study highlighted the
relevance of those products to model the atmospheric transmissivity for clear sky despite an important
lack of AOD data over the Tibetan Plateau. The eight-day albedo product is not sufficient to properly
estimate the reflected fluxes due to its low temporal resolution and the fact that its retrieval is probably
affected by the topography of the underlying terrain. The use of the new daily MODIS albedo product
may solve the temporal issue while some topographic correction should also be considered.

The method was tested and used to produce a three-year time series, from 2008 to 2010. As
for other large scale solar radiation budget products, the validation remains an issue and shows
some discrepancies with the ground data. To overcome this problem, a sensor comparison was also
performed to evaluate the proposed method. It appears that a large part of the errors is due to the
inaccuracy of the albedo product and to the integration of the clouds. Thus, the estimation of the solar
radiation budget should be improved considering two main aspects. First, higher temporal resolution
albedo products should be used and some effort should be put in the integration of the topographic
effects when retrieving albedo from space. Second, further research should also be done to integrate
better the effect of clouds on the instantaneous solar radiation estimates. It is also of interest to mention
the lack of AOD data pointed out by the validation, even is the AOD is very low and quite constant
over the Tibetan Plateau [61,62].

The main achievement of this study is to propose an operational method to produce solar radiation
budget estimates at the square kilometer level on a daily basis, key input for further use in climatic
models,. The main improvement brought by this method is then the higher resolution of the produced
data and the integration of topography, even if the latter was still not sufficient to compensate for
the very rough terrain of the Tibetan Plateau and should be improved to integrate the impact of
surrounding terrain at pixel or at sub-pixel level. Some work should also be done to provide a better
conversion from instantaneous to daily considering the cloud cover and water vapor variation over
the day.

To conclude, this simple method is fully operational and based on freely available data, it offers
the possibility to anyone to produce a reliable solar radiation budget dataset, keeping in mind the
described limitations. The improvement of the existing data products, in parallel with the development
of more efficient topographic correction and cloud integration, the method could be further improved.
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Abbreviations

The following abbreviations are used in this manuscript:

AOD Atmospheric Optical Depth
ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer
DEM Digital elevation model
GDEM Global Digital Elevation Model
MODIS MODerate-Resolution Imaging Spectroradiometer
TOA Top of Atmosphere
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