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Abstract: Atmospheric aerosol optical depth (AOD) plays a determinant role in estimations of
surface shortwave (SW) radiative fluxes. Therefore, this study aims to develop a hybrid scheme
to produce surface SW fluxes, based on AOD at 1-km spatial resolution retrieved from the
Simplified Aerosol Retrieval Algorithm (SARA) and several Terra MODIS land and atmospheric
products (i.e., geolocation properties, water vapor amount, total ozone column, surface reflectance,
and top-of-atmosphere (TOA) radiance). Estimations based on SARA were made over the Southern
Great Plains (SGP) under cloud-free conditions in 2014 and compared with estimations based on the
latest Terra MODIS AOD product at 3-km resolution. Validation against ground-based measurements
showed that SARA-based fluxes obtain lower RMSE and bias values compared with MODIS-based
estimations. MODIS-based downward and net fluxes are satisfactory, while the direct and diffuse
components are less reliable. The results demonstrate that the SARA-based scheme produces better
surface SW radiative fluxes than the MODIS-based estimates provided in this and other similar
studies and that these fluxes are comparable to existing CERES data products which have been tested
over the SGP.
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1. Introduction

The main part of downward radiative fluxes reaching the Earth’s surface is in the range of
the shortwave (SW) spectrum and consists of two components: direct and diffuse fluxes. The net
SW radiative flux, defined as the difference between the downward and upward fluxes at the
Earth’s surface, controls the total energy exchange between the atmosphere and land/ocean surface,
and significantly affects climatic forming and change [1,2]. SW fluxes are involved in many processes
such as evaporation, photosynthesis, and heating of soil and water [3,4], as well as key indicators of
drought [5]. The direct component is an important factor for identifying the best locations for solar
energy systems that focus on concentrating photovoltaics/solar thermal technology.

Many algorithms have been developed to estimate SW radiative fluxes at the Earth’s surface
based on various remote sensing data [6–18]. The methods used to develop these algorithms can
be grouped into two classes: empirical methods and theoretical methods. The empirical methods
establish regressions by directly linking satellite radiance data and ground-measured radiative fluxes.
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Although they are simple to run, the results are site-specific and cannot be extrapolated over other
regions. The theoretical methods establish parameterized schemes to simulate the direct interaction
between solar radiation and the atmosphere, including absorption by water vapor, gas, and ozone,
as well as absorption and scattering by aerosols. Several theoretical methods for estimating SW
radiation components are based on remote-sensing data, particularly on MODerate-resolution Imaging
Spectroradiometer (MODIS) data products. The main reason for this is that remote sensing provides
many standardized land and atmospheric products such as aerosol optical depth (AOD), water vapor
amount, total ozone column, and albedo at 1–10-km spatial resolutions.

Aerosol optical depth (AOD) is known to be a critical input to estimations of SW radiative
fluxes under cloud-free conditions, particularly the direct component that is highly sensitive to
AOD. Recent studies have shown that the accuracy of existing solar radiation maps is not always
satisfactory [19,20], and it has been found that a large part of these uncertainties could be explained
by inaccurate aerosol data used to model solar radiation for cloud-free conditions [21,22]. To date,
most researchers employ the level-3 MODIS AOD product (MOD08), which is a global daily spatial
aggregation of the level 2 product (10-km spatial resolution) into a regular grid with a spatial resolution
of 1◦ [23], and this may not be suitable for radiative applications at scales between 1 and 10 km [6].
Recent land surface and climate models require a 10-km or finer spatial resolution [24–26].

The current operational MODIS AOD product over land is known as Collection 6 (C6),
which replaces Collection 5 (C5) and is based on two algorithms, namely the Dark Target (DT) [27,28]
and Deep Blue (DB) [29] algorithms. As MODIS DT and DB algorithms at 10-km resolution were
unable to resolve local aerosol gradients and city level features, a global DT AOD product at a nominal
resolution of 3 km (MOD04_3K) [30] was introduced in the operational C6 AOD product. This is in
addition to the DT and DB AOD products at the standard 10-km resolution. Generally, DT algorithms
overestimate AOD over bright surfaces and underestimate AOD over unusually dark surfaces
under clear atmospheric conditions [27]. Furthermore, it is unable to estimate the AOD under
turbid conditions, due to its limitation of DT selection criteria, thus producing many missing pixels.
The above-mentioned problems would affect estimations and make it difficult to obtain SW fluxes at
1-km spatial resolution. Therefore, a more effective satellite aerosol retrieval with higher resolution
should be integrated in estimations of SW fluxes. This study integrates the effective Simplified Aerosol
Retrieval Algorithm (SARA), developed by Bilal [31], with the simplified radiative transfer model,
developed by Yang et al. [32], using various MODIS land and atmospheric products to estimate SW
radiative fluxes at the nominal resolution of 1 km.

The aim of this paper is to propose an effective scheme for estimation of instantaneous SW
radiative fluxes at high spatial resolution: A hybrid scheme was developed by combining Yang et al.’s
simplified radiative transfer model with SARA and MODIS land and atmospheric products (hereafter
called the SARA-based scheme). Likewise, the simplified radiative transfer model was combined
with the latest MODIS 3-km aerosol product (MOD04_3K) and other MODIS land and atmospheric
products (hereafter called MODIS-based scheme). The schemes were then used to estimate fluxes over
the Southern Great Plains (SGP) region under cloud-free conditions in 2014 and were evaluated and
compared by validating estimated fluxes against ground-based measurements.

2. Materials and Methods

2.1. Study Area and Data

The Atmospheric Radiation Measurement (ARM) program, funded by U.S. Department of Energy,
maintains continuous measurements of various meteorological and surface variables within the SGP.
The SGP covers a large part of the central United States, including most of the state of Oklahoma
and the southern part of Kansas. The study area ranges in latitude from about 35.5◦N–37.5◦N and
in longitude from about 95.5◦W–99.5◦W (The red box in Figure 1). In this study, data from 13 solar
infrared radiation stations (SIRS) at the SGP extended facilities (EF) were used for validation purposes.



Remote Sens. 2017, 9, 1146 3 of 16

They provide continuous measurements of downwelling and upwelling SW radiative fluxes [33].
The direct and diffuse components of downwelling SW radiation are measured with normal incidence
pyrheliometers (NIP) and precision spectral pyranometers (PSP), respectively, while upwelling SW
radiation is measured by the PSP. All radiometers are manufactured by The Eppley Laboratory, Inc.,
Newport, RI, USA. The 1-min SIRS data, along with details about the instruments, are available from
the ARM web site [34] . The measurement data from SGP are aggregated to a 15-min interval when
comparing with the estimates of SW radiative fluxes presented in Section 2.3.
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Figure 1. Atmospheric radiation measurement (ARM) ground sites within the Southern Great Plains
(SGP) in Oklahoma and Kansas. The red box shows the SGP domain for this study.

2.2. MODIS Data and Study Days

Terra-MODIS atmospheric and land products at levels 1, 2, and 3 are required to estimate
SARA- and MODIS-based SW radiative fluxes for cloud-free days. The geolocation properties,
including height, solar and sensor angles (zenith and azimuth), and top-of-atmosphere (TOA) radiance
at green wavelength are obtained from level 1A and level 1B products, respectively. Surface reflectance
at green wavelength, land surface temperature (LST), water vapor amount, total ozone column,
and AOD are extracted from the level 2 (L2) land and atmospheric products. Black-sky albedo and
white-sky albedo are taken from the level 3 (L3) albedo product. The various MODIS data products
and parameters used in the SARA- and MODIS-based schemes, along with their spatial resolutions,
are summarized in Table 1. The schemes were run at the resolution of 1 km. However, even if the
estimated SW fluxes are at the 1-km resolution, the input data are only at the nominal resolutions
of 1, 3, and 5-km. The L2 aerosol and atmospheric profile products have 5 km and 3 km resolutions,
respectively and, therefore, both were resampled to 1 km.

Twenty-six cloud-free days in the year 2014 were selected in terms of the LST product with less
than 20% cloud cover relative to the entire scene (Table 2). The LST data product is available for only
cloud-free pixels, thus counting the number of pixels in LST for which land surface temperature was
available served as an indicator of the cloud cover over the study site.
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Table 1. Summary of the MODIS data products used in this study.

MODIS Product Short Name Resolution Parameters Used MODIS-Based
Scheme

SARA-Based
Scheme

Land Surface
Temperature MOD11 1-km Surface temperature X X

Level-1B Radiance MOD02 1-km Top of Atmosphere
radiance band 4 X

Geolocation properties
Product

MOD03 1-km

Height X
Solar zenith angle X X

Sensor zenith angle X
Solar azimuth angle X

Sensor azimuth angle X

Aerosol Product MOD04-3K 3-km Aerosol optical depth X

Perceptible Water Product MOD05 1-km Water vapor amount X X

Atmospheric Profile MOD07 5-km Total ozone column X X

Level-2 Land Surface
Reflectance MOD09 1-km Surface reflectance band 4 X

Albedo Product MCD43B3 1-km Black-sky albedo
white-sky albedo X X

Table 2. Acceptable cloud-free days (i.e., 80% or more of the study site had no cloud cover) for the
MODIS onboard the Terra satellite for the Southern Great Plains (SGP) during 2014.

Months (Number of Acceptable Cloud-Free Days) Julian Days

January (3) 16, 18, 19
February (2) 48, 58

March (4) 71, 78, 79, 90
April (4) 94, 99, 105, 112
May (1) 122
July (2) 192, 201

August (2) 224, 235
September (2) 247, 250

October (3) 280, 303, 304
November (3) 310, 323, 329

2.3. Retrieval of SW Radiative Fluxes

2.3.1. Instantaneous Downward and Net SW Radiative Fluxes

The downward SW radiative flux reaching the Earth’s surface, commonly named surface
irradiance and noted as I hereafter, can be expressed as:

I = I0µsT (1)

where I0 is the TOA irradiance and is calculated from the solar constant, Isc, and the day number, dn,
as follows:

I0 = Isc(1 + 0.033 cos(2πdn/365)) (2)

T is the atmospheric shortwave transmittance that accounts for atmospheric effects.
In this study, the variable of T is derived from MODIS data. T can be influenced by a

number of extinction (scattering and absorption) processes in the atmosphere, including permanent
gas absorption, Rayleigh scattering, ozone absorption, water vapor absorption, and aerosol
extinction [35,36], leading to the partitioning of the TOA irradiance into direct and diffuse radiations.
The corresponding spectral radiative transmittance factors are represented by τg, τr, τw, τoz, and τa,
which are used to calculate the broadband radiative transmittance of the atmosphere, described by
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two functions: the solar direct beam radiative transmittance (Tb) and the solar diffuse radiative
transmittance (Td). The parameterizations of these transmittances have been comprehensively
discussed in various studies. This study uses the broadband model of Yang et al. [32] to compute the
broadband transmittance functions by spectral radiative transmittance factors for cloud-free conditions.
Performance of this model has been accurately evaluated in several studies [37–39]. The direct beam
irradiance (Ib), diffuse irradiance (Id) that is expressed as the difference between the direct irradiance
and a fictitious beam subject only to molecular absorption, and then global irradiance (Ig) can be
calculated using the broadband transmittance functions as follows:

Ib = I0µs Tb (3)

Id = I0µs Td (4)

Ig = Ib + Id (5)

Net surface SW radiative flux (In) depends on accurate estimation of the global irradiance and
surface albedo. The surface albedo can be calculated using an equation presented in Moody et al. [40]
and black and white-sky albedos derived from the MODIS albedo product. Therefore, In can be
expressed as a function of the surface albedo (α) and irradiance (Ig) as follows:

In = Ig(1− α) (6)

Estimations of the broadband transmittance functions in Equations (3)–(5) require the spectral
radiative transmittance factors of the atmospheric compositions: τg, τr, τw, τoz, τa, which can be
calculated as follows:

τg = exp (−0.0117 m0.3139
c ) (7)

τr = exp[−0.00873517 mc(0.547 + 0.014mc − 0.00038 m2
c + 4.6× 10−6 m3

c )
−4.08] (8)

τw = min[1.0, 0.909− 0.036 ln (mw)] (9)

τoz = exp [−0.0365(ml)0.7136] (10)

τa = exp {−mβ[0.6777 + 0.1464(mβ)− 0.00626(mβ)2]
−1.3
} (11)

w, l, and β are the thickness of the ozone layer, the precipitable water, and the Ångström turbidity
coefficient (0.406 × AOD), respectively. In addition, the air mass (m) and the pressure-corrected air
mass (mc) are calculated from Equations (12) and (13):

m = (cos θ + 0.15(θ + 3.885)−1.253)
−1

(12)

mc = mp/p0 (13)

θ is the SZA, p is the air pressure, p0 is the air pressure at sea level (1013 hPa). Then, the broadband
transmittance functions, i.e., the direct transmittance (Tb), the diffuse transmittance (Td), and the global
transmittance (T), are calculated as follows:

Tb = τozτwτgτrτa − 0.013 (14)

Td = 0.5 [τozτgτw(1− τrτa) + 0.013] (15)

T = Tb + Td (16)

A sensitivity study and a detailed error analysis in Gueymard [38] revealed that the predicted
surface irradiance is very sensitive to errors in the turbidity and increases sharply with air mass.
The methods for retrieving irradiance from remote sensing data commonly employ MODIS standard
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aerosol products. In addition to the MODIS aerosol retrieval algorithm, many algorithms have been
developed to retrieve AOD from satellite data. In this study, in order to integrate the impact of aerosols
in the estimation of SW radiative fluxes, AOD is retrieved by employing Bilal’s [31] new algorithm,
SARA, using both MODIS data and ground observations.

2.3.2. Retrieval of SARA AOD

SARA (Equation (17)) was used to retrieve AOD from MODIS data products at 1-km spatial
resolution. It is based on real viewing geometry and is encompassing a wide range of aerosol
conditions and types [34,35]. SARA also has three assumptions: (1) the surface is Lambertian; (2) single
scattering approximation; and (3) the single scattering albedo (SSA) and the asymmetry parameter
(AP) do not vary spatially over the region on the day of retrieval [34]. Strong performances of this
algorithm, compared to MODIS AOD, were verified under low and high aerosol loading in Bilal’s
studies [31,41–43]. SARA is expressed as follows:

τa,λ = 4µsµυ
ω0Pa(θs ,θυ ,φ)

[
ρTOA(λ,θs ,θυ ,φ) − ρRay(λ,θs ,θυ ,φ)

− e−(τR+τa,λ)/µs e−(τR+τa,λ)/µυ ρs(λ,θs ,θυ ,φ)
1−ρs(λ,θs ,θυ ,φ)(0.92τR+(1−g)τa,λ) exp [−(τR+τa,λ)]

] (17)

where τa,λ = spectral AOD, τR = Rayleigh optical depth, ρTOA = TOA reflectance, ρs = surface
reflectance, ρRay = Rayleigh reflectance, Pa = aerosol phase function, ω0 = single scattering albedo,
g = asymmetry parameter, µs = cosine of SZA, µv = cosine of sensor zenith angle, θs = SZA, θv = view
zenith angle, φ = relative azimuth angle, and λ = wavelength (here λ = 550 nm, the green wavelength
of MODIS).

The SARA algorithm requires AErosol RObotic NETwork (AERONET) data to retrieve the ω0

and g over the whole study region. In this study, level 2.0 Version 2 AOD data (cloud-screened
and quality-assured) from the AERONET site “CART”, which is located on the center of the SGP,
were obtained to determine ω0 and g. Daily values of ω0 and g for all study days were determined
by matching SARA AOD as a function of ω0and g, and the averaged AOD from the AERONET site,
within±30 min of the Terra satellite local overpass time. Then, ω0 and g, together with the MODIS TOA
radiance and surface reflectance at green wavelength and solar and sensor angles (zenith and azimuth),
were used to retrieve 1-km AOD over the study sites at Terra satellite overpass time. The retrieved
SARA AOD was then extracted and averaged for 3 km × 3 km spatial subsets, centered on the
respective SGP sites [44]. For equations and detailed computation procedures, see Bilal [31].

The Ångstrom turbidity coefficient was derived from AOD using the following procedure,
which has been investigated widely. AOD is wavelength-dependent:

τa,λ = βλ−α (18)

where λ (µm) is the wavelength, τa,λ is the AOD value, β is the Ångstrom turbidity coefficient, and α

is the Ångstrom exponent. In the Yang model (see Leckner [45]), the Ångstrom turbidity coefficient is
defined at wavelength λ = 0.5 µm with Ångstrom exponent α = 1.3. That is:

β = 0.51.3τ0.5 = 0.406×AOD (19)

2.3.3. SW Radiative Fluxes from SARA AOD and MODIS Data

The SARA- and MODIS-based schemes used to compute the SW radiative fluxes are described
in Figure 2. In order to estimate SARA-based SW radiative fluxes, the following steps were taken:
Firstly, SARA AOD was retrieved from the AERONET single scattering albedo and asymmetry
parameter together with MODIS geolocation properties, TOA radiance, and surface reflectance at
green wavelengths. Secondly, the transmittance due to aerosol extinction was calculated from SARA
AOD while transmittances due to water vapor and ozone absorption were calculated from MODIS
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water vapor amount and total ozone column products, respectively. Transmittance due to Rayleigh
scattering and permanent gas absorption was also calculated from MODIS SZA. Then, global, direct,
and diffuse irradiances were estimated for cloud-free pixels.

In order to estimate MODIS-based SW radiative fluxes, the following steps were taken:
Firstly, in addition to the calculation of transmittance factors from MODIS data (shaded area in
Figure 2), transmittance due to aerosol extinction was calculated from the MODIS 3-km AOD product.
Then, global, direct, and diffuse irradiances were estimated for cloud-free pixels.

Finally, the blue sky was derived using the MODIS black and white-sky albedos, and then
combined with the SARA- and MODIS-based global irradiances, resulting in net SW radiative fluxes.
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3. Results

3.1. Comparison between SARA and MODIS AOD

Figure 3 shows scatter plots of SARA 1-km AOD and MODIS 3-km AOD, respectively,
and Multi-filter Rotating Shadowband Radiometer (MFRSR) AOD at the four ARM SGP sites.
These sites are Ashton in Kansas (E9), Maple City in Kansas (E34), Tryon in Oklahoma (E35), and Omega
in Oklahoma (E38). The SARA 1-km AOD obtained a high coefficient of determination (R2 = 0.721)
and low RMSE (0.032) and bias (0.010). Figure 3a reveals a close correspondence between the SARA
AOD and MFRSR AOD, and the majority of the observations lie close to the 1:1 line, which indicates a
good quality of the retrieved AOD. A relatively good agreement was also obtained for MODIS 3-km
AOD and MFRSR AOD (R2 = 0.332, RMSE = 0.074, and bias = −0.040) (Figure 3b). However, MODIS
AOD has approximately two times larger RMSE and four times larger bias than the SARA AOD.
Figure 3b for MODIS AOD shows a slope lower than unity and indicates a systematic underestimation.
The MODIS aerosol retrieval algorithm underestimates AOD at dark surfaces that have a normalized
difference vegetation index (NDVI) larger than 0.6. Average windows of 3 km × 3 km pixels over the
sites were calculated and show that the surroundings consist of dark surfaces (NDVI approaching 0.67)
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which should generate underestimated AOD values. These comparisons imply that SARA has as good
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3.2. Validation of Downward SW Radiative Fluxes

As previously mentioned, the modelling schemes were applied to twenty-six cloud-free days
during January–November 2014. Estimated downward SW radiative fluxes were validated with
ground-based measurements at the 13 SGP sites. Figure 4 shows scatter plots between each of the
estimated SARA- and MODIS-based fluxes and observed fluxes. The SARA-based scheme obtained
better results than the MODIS-based scheme with lower biases and RMSEs, and higher R2 values,
especially for direct irradiance, which is highly sensitive to AOD (Table 3). This higher accuracy can
be explained by SARA that accounts for detailed land and atmospheric properties to retrieve the
AOD. Despite the overall good performance of the SARA-based scheme, it underestimates diffuse
irradiance over the SGP. This may be due to systematic errors in the PSP measurements caused by the
response of the thermopile-type pyranometers that are widely used at the SGP sites [33]. The bias
of the SARA-based global irradiance is close to the results found by Bisht et al. [46] while our RMSE
is lower, when they compared estimated global irradiance using the BB10 methodology over the
SGP. The MODIS-based estimation of global irradiance is reasonable while the direct and diffuse
components have large errors. This can be explained by the MODIS DT aerosol retrieval algorithm
that underestimates AOD over dark surfaces. As shown in Figure 4, the MODIS-based scheme
overestimates global and direct irradiances and underestimates diffuse irradiance. This is due to
the opposite effect of AOD on the global and direct irradiances and diffuse irradiance; a decrease
of AOD enhances global and direct irradiances and simultaneously reduces diffuse irradiance.
The MODIS-based results of global irradiance are similar to those reported by Roupioz et al. [47] from
the Qomolangma station where they validated the estimated MODIS-based global irradiance using
the Yang et al. [25] model by integrating MODIS data and a digital elevation model (DEM) over the
Tibetan Plateau.

The validation results show that the accuracy is improved by applying SARA AOD for downward
SW radiative fluxes. The effect of using accurate AOD data on global irradiance is relatively lower than
on the direct and diffuse components, and SARA-based direct and diffuse irradiances are two times
more accurate than MODIS-based irradiances (1.5 times for global irradiance). Generally, in addition
to the error induced by the interpolation of ground observations, the assumptions of SARA,
various spatial resolutions of MODIS data products and the uncertainties of the MODIS land and
atmospheric products can all contribute to the errors of the estimated SW radiative fluxes (see Section 4).
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Table 3. Validation statistics for the SARA- and MODIS-based global, direct, and diffuse shortwave
(SW) irradiances at SGP sites in 2014 a.

Scheme Irradiances R2 RMSE (W·m−2) Bias (W·m−2)

SARA-based
Global 0.99 26 (3.4%) 16
Direct 0.97 27 (4%) 14

Diffuse 0.73 16 (17%) −8

MODIS-based
Global 0.98 41 (5.4%) 36
Direct 0.95 60 (8.8%) 52

Diffuse 0.62 32 (34%) −27
a The mean of observations for global, direct, and diffuse SW irradiances are 762 W·m−2, 679 W·m−2,
and 93 W·m−2, respectively.
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3.3. Validation of Net Surface SW Radiative Fluxes

In order to further evaluate the effectiveness of the SARA-based scheme, both SARA- and
MODIS-based net surface SW radiative fluxes were validated with ground-based measurements at the
13 SGP sites. Figure 5 shows that the SARA-based net fluxes are similar to the MODIS-based net fluxes,
and that both schemes slightly overestimate net fluxes. Table 4 shows that even if better results are
obtained with SARA AOD than with MODIS 3-km AOD, the differences are small. Global irradiance
and surface albedo are the two main controlling factors of net fluxes, and since MODIS albedo is used
in both schemes, estimated fluxes are affected in the same way between the schemes. Although MODIS
AOD produces somewhat larger RMSE and bias errors than SARA AOD, both schemes could provide
the required accuracy for estimation of net SW fluxes.

Table 4. Validation statistics for the SARA- and MODIS-based net surface SW radiative fluxes at the
SGP sites in 2014 a.

Net SW Flux R2 RMSE (W·m−2) Bias (W·m−2)

SARA-based 0.97 36 (5.9%) 26 (4.2%)
MODIS-based 0.97 47 (7.5%) 41 (6.5%)
a The mean of observations for net SW radiative fluxes is 620 W·m−2.
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3.4. Spatial Representations of Estimated Global Irradiance

Figure 6a,b show spatial representations of SARA- and MODIS-based global irradiance over
the SGP on 20 July 2014. It is clear form these visualizations that higher resolution AOD is required
to represent the landscape heterogeneity; 1-km SARA AOD is used as an input to the computation
of the SARA-based irradiance (Figure 6c) while the 3-km MODIS AOD is used as an input to the
computation of the MODIS-based irradiance (Figure 6d). Obviously, the SARA-based scheme captures
spatial variations much better than the MODIS-based scheme. Not only are the SARA-based estimates
in better agreement with ground-based measurements, but they also better represent spatial variations
throughout the landscape.
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3.5. Comparison with Other Studies

The comparison of the SARA-based estimations provided by our hybrid approach with
other studies is based on the results from three papers: Bisht and Bras [46], Roupioz et al. [47],
and Rutan et al. [48].

Bisht and Bras [34] estimated SW radiative fluxes with the BB10 methodology over the SGP under
cloud-free conditions in 2006. They validated estimated fluxes with ground-based measurements at
21 stations and reported RMSEs of 42 W·m−2 and 39 W·m−2 and biases of 18 W·m−2 and 23 W·m−2

for global irradiance and net flux, respectively. Their results are close to our findings although the
RMSE of our SARA-based global irradiance is 16 W·m−2 lower.

Roupioz et al. [37] used Yang’s et al. [25] model together with MODIS land and atmospheric
products, including the MODIS standard AOD product, and a DEM to account for the topography
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of the rugged Tibetan Plateau. They validated MODIS-based global irradiance and net flux with
ground-based measurements at the Qomolangma station under cloud-free conditions in 2009.
For global irradiance and net flux, respectively, they reported RMSEs of 49 W·m−2 and 44 W·m−2,
biases of 11 W·m−2 and 23 W·m−2, and R2 values of 0.89 and 0.73. Their net flux results are comparable
to our findings while the RMSE of our SARA-based global irradiance is half as large.

Rutan et al. [38] validated the CERES/SARB data product with ground-based measurements at
20 stations over the SGP under cloud-free conditions in 2001. They obtained a RMSE of 18 W·m−2 and
a bias of 3 W·m−2 for the global irradiance product. Their RMSE is comparable to our result while
their bias is better.

4. Discussion

The validation showed that better retrieval was obtained using the SARA-based modeling scheme
for downward surface SW fluxes, and especially for direct irradiance. However, the validations of both
schemes were affected by the temporal difference between the MODIS overpass time, which is the
time used in the computation, and the 15-min average ground observations.

There are several sources of error to be discussed. One is the identification of cloud-free days
that was based on MODIS LST. A simple test was conducted by identifying cloudy conditions based
on the difference between the ground measurements and the TOA irradiance. The results showed
that identified days using this method differed from the ones identified with MODIS LST (which is
based on the MODIS cloud fraction product). This discrepancy can affect the estimation of fluxes,
particularly diffuse irradiance under cloud-free conditions.

The uncertainties of the MODIS-derived land and atmospheric parameters influence the accuracy
of estimated fluxes. Inconsistencies between MODIS-based estimates and SGP observations are
probably related to uncertainties in the retrieval of MODIS AOD. Not only is the spatial resolution
coarse, but the MODIS DT aerosol retrieval algorithm is sensitive to land surface characteristics, and
according to results from Levy et al. [20], the MODIS DT algorithm underestimates AOD by 0.02 or
more at sites with a NDVI larger than 0.6. Therefore, the relatively large errors of MODIS-based fluxes
over the study area may be attributed to dark land surfaces over the SGP.

The main limitations of our hybrid scheme are the assumptions of a constant single scattering
albedo and asymmetry factor over the study area and that retrieval of surface SW fluxes is restricted
to cloud-free conditions. Single scattering albedo and asymmetry factors are retrieved using SARA
and AOD from the CART AERONET site, and are assumed to be constant over the entire study area
on the day of retrieval. This assumption may not be valid for all SGP sites, for example, E21 and E36
are approximately 170 km and 100 km away from the retrieval site, respectively. For our scheme to
be applicable at regional to global scales, we need more AREONET sites to account for the spatial
variability of the single scattering albedo and asymmetry factor. To account for cloudy conditions and
the effects of clouds on surface SW fluxes, our scheme could be improved in the future by incorporating
cloud data from MODIS and the cloud transmittance scheme described by Stephens et al. [40].

The validation also showed that estimated net surface SW radiative fluxes are less accurate
than estimated downward irradiances and that the difference between the SARA- and MODIS-based
schemes is smaller. Even if this lower accuracy is mainly due to uncertainties in MODIS albedo, it may
also be caused by spatial and temporal mismatches between satellite- and ground-based observations;
the schemes use the eight-day MODIS albedo, and if the vegetation cover changes during an eight-day
period, then changes in albedo introduce errors in net flux estimates.

Overall, the SARA-based estimates agree better with ground-based observations than
MODIS-based estimates, as well as with earlier studies such as Bisht and Bras [37] and
Roupioz et al. [38]. Another advantage of the proposed hybrid scheme is its capability to retrieve
high-resolution SW radiative fluxes over all types of surfaces, including bright and dark surfaces
under clear and turbid atmospheric conditions. Therefore, our SARA-based hybrid scheme is suitable
for driving land surface models such as GEWEX [41] and CCSM [42] to better predict land surface
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processes, under the likely assumption of future access to all-sky radiative fluxes. High-resolution
flux data can also bridge the gap between existing coarse-resolution products and point-based field
measurements and be used to validate coarse-resolution data.

5. Conclusions

This study estimated surface SW radiative fluxes for all cloud-free days over the study area within
the SGP in 2014 and successfully evaluated the estimated fluxes with ground-based pyranometer
measurements at 13 sites. Using radiative transmittance factors from Yang et al.’s [25] model, fluxes
were estimated in two ways: firstly, by applying the SARA-based scheme, namely based on AOD
retrieved from SARA and ground-based measurements at the CART AERONET site, and secondly,
by applying the MODIS-based scheme, namely based on the new Terra MODIS 3-km AOD.
Several other Terra MODIS land and atmospheric products were also used as an input to both schemes,
including geolocation properties, water vapor amount, total ozone column, surface reflectance,
and TOA radiance. The validation results show higher accuracy for the SARA-based scheme compared
to the MODIS-based scheme, especially for direct and diffuse irradiances, where SARA-based direct
and diffuse irradiances are about two times more accurate. This relatively large difference between the
schemes is mainly due to the different aerosol data used. Not only the coarse resolution of MODIS
AOD, but primarily the MODIS DT algorithm induces errors in the estimated fluxes. It should be noted
that the SARA-based scheme obtained smaller or similar RMSE for global irradiance, also compared to
other studies by Bisht and Bras [46], Roupioz et al. [47], and Rutan et al. [38]. Another advantage of
the SARA-based scheme, as compared to the MODIS-based scheme and the CERES/SARB data
product [38], is that it produces higher-resolution fluxes that are necessary to represent spatial
variability throughout a landscape. However, a future development of the SARA-based scheme
is needed to account for cloudy conditions by incorporating MODIS cloud data and the scheme for
cloud transmittance described by Stephens et al. [40]. The schemes were also used to estimate net SW
radiative fluxes. However, for both schemes, validation showed lower accuracies compared to global
irradiance and its direct and diffuse components. This is mainly due to uncertainties in the coarse
resolution MODIS albedo and, therefore, estimation of net fluxes should be improved by using higher
temporal resolution albedo products.

The main purpose of our proposed hybrid approach is to provide estimation possibilities
for higher-resolution surface SW radiative fluxes to be used at the regional to global scales.
However, such regional to global applications require a spatially distributed network of AERONET
sites. Using only one AERONET site leads to errors in the computation. However, under the likely
assumption of future access to a larger network, our study results show that our hybrid scheme enables
estimations of fluxes for modeling and planning purposes in various areas, such as solar energy
applications and land and climate models at the regional to global scales.
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AERONET AErosol RObotic NETwork
AOD Aerosol Optical Depth
AP Asymmetry parameter
ARM Atmospheric Radiation Measurement
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DB Deep Blue
DEM Digital elevation model
DT Dark Target
EF Extended facility
LST Land Surface Temperature
MFRSR Multi-filter Rotating Shadowband adiometer
MODIS MODerate resolution Imaging Spectroradiometer
NDVI normalized difference vegetation index
NIP Normal Incidence Pyrheliometer
NSSR Net Surface Shortwave Radiation
PSP Precision Spectral Pyranometers
SARA Simplified Aerosol Retrieval Algorithm
SGP Southern Great Plains
SIRS Solar Infrared Radiation Stations
SSA Single scattering albedo
SW Shortwave
TOA Top of Atmosphere
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