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Incident shortwave radiation (ISR) at the surface is an essential parameter in the land surface radiation budget
and inmany land surface processmodels. Incident photosynthetically active radiation (PAR) is required bynearly
all terrestrial ecosystem models. Although several global radiation products from numeric models and satellite
observations have been released, their coarse spatial resolutions and low accuracy, especially at high altitude
regions, limit their applications in land community. In this study, the Global LAnd Surface Satellite (GLASS) ISR
and PAR products are developed based on an improved look-up tablemethod from2008 to 2010 at a 5 km spatial
resolution and a 3 hour temporal resolution, the first global radiation products at such high resolutions,
from multiple polar-orbiting and geostationary satellite data, including the Moderate Resolution Imaging
Spectroradiometer (MODIS), the Meteosat Second Generation (MSG2) SEVIRI, the Multi-functional Transport
Satellite (MTSAT)-1R, and the Geostationary Operational Environmental Satellite (GOES) Imager. The look-up
table algorithm primarily considers the influences of surface elevation, atmospheric water vapor because
sensitivity experiments indicate that ISR and PAR are more sensitive to surface elevation, and less sensitive to
atmospheric profiles and ozone amount. The water vapor absorption has strong impact on ISR but weak on
PAR. Moreover, the surface bi-directional reflectance distribution function (BRDF) is taken into account to
retrieve spatially and temporally continuous surface reflectances from the geostationary satellite observations,
which is an input parameter in the revised look-up table method. Ground-based measurement data from 34
sites are used to validate the improved algorithm and the GLASS products. The validation results of the
instantaneous ISR and PAR products at all validation sites are notably good with coefficient of determination
values of 0.83 and 0.84, respectively, and root mean square error values of 115.0 Wm−2 and 49.0 Wm−2,
respectively. We also aggregate the GLASS ISR product for comparing with the corresponding ISCCP and CERES
data at 7 SURFRAD sites and demonstrate that the GLASS ISR product is more accurate. The GLASS ISR and PAR
products have been made publicly available.
© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Incident shortwave radiation (ISR) from 0.3 to 3 μm at the land
surface is an important parameter in the surface radiation budget
(SRB) (Liang et al., 2006; Lu, Liu, Liu, & Liang, 2010) and drives the
weather processes through latent and sensible heat fluxes and
longwave emission, ultimately influencing the Earth's climate system
(Wang, Dickinson, Wild, & Liang, 2010a, 2010b; Wu, Zhang, Liang,
Yang, & Zhou, 2012). Similarly, incident photosynthetically active radia-
tion (PAR) from 0.4 to 0.7 μm is a crucial parameter in ecosystem and
climate change models by controlling the exchange of water vapor
and carbon dioxide between vegetation and atmosphere (Frouin &
McPherson, 2012; Frouin, McPherson, Ueyoshi, & Franz, 2012).
Moreover, PAR is an indispensable parameter for the estimation of
the gross primary production (GPP) or the net primary production
(NPP) (Liang et al., 2006; Running, Nemani, Glassy, & Thornton, 1999;
Running, Thornton, Nemani, & Glassy, 2000). Knowledge of the spatial
and temporal distributions of PAR is essential to elucidating the bio-
geochemical cycles of carbon, nutrients, and oxygen (Liang et al.,
2006; Van Laake & Sanchez-Azofeifa, 2004).

Currently, there are several surface radiation measurement
networks, such as the Global Energy Balance Archive (GEBA) (Gilgen
& Ohmura, 1999), the Baseline Surface Radiation Network (BSRN)
(Ohmura et al., 1998),the Surface Radiation Budget Network
(SURFRAD) (Augustine, Deluisi, & Long, 2000; Augustine, Hodges,
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Cornwall, Michalsky, & Medina, 2005), the Atmospheric Radiation
Measurement (ARM), the GEWEX Asia Monsoon Experiment (GAME/
AAN), the Greenland Climate Network (GC-net), and the FLUXNET
(Baldocchi et al., 2001). However, the networks provide relatively
few surface radiation measurements in the high altitude areas (Liang,
Wang, Zhang, & Wild, 2010; Van Laake & Sanchez-Azofeifa, 2004),
and a worldwide observation network for incident PAR has not been
established (Yang, He, Tang, Qin, & Cheng, 2010). Thus, modeling tech-
niques usingmeteorological and remote sensingmeasurements are the
practical methods for mapping ISR and PAR due to their large spatial
coverage and scales (Liang et al., 2010). The ground-based networks
can help identify the source of radiation budget errors in the SRBparam-
eters derived from the developed models or the global circulation
models (GCMs) (Gautier, Diak, & Masse, 1980; Liang et al., 2006).

There have been many reports on ISR estimation from the relative
sunshine duration hours and other meteorological data (Angstrom,
1924; Muneer, Younes, & Munawwar, 2007; Paulescu & Schlett, 2003;
Psiloglou & Kambezidis, 2007; Yang et al., 2010). The most widely
used method is the relative sunshine hour duration method proposed
by Angstrom (1924) and has been implemented and evaluated in vari-
ous regions, however, the coefficients of these developed models are
always site-dependent (Liu et al., 2009; Yang et al., 2010). In addition
to the relative sunshine duration hour models, the ISR can also be ob-
tained from other meteorological data such as temperature (Meza &
Varas, 2000). Similar to the ISR retrieval, PAR can also be estimated
from the relative sunshine duration hours and meteorological data.
Qin, Yang, Liang, and Tang (2011) developed a method to estimate the
daily mean PAR under all sky conditions based on relative sunshine
data and the validated results at 7 SURFRAD stations indicate that
the PAR estimation based on the relative sunshine duration hours is
reasonable.

Besides the ground-based radiationmodels, satellite remote sensing
is an alternative method for mapping both ISR and PAR at the regional
Table 1
A description of the site conditions.

Site Network Latitude

Bondville SURFRAD 40.05
FortPeck SURFRAD 48.31
Goodwin Creek SURFRAD 34.25
Penn State SURFRAD 40.72
Sioux Falls SURFRAD 43.73
Boulder SURFRAD 48.31
Desert Rock SURFRAD 36.63
ARM-SGP Main AmeriFlux 36.61
Audubon Research Ranch AmeriFlux 31.59
Brookings AmeriFlux 44.35
Fermi_Agricultural AmeriFlux 41.86
Flagstaff Managed Forest AmeriFlux 35.14
Flagstaff UnManaged Forest AmeriFlux 35.09
Neustift CarbonEuropeIP 47.12
Lonzee CarbonEuropeIP 50.55
Vielsalm CarbonEuropeIP 50.31
Laegeren CarbonEuropeIP 47.48
Oensingen2 crop CarbonEuropeIP 47.29
Bily Kriz-Beskidy Mountains CarbonEuropeIP 49.50
Bily Kriz grassland CarbonEuropeIP 49.49
CZECHWET CarbonEuropeIP 49.02
Moldova AERONET 47.00
Alta_Floresta AERONET −9.87
CEILAP-BA AERONET −34.57
Kherlenbayan Ulaan AsiaFlux 47.02
Arou COIRAS 38.04°
Changwu COIRAS 35.20
Dayekou COIRAS 38.53
Dingxi COIRAS 35.56
Dongsu COIRAS 44.09
Tongyu COIRAS 44.57
Yingke COIRAS 38.86
Yuzhong COIRAS 35.95
Zhangye COIRAS 39.09
and global scales (Cano et al., 1986; Harries et al., 2005; Laszlo et al.,
2008; Liang et al., 2007; Liu, Liang, He, Liu, & Zheng, 2008; Mueller,
Matsoukas, Gratzki, Behr, & Hollmann, 2009; Olofsson, Van Laake, &
Eklundh, 2007; Pinker & Laszlo, 1992; Ryu, Kang, Moon, & Kim, 2008;
Shahi et al., 2010; Van Laake & Sanchez-Azofeifa, 2004; Zhang, Rossow,
& Lacis, 1995; Zhang, Rossow, Lacis, Qinas, & Mishchenko, 2004; Zheng,
Liang, &Wang, 2008). Currently, there are several satellite-derived solar
radiation products, such as the International Satellite Cloud Climatology
Project — Flux Data (ISCCP-FD), the Clouds and the Earth's Radiant En-
ergy System — Monthly Gridded Radiative Fluxes and Clouds (CERES-
FSW), the Global Energy andWater-cycle Experiment — Surface Radia-
tion Budget (GEWEX-SRB), and the Climate Monitoring Satellite Appli-
cation Facility (CM-SAF) datasets.

Although long-term ISR and PAR products have been generated,
their coarse spatial resolutions remain insufficient for land-surface
models and other applications. Moreover, the validation results of
the current radiation products are not as good as expected especial-
ly in highly polluted and high altitude areas. Gui, Liang, Wang, Li,
and Zhang (2010) validated three satellite-based downward
surface shortwave irradiance datasets (GEWEX-SRB, ISCCP-FD, and
CERES-FSW) and demonstrated large biases in Southeast Asia, the
Tibet Plateau, and Greenland. Thus, new global radiation products
with greater accuracy and higher spatial resolution must be
developed.

This paper presents the algorithms for generating the Global
LAnd Surface Satellite (GLASS) ISR and PAR products from both polar-
orbiting and geostationary satellite remote sensing data. The overview
of the GLASS products has been recently published (Liang et al., 2013).
The geostationary satellite data have a fine temporal resolutionwithout
covering high-latitude regions, but the polar-orbiting satellite data are
of high frequency in those regions due to orbit convergence. Integrating
both types of data enables the generation of high spatial and temporal
resolution solar radiation products.
Longitude Elevation (m) Land cover

−88.37 213 Cropland
−105.10 634 Grassland
−89.87 98 Pasture
−77.93 376 Cropland
−96.62 473 Grassland

−105.24 1689 Grassland
−116.02 1007 Desert
−97.49 314 Grassland

−110.51 1469 Grassland
−96.84 510 Grassland
−88.22 225 Cropland

−111.73 2160 Forest
−111.76 2180 Forest

11.32 1095 Forest
4.74 165 Cropland
6.00 491 Forest
8.37 645 Forest
7.73 450 Cropland

18.54 862 Forest
18.54 837 Forest
14.77 425 Cropland
28.82 205 Urban

−56.10 277 Grassland
−58.50 10 Grassland
108.73 1235 Grassland
100.46° 3033 Grassland
107.67 968 Grassland
100.25 2899 Grassland
104.59 1928 Grassland
113.57 1024 Grassland
122.88 153 Grassland
100.41 1529 Cropland
104.13 1794 Grassland
100.30 1456 Grassland



Fig. 1. The spatial distribution of 34 sites used in this study.

320 X. Zhang et al. / Remote Sensing of Environment 152 (2014) 318–332
There are algorithms for estimating the solar radiation from individ-
ual satellite data, but this study is the first attempt to map ISR and PAR
globally at a 5 km spatial resolution and a 3 hour temporal resolution
from both MODIS, a polar-orbiting satellite sensor, and several geosta-
tionary satellite data, such as the Meteosat Second Generation (MSG)
SEVIRI, the Multi-functional Transport Satellite (MTSAT)-1R, and the
Geostationary Operational Environmental Satellite (GOES) Imager. We
have also significantly refined the algorithms in several areas, explicitly
considering the ozone and the water vapor absorption, surface eleva-
tion, and bi-directional reflectance distribution function (BRDF) effects.
An extensive validation has also been performed. This paper is orga-
nized as follows: The ground measurements and satellite data used in
this paper are introduced in Section 2; the implementation of the algo-
rithms and the important related issues are discussed in Section 3; the
global mapping and evaluation of ISR and PAR are shown in Section 4;
and a short summary is provided at the end of this paper.
2. Data

2.1. In situ data

Ground measurements of ISR and PAR at 34 sites across the world
are used for validation and their basic information is presented in
Table 1. These sites are parts of surface radiation networks mentioned
in the Introduction of this paper. The land cover types of these sites
include cropland, grassland, urban, and forest. These sites are located
in contrasting climatic zones, covering a wide latitude range from
−35° to 50° and a longitude range from −120° to 120° as illustrated
Table 2
The detailed information of the satellite data used in this study.

Sensors Product Spatia

MODIS TOA radiance (MOD02&MYD02) 500 m
Geographical location (MOD03 &MYD03) 500 m
Surface reflectance (MOD09A1) 500 m
Water vapor (MOD08) 1°

GOES11 imager TOA radiance (visible band) 1 km
GOES12 imager TOA radiance (visible band) 1 km
MSG2 SEVIRI TOA radiance (visible band) 1 km
Mtsat-1r imager TOA radiance (visible band) 1 km
in Fig. 1. Ground measurements of ISR and PAR were collected every
3 min at the SURFRAD site. Incident PAR was measured every 2 min at
the AERONET site, and ISR and PAR were released every 30 min at the
Asiaflux, the Ameriflux, and the CarbonEuropeIP sites. The ISR and
PAR were provided in thirty-minute averages at the COIRAS sites.
2.2. MODIS data

The MODIS sensors onboard the Terra and Aqua satellites have 36
spectral bands ranging from the visible to the thermal-infrared spec-
trum. The spatial resolution varies from 250 m (bands 1 and 2) to 500
m (bands 3 to 7) and 1000 m (band 8 to 36). The MODIS sensors view
the entire Earth every 1 or 2 days. The top-of-atmosphere (TOA) radi-
ance (MOD02andMYD02) of the blue band (band3) is used to calculate
ISR and PAR in this study. Moreover, the MODIS geolocation dataset
(MOD03 and MYD03), land surface reflectance product (MOD09A1)
(Vermote, Saleous, & Justice, 2002), and the precipitable water product
(MOD08_D3) are also used (Hubanks, King, Platnick, & Pincus, 2006).
The geolocation dataset provides geodetic coordinates, ground eleva-
tion, solar and satellite zenith, and the azimuth angle for each 1 km
MODIS sample. The land surface reflectance products (MOD09A1) pro-
vide an estimate of the surface spectral reflectance at a 500m resolution
and an 8-day gridded level-3 product. The MODIS atmospheric precipi-
table water product (MOD08_D3) is produced from near-infrared
bands. Under cloudy conditions, the water vapor column above the
clouds is used instead of the total water vapor amounts because the in-
fluence of the amount ofwater vapor on solar radiation, especially in the
visible band, is not at the dominant position under cloudy conditions.
l resolution Temporal resolution Map projection

Instantaneous Geographic Lat/Lon (swath)
Instantaneous Geographic Lat/Lon (swath)
8 days Sinusoidal
1 day Geographic Lat/Lon (grid)
3 h Geographic Lat/Lon (disk)
3 h Geographic Lat/Lon (disk)
15 min Geographic Lat/Lon (disk)
1 h Geographic Lat/Lon (grid)



Fig. 2. The spatial coverage of the geostationary satellites used to generate global ISR and PAR in this study.
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However, the influence of water vapor on the solar radiation estimation
at the surface cannot be ignored under clear-sky conditions. The de-
tailed information of the MODIS and the geostationary satellite data
used in this study are summarized in Table 2.
2.3. Geostationary satellite data

The TOA radiance of geostationary satellite visible band data, includ-
ing GOES11, GOES12,MSG2, andMTSAT-1r data, is used to generate ISR
and PAR. The spatial coverage of the selected geostationary satellite is
shown in Fig. 2. Although the satellites cover the latitude range from
60°S to 60°N across the world, missing gaps remain on the continent
of Eurasia and thehigh latitude areas. Thus, both polar-orbiting and geo-
stationary satellite data are used to ensure global coverage. GOES11 is
designated GOES-West and is located at 135°W over the Pacific Ocean,
whereas GOES12 is designated GOES-East and is located at 75°W over
the Amazon River. The imaging instrument on the current GOES has
one visible band and four bands in the infrared spectrum. The GOES im-
agers acquire observationswith high spatial (≥1 km) and temporal res-
olutions (≥15 min) (Otkin, Anderson, Mecikalski, & Diak, 2005). The
main payload of the MSG2 satellite carries an optical imaging radiome-
ter called the Spinning Enhanced Visible and Infrared Imager (SEVIRI).
SEVIRI collects images with 1 km spatial resolution at visible bands
every 15min, compared to three bands every 30min for the comparable
instrument on Meteosat. The Multi-functional Transport Satellite
(MTSAT) series succeeds the Geostationary Meteorology Satellite
(GMS) series. The MTSAT series satellites are located in a geostationary
orbit 35,800 km above the equator at 140°E or 145°E. TheMTSAT series
carries a new imager with a new infrared channel (IR4) in addition to
the four channels (VIS, IR1, IR2, IR3) of the GMS-5. The spatial resolution
is 1 km (VIS) and 4 km (IR) at the sub-satellite point.

As shown in Table 2, the spatial resolution and themap projection of
different satellite data or products are different. To generate global ISR
and PAR with 5 km spatial resolution and to reduce the computational
time, all of the satellite data utilized in this study are aggregated to
5 km spatial resolution. TheMODIS TOA radiance data and geographical
location data are converted to a sinusoidal projection to enable the di-
rect use of the MODIS surface reflectance data, which are also provided
in a sinusoidal projection. The geostationary satellite data are also con-
verted to a sinusoidal projection to generate global ISR and PAR through
the combination of MODIS-derived ISR and PARwith the corresponding
data derived from the geostationary satellite.
3. Methodology

To obtain the global coverage, the ISR and PAR for each satellite data
are first estimated, and then integrated. The flowchart of the algorithm
is shown in Fig. 3. In the following sections, we will introduce the
improved LUT method, and discuss more technical details.

3.1. The LUT method

The LUTmethod, proposed by Liang et al. (2006), attempts to estab-
lish the relationship between incident solar radiation at the surfacewith
the TOA radiance measured by satellite sensors. Liang et al. (2006) de-
veloped the LUT approach for estimating instantaneous incident PAR
from MODIS data and evaluated the retrieved PAR using ground mea-
surements from 7 FLUXNET sites. Zheng et al. (2008) applied the LUT
method to derive PAR using GOES data. An operational system was de-
veloped to generate instantaneous and daily PAR using MODIS data
with several improvements by Liu et al. (2008), which included utilizing
MODIS 1B data by combining MODIS land surface products and BRDF
model parameters to estimate diffuse PAR, direct PAR, and total PAR
and by removing the noise and cloud contamination of land surface re-
flectance. Lu et al. (2010) extended the LUT method to estimate ISR
using GMS5 visible imagery. The retrieved daily PAR was compared
with the ground measurements for one year at 96 stations in China
with a correlation coefficient of ~0.9 and a bias of 1.5%. Compared
with certain existing approaches, the LUT method requires only the
parameters observed by remote sensing, instead of cloud and aerosol
optical thickness, which require retrieval by more complex models,
causing lager errors for ISR and PAR estimation.

Although the LUTmethodwas used to estimate solar radiation espe-
cially PAR from individual satellite data, the global ISR and PAR products
have not been generated based on the LUTmethod usingmultiple satel-
lite data. Thus, we attempt to present an operational scheme tomap ISR
and PAR globally with an improved LUT method at a 5 km spatial reso-
lution and a 3 hour temporal resolution from both MODIS, a polar-
orbiting satellite sensor, and several geostationary satellite data in this
study. The influences of surface elevation, atmospheric water vapor,
and a surface bi-directional reflectance distribution function (BRDF)
on ISR and PAR estimation are taken into account. The surface elevation
is one of the important input parameters in the LUT. An empirical meth-
od is used for the water vapor correction of ISR. The BRDF parameters
derived from the geostationary satellite “clearest” observations are
used to estimate the surface reflectance under cloudy conditions. Two



Fig. 3. The primary procedure of the LUT method used to generate global ISR and PAR products.

Table 3
Summary of crucial parameters for generating a look up table (LUT) through MODTRAN.

Input parameters Values

Solar zenith angle 0°, 15°, 30°, 45°, 55°, 65°, 75, 85°, 90°
View zenith angle 0°, 20°, 40°, 60°, 80°
Relative azimuth angle 0°, 30°, 60°, 90°, 120°, 150°, 180°
Surface altitude 0.000 km, 1.500 km, 3.000 km, 4.500 km, 5.900 km
Aerosol type Rural aerosol
Cloud type Altostratus cloud
Aerosol loadings (visibility) 5, 10, 20, 30, 100 (km)
Cloud optical thickness 1, 2, 3, 5, 10, 25, 50, 70, 128 (km−1)
Water vapor amount Default value
Ozone amount Default value
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look-up tables are created by integrating the visible band spectral re-
sponse function in two steps for each sensor through radiative transfer
simulation by MODTRAN (Anderson et al., 1999). The first table is used
to compare the actual TOA reflectance with the simulated TOA reflec-
tance to derive the atmospheric conditions; the second table is used to
estimate the instantaneous ISR and PAR at the surface using the atmo-
spheric conditions derived from the first look-up table. The detailed in-
formation of the parameters established for the creation of the two LUTs
mentioned above during radiative transfer simulation is summarized in
Table 3. The implementation of these two LUTswill be introduced in the
following sections.

The look-up table works only when the output is linear with respect
to changes in the independent variables and when the interactive ef-
fects of different variables are weak (Liang et al., 2006; Lu et al., 2010).
To better evaluate the interactions of these atmospheric input variables
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Fig. 4. Sensitivity of PAR and ISR estimates to atmosphere profiles. The atmospheric
condition is represented by a mid-latitude winter atmosphere with a rural aerosol type.
Other input atmospheric variables are set as constants (solar zenith angle, 0°; visibility,
90 km; surface albedo, 0.2; cloud extinction coefficient, 1 km−1). Trp, MLW, MLS, AW,
AS, and 1976US represent the tropical, mid-latitude winter, mid-latitude summer, Arctic
winter, Arctic summer, and 1976 US standard atmosphere profiles, respectively.
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in the LUT, a sensitivity analysis of the atmosphere profiles, ozone level,
water vapor amount, surface elevation, and aerosol model is performed
in the study. The six standard atmosphere profiles (tropical, midlatitude
winter,midlatitude summer, sub-Arcticwinter, sub-Arctic summer, and
1976US standard)were employedwith specified atmosphere variables.
The influences of the atmosphere profiles on the estimation of ISR and
PAR are illustrated in Fig. 4. The standarddeviation (STD) of the simulat-
ed ISR and PAR values with selected atmosphere profiles is 22 Wm−2

and 2.2 Wm−2, respectively. The large STD of the ISR is caused by the
Arctic winter profiles; the STD is reduced to 7Wm−2 when these atmo-
sphere profiles are excluded. Thus, we can conclude that the ISR and
PAR simulations are not sensitive to the atmosphere profiles for this al-
gorithm, which is consistent with the results obtained by Liang et al.
(2006).

The sensitivity experiments used to determine the dependence of
ISR and PAR on ozone levels are shown in Fig. 5 atmid-latitude summer
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Fig. 5. Sensitivity of (a) ISR and (b) PAR to variations in the amounts of ozone and water vapor
rural aerosol type. Other input atmospheric variables are set as constants (water vapor amoun
atmospheric profiles using a rural aerosol model under cloud-free
conditions and a visibility of 90 km, which is considered a very clear at-
mospheric condition. The other atmospheric parameters are set as con-
stants in MODTRAN. As shown in Fig. 5, the ISR and PAR estimates vary
by approximately 30Wm−2 and 20 Wm−2, respectively, at the surface
with the increasing ozone from 0.0 to 0.8 atm-cm. However, the
amount of ozone does not change significantly under most conditions.
Under other relatively hazy/cloudy air conditions, the influence of the
ozone level is smaller. Thus, ozone is set as a constant in the simulation,
and the effects of ozone are not corrected in our algorithm. The effects of
water vapor on the estimation of ISR and PAR are also shown in Fig. 5.
Water vapor has a significant effect on ISR but is insignificant in terms
of the PAR calculation because the absorption of water vapor occurs
primarily in the infrared band (Liu et al., 2008). Therefore, a simple
water vapor correction function is applied to the ISR product.

The effects of surface elevation on ISR and PAR are also important
and cannot be ignored, and there are many published reports on this
topic (Dubayah, 1992; Wang, Zhou, Liu, & Sparrow, 2005). Surface
elevation effects are a dimension considered in the look-up table in
our algorithm. The variations in the ISR and PAR estimateswith changes
in the surface elevation are described in Fig. 6. We conclude that the in-
fluences of surface altitudes on ISR and PAR are significant under both
cloudy conditions and cloud-free conditions and cannot be neglected.
The surface elevation may cause an error of up to 100 Wm−2 and is
a significant source of error in ISR and PAR estimation. For example,
this effect is the most likely reason that a number of current radiation
products have large errors over the Tibetan Plateau.

To evaluate the effects of aerosol models on ISR and PAR simulations
usingMODTRAN,we select four basic aerosol modes to represent atmo-
spheric turbidity inMODTRAN. The sensitivities of ISR and PAR to select-
ed aerosol modes (rural, maritime, urban, and tropospheric) under
cloud-free conditions with 23 km of visibility are shown in Fig. 7; this
comparison shows that ISR and PARhave similar sensitivities to the var-
ious aerosol modes. In addition, the rural, maritime, and tropospheric
aerosol modes do not have a significant influence on ISR and PAR,
whereas the urban aerosol mode does have an effect. The maritime
and urban aerosol modes affect the largest difference, reaching approx-
imately 60 and 29 Wm−2 for ISR and PAR, respectively, due to the
strong absorption of solar radiation by urban aerosols. These results
are consistent with the findings of Lu et al. (2010). The retrieval of ISR
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. The atmospheric condition is represented by a mid-latitude summer atmosphere with a
t, 2.0 gm/m2; visibility, 90 km; albedo, 0.20).
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and PAR is affected by the distinct characteristics and size distributions
of different aerosol modes under cloud-free conditions, especially in
highly polluted regions (Wang, Liang, Liu, & Zheng, 2010). However,
the influences of the aerosol modes on the estimation of solar radiation
at the surface are not implemented in this algorithmbecause the aerosol
influences are insignificant under cloudy conditions and significant
under clear-sky conditions.
3.2. ISR and PAR estimation based on the LUT

Once the two LUTs are generated through radiative transfer simula-
tion, we can derive the ISR and PAR. The workflow for searching for the
look-up tables is as follows. First, we calculate the TOA reflectance or ra-
diance using the digital numbers (DNs) for the corresponding bands
from the actual satellite observational data. Then, we either derive the
surface reflectance data either from theMODIS land surface reflectance
data (MOD09A1) or estimated through the kernel driven models
for geostationary satellites, which will be described in detail in
Section 3.3. Next, we calculate the TOA radiance for each atmospheric
condition ranging from the clearest conditions (high surface meteoro-
logical range) to the cloudiest conditions (high cloud extinction
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Fig. 7. Sensitivity of (a) PAR and (b) ISR to aerosolmodes under different solar zenith angles. Th
atmospheric variables are set as constants (water vapor, 2.0 gm/m2; visibility, 23 km; albedo, 0
coefficient) under certain geometries using the generated LUT at the
satellite level. Then, the actual TOA radiance derived from the selected
sensors' bands is compared with the calculated radiances under all of
the atmospheric conditions and certain geometries using the TOA LUT
to retrieve the atmospheric index, which is defined as the index of the
atmospheric condition in the study. Finally, incident solar radiation at
the surface can be obtained using the retrieved atmospheric index and
the derived surface reflectance under certain geometries using the
LUT at the surface level.
3.3. Determination of the surface reflectance

The determination of surface reflectance is one of the most impor-
tant tasks for ISR and PAR estimation based on the LUTmethod. Because
the characteristics are different for different sensors or satellites, the re-
trieval of the surface reflectance is divided into two types. The MODIS
land surface reflectance products (MOD09A1) are used as the input pa-
rameters for the MODIS sensor. However, for geostationary satellites,
the minimum TOA blue band reflectance method is employed to derive
the surface reflectance (Liang et al., 2006). Although the MODIS
MOD09A1 products provide the surface reflectance in an 8-day period
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in the absence of clouds or cloud shadows and aerosol loadings, the sur-
face reflectance for the MODIS sensor data remain contaminated by
clouds. Thus, the MODIS 8-day composite land surface reflectance blue
band data are processed using a time-series based method to reduce
the influences of clouds and snow (Tang et al., 2013), and the processed
data are then utilized to retrieve ISR and PAR.

For the geostationary satellite, the surface reflectance is obtained
based on the “clearest” observation in the temporal dimension (as-
sumed as 1 month in this study) for each pixel method proposed by
Liang et al. (2006), which is based on the assumption that the surface
reflectance can be determined by assuming the surface is a Lambertian
reflector and the aerosol optical depths are known for the “clearest” ob-
servations. The clearest observations are identified on the basis of their
minimal values in the visible bands.We convert the TOA radiance of the
visible bands into apparent surface reflectance from the LUTs with a
known aerosol visibility value for a very clear atmospheric condition
(a 100 km meteorological visibility range is assumed in this study).
The percentages of 15 of the total observations are identified as the
clearest observations within the temporal window. The land surface
properties may experience a large change during one month. The tem-
poral window of 1–3 months is recommended by Liang et al. (2006).
But we found that lots of detailed variation information of surface
reflectances (e.g. snow) may be ignored if the temporal window is
too long. Similarly, the surface reflectance may be contaminated by
clouds if the temporal window is too short. In our experiments, we
found that the temporal window of one month is more reasonable.
Fig. 8(a) and (c) depicts the retrieved surface reflectances (visible
band) by using one month and half of one month temporal windows
for Mtsat-1r observations at GMT 00:30 on Jan 1st, 2008, respectively.
We can draw that the differences of the retrieved surface reflectances
by using one month and half of one month are small, but the retrieved
results may be influenced due to clouds especially at the low latitude
regions, as shown in Fig. 8. Here a fixed percentage (15%) of the total
observations within the temporal window is used to determine the
number of clear observations. Ideally, it should be variable both spatially
and temporally. More experiments may be needed in the future. These
lowest 15% surface reflectance values, derived for the “clearest” ob-
servations, are regarded as the actual surface reflectance to fit the
RossThick-LiSparse model to characterize the surface bidirectional fea-
ture, which in turn will be utilized to calculate the surface reflectance
for the observations taken under “hazy/cloudy” conditions. The
RossThick-LiSparse model is a weighted function of the isotropic para-
meter and two kernels of viewing and illumination geometry. The
weighted function is presented in the following Eq. (1) (Lucht, Schaaf,
& Strahler, 2000).

ρλ θs; θv;ϕs−ϕvð Þ ¼ f iso þ f volKvol θs; θv;ϕs−ϕvð Þ
þ f geoKgeo θs; θv;ϕs−ϕvð Þ ð1Þ

where ρλ(θs, θv, ϕs − ϕv) is the surface reflectance under specified ge-
ometries. fiso, fvol, and fgeo are the BRDF kernel model parameters. Kvol(θs,
θv, ϕs − ϕv) is the RossThick model used for its assumption of a dense
leaf canopy, and Kgeo(θs, θv, ϕs − ϕv) is the LiSparse kernel used for its
assumption of a sparse ensemble of surface objects casting shadows
on the background. Once the surface reflectance of the clearest days
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for different sensors is given, these surface reflectance values can be
employed to estimate the BRDF parameters (fiso, fvol, and fgeo). The
surface reflectance under cloudy conditions is then calculated using
these BRDF parameters at the specified solar and view zenith angles
based on Eq. (1). The specific description on how the BRDF parameters
are fitted is shown in Appendix I.

3.4. Water vapor correction

Solar irradiances are reduced within the atmosphere. Water vapor
absorbs infrared radiation, and the influence of water vapor on the esti-
mation of the surface radiation is significant, especially in the infrared
band under cloud-free conditions. The water vapor broadband and
spectral transmission parameterization functions have been reported
in the literature (Bird & Hulstrom, 1981; Gueymard, 1995; Psiloglou,
Santamouris, & Asimakopoulos, 2000; Ryu et al., 2008; Van Laake &
Sanchez-Azofeifa, 2004). During the radiative transfer simulations
through MODTRAN, the default amount of water vapor was utilized.
To reduce the water vapor influences on ISR estimation, a simple nor-
malized water vapor transmittance method was used for the water
vapor correction of the solar radiation at the surface. The correction
method is applied only to the ISR estimation (not the PAR estimation)
because water vapor absorption primarily occurs in the infrared spec-
trum. The water vapor transmission rate index Tw can be estimated
using the following equation (Psiloglou et al., 2000):

Tw ¼ 1− 3:014Mu
1þ 119:3Muð Þ0:644 þ 5:814Mu

� � ð2Þ

where M is the optical atmospheric mass, and u is the water vapor
amount in cm. The optical air mass M can be obtained as according to
the following equation:

M ¼ cos θsð Þ þ 0:50572 96:07995−θsð Þ−1:6364
� �−1 ð3Þ

where θs is the solar zenith angle. After thewater vapor transmittance is
calculated, it is normalized by the following equation:

Rw ¼ Tw uð Þ=Tw udð Þ ð4Þ

where Rw is the normalized water vapor transmittance, Tw(u) is the
water vapor transmittance at the water vapor amount u in cm, and
Tw(ud) is the water vapor transmittance at the default amount of
water vapor. The estimated ISR at the surface is then corrected using
the normalized water vapor transmittance Rw.

3.5. Integration procedures

After calculating the ISR and PAR using the improved look-up table
algorithm for different sensors, a fusion method is designed to combine
the results retrieved fromMODIS and the geostationary satellite data to
map the ISR and PAR globally. The MODIS data are used to derive the
solar radiation at the surfaces that are greater than the north and
south latitudes of 60°, and radiation at the lower latitudes is calculated
through a combination of polar-orbiting and geostationary satellite-
derived radiation products.

BecauseMODIS observes the surfacemultiple times at high latitudes,
the LUT method, proposed by Wang, Liang, Liu, and Zheng (2010), is
used to interpolate for the time that is not observed during the day at
high latitudes to fulfill the required 3-hour temporal resolution of this
dataset. This method assumes that the atmospheric condition varies
only slightly during a given period. The ISR and PAR at high latitudes
(higher than the north and south latitudes of 60°) are estimated using
the closest time derived from the satellite using the atmospheric index
under the same atmospheric condition.
The ISR and PAR at lower latitudes (between the north and south
latitudes of 60°) over the land surface are either calculated from the
combination of ISR and PAR derived fromMODIS data and that derived
from the geostationary satellite data or only from the MODIS derived
value, because the selected geostationary satellites do not cover all of
the land surface at the lower latitudes. The predictive surface solar radi-
ation from different sensors is expressed by the variable r, and the
corresponding in-situmeasurement at a given time point is rt. The com-
bination ISR and PAR derived from MODIS data and the geostationary
satellite data can be expressed using the following equation:

F θsð Þ ¼
XR
r¼1

wr Fr θsð Þ ð5Þ

where F(θs) and Fr(θs) are the combined ISR and PAR from each sensor
and those derived from each sensor, respectively. The weight for each
sensor, wr is given by the determination coefficient of the derived
value compared with the ground measurements, which can reflect
how well the derived value from each sensor fits the observed data
and is assumed to have a Gaussian distribution.

4. Generating GLASS solar radiation products

4.1. GLASS products

The algorithms and procedures described above have been imple-
mented to generate the global ISR and PAR products using the Global
LAnd Surface Satellite (GLASS) production system (Zhao et al., 2013).
The GLASS ISR and PAR products are generated through threemain pro-
cedures. First, The MODIS L1B data are converted into a sinusoidal pro-
jection and the surface reflectance is estimated using the described
method for both MODIS and the geostationary satellite data. Then, the
ISR and PAR are approximated using the estimated surface reflectance
based on the two created look-up tables for the visible band of each sen-
sor. Finally, the global ISR and PAR are generated with 5 km spatial res-
olution and 3 hour temporal resolution through the combination of ISR
and PAR from both MODIS and geostationary satellite data. The quality
of the generated ISR and PAR products were primarily dependent on
the sky conditions, snow cover, and surface reflectance. Thus, the
quality of these two products is indicated by a scientific dataset, which
includes information on the cloud state, cloud shadow, surface reflec-
tance quality, and snow cover within a 16-bit unsigned integer.

In this study, both ISR and PAR products for each sensor and global
products from all of the selected satellites are generated. The respective
spatial and temporal resolutions are 5 km and 3 h for GOES11 and
GOES12, 5 km and 1 h for MTSAT, and 5 km and 15min for MSG2, as il-
lustrated in Figs. 9–12. We can obtain the global ISR and PAR products
using only the MODIS data, but certain gaps remain in the derived im-
ages, which is one of the reasons that we utilize both polar-orbiting
and geostationary satellite data to generate the global ISR andPAR prod-
ucts, as illustrated in Fig. 13. The global instantaneous fusion products of
the ISR are shown in Fig. 14, which is provided in a gridded equal-angle
projection with a 5 km spatial resolution and a 3 hour temporal resolu-
tion. The MODIS derived global ISR and that derived from multiple sat-
ellite data have a similar spatial pattern as shown in Figs. 13 and 14.
Because the satellite imagery is a snapshot of the Earth, the direct esti-
mation of solar radiation from the imagery is typically the instantaneous
value. The temporally integrated solar radiation is more significant for
climatic and ecological applications. Thus, we also generate the daily in-
tegrated ISR and PAR using a sinusoidal interpolationmethod to predict
the daily PAR from instantaneous values. The daily integrated global
PAR products estimated from the instantaneous PAR values are shown
in Fig. 15, which have larger values in the northern hemisphere and
smaller values in the southern hemisphere due to the daytime is long
in the northern hemisphere and generally increases as latitude



Fig. 9. The retrieved ISR (a) and PAR (b) using GOES12 data at 14:45 (GMT) and 17:45 (GMT) on November 12, 2008.
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increases in the summer. The generated ISR and PAR products will be
available publicly from the Beijing Normal University Data Center for
Global Change Data Processing and Analysis (http://www.bnu-
datacenter.com/) and the global land cover facility from the University
of Maryland (http://glcf.umd.edu/).

4.2. Validation with ground measurements

Because the ground measurements from the selected radiation net-
work are collected at different time frequencies (2, 3, and 30 min), the
GLASS ISR and PAR products are compared with the 30 min average of
the measured ISR and PAR to reduce the possible mismatch of space
and time at these selected sites. To be consistent, it was assumed that
the radiation components maintain the same value for a period of
time (here for 30 min). The instantaneous estimates of ISR and PAR at
the surface were compared with the ground measurements at the
time closest to the instantaneous retrieved values during the entire
year at SURFRAD, AmeriFlux, CarbonEuropeIP, AERONET, and Asia flux
sites and during the summer season (July, August, and September) at
the COIRAS sites in 2008.

The accuracy was assessed by means of two widely used statistical
estimators [root mean square error (RMSE), and mean bias error
(BIAS)]. The validation results summarized in Table 4 demonstrate
that the GLASS ISR and PAR products are accurate under all sky condi-
tions. The overall coefficient of determination at these sites is 0.83 and
0.84 for ISR and PAR, respectively. The bias values for ISP and PAR are
−6.5 Wm−2 and 5.0 Wm−2, respectively, and the RMSE values are
115.0 Wm−2 and 49.0 Wm−2, respectively. As shown in Table 4, the
validation results at the SURFRAD sites are better than those at other
sites except the Desert Rock site, which may be due to the time scales
released by the data centers. The SURFRAD sites released the measure-
ments every 3min and are always believed to have better quality; how-
ever, a 30 minute average was used for the CarbonEuropeIP and
COIIRAS sites. The validation results at the Desert Rock site show the
maximum RMSE of −55 Wm−2. To obtain more insight in to these
discrepancies at this site, we further investigate the details of this site.
(a)

Fig. 10. The retrieved ISR (a) and PAR (b) using GOES12 data a
The Desert Rock (36.63°N, 116.02°W) site at SURFRAD, which is located
65 miles northwest of Las Vegas, has an elevation higher than 1000 m.
TheDesert Rock land surface is covered byfine rock and scattereddesert
shrubs. We conclude that the systematic errors are primarily due to the
climatic conditions, the altitude, and the absolute accuracy of the py-
rometer at the Desert Rock site. The absolute accuracy of pyrometers
has never been better than 5% or 10 Wm−2 (Dutton, 1993).

Elevation is one of the important factors controlling the accuracy of
radiation retrieval at the surface using satellite observations. Yang
et al. (2008, 2010) pointed out that the accuracy of the satellite short-
wave radiation products was typically greater in highly variable terrain
and less in non-variable terrain and the GEWEX-SRB (V2.5) dataset
much underestimated ISR over the Tibet Plateau. The underestimation
is caused by the discrepant input data among individual satellite prod-
ucts over high altitude regions. As shown in Table 4, the validation re-
sults of GLASS ISR and PAR products have larger discrepancies at high
altitude sites (N1000 m), but a lower bias at low latitude sites, which
is consistent with the conclusions by Yang et al. (2008, 2010). The
COIRAS Arou site (38.04°N, 100.46°E), which is located on the Tibet
Plateau, is a freeze–thaw meteorological observation site located 3032
m above sea level in the Qinghai Province in China. The land surface at
this site is covered by 20–30 cmhigh grasses in the summer. The surface
in this region is frozen from the end of October to May of the following
year. The comparison of the instantaneous GLASS ISR product with
ground measurements shows an average bias of −23 Wm−2 and a
RMSEof 119Wm−2, which indicates that theGLASS ISRproduct is likely
to perform better than other satellite radiation products (Gui et al.,
2010; Yang et al., 2010, 2008). Although the surface elevation is consid-
ered during the radiative transfer simulation for generating GLASS ISR
and PAR products, the atmospheric profile will be altered if the eleva-
tion varies, which will cause errors to obtain the water vapor amount
and will ultimately influence the water vapor correction. Thus, we
conclude that the elevation and the atmospheric profile influences
on ISR and PAR estimation should be further investigated, and that
this estimation will be improved in the next version of the GLASS
products.
(b)

t 14:45 (GMT) and 17:45 (GMT) on November 12, 2008.

http://www.bnu-datacenter.com/
http://www.bnu-datacenter.com/
http://glcf.umd.edu/


Fig. 11. The retrieved ISR (a) and PAR (b) using MTSAT data at 03:30 (GMT) and 06:30 (GMT) on November 12, 2008.
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A comparison of the GLASS ISR products with the ground measure-
ments at the COIRAS sites demonstrates that the GLASS ISR is estimated
with an average determination coefficient of 0.84, but with a higher
than average bias of−13Wm−2.We conclude that the lager discrepan-
cies at the COIRAS sites are caused by themismatch in the time between
the satellite and groundmeasurements (released every 30min on aver-
age), and the high elevation at these sites (mean altitudes greater than
1500 m). In addition to these two factors, the climatic condition may
also cause errors in ISR and PAR estimation. The COIRAS sites are located
in the arid and semi-arid regions of China. In addition, the slight under-
estimation of the surface solar irradiance by GLASS ISR and PAR prod-
ucts could be caused by inappropriate assumptions about aerosol
information (rural) and pollution from certain sites. The small magni-
tude of bias indicates that the overall systematic deviation is negligible.

TheMODISwater vapor amount product is used as input data for the
consideration ofwater vapor correction for ISR estimation. Although the
MODIS water vapor amount product is provided every day, many gaps
remain between swaths, which will also cause errors and strips in gen-
erating the global ISR product. The water vapor dataset will be replaced
with other products with higher spatial and temporal resolutions. The
GLASS instantaneous ISR and PAR products are reasonably accurate
with an average bias of −6.5 Wm−2 and −5 Wm−2, respectively.
(a)

Fig. 12. The retrieved ISR (a) and PAR (b) using MSG2 data a
4.3. Comparison with other products

A major objective of the World Climate Research Programme
(WCRP) and numerous national programs (IPCC, 2007) has been to
obtain accurate estimates of the radiation budget at the global scale.
Currently, the radiation budget component data are available from
numeric models, reanalysis data and from satellite observations. It is
possible to present an assessment of current available estimates as
more information becomes available. To better assess the quality of
the GLASS ISR product and to give a comparison with other data, we
compare the GLASS ISR to results from ISCCP-FD and CERES at 7
SURFRAD sites in 2008. The ISCCP-FD estimates the ISR using a NASA
Goddard Institute for Space Studies (GISS) radiative transfer model
with improved observations of the physical properties of the surface,
atmosphere, and clouds based on the ISCCP data sets at approximately
a 280 km spatial resolution and a 3-hour temporal resolution from
1983 to 2009 (Zhang et al., 1995, 2004).

The CERES ISR product is derived using different models (Model A,
Model B, Model C, and the CALISPO, CERES, Clousat and MODIS
(CCCM) enhanced products). Models A and C are excluded in this
study because only a fewof the retrieved results are valid in this product
version in 2008. The CERES surface shortwave Model B depends on
(b)

t 10:00 (GMT) and 13:00 (GMT) on November 12, 2008.
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Fig. 13. The estimated global instantaneous ISR based on MODIS observations on June 27, 2008.
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simple relationships to estimate the attenuation of the surface insola-
tion by the Earth's atmosphere for both clear- and cloudy-sky condi-
tions (Gupta, Kratz, Stackhouse, & Wilber, 2001). The CCCM enhanced
product is derived froma two-step process. First, three 333m resolution
CALIPSO profiles of one 1.4 kmCloudsat profile are collocatedwith each
1 km MODIS imager pixel using geolocation information. Then, these
1 km data are collocated with 20 km CERES footprints. Subsequently,
we aggregated the spatial resolutions of the GLASS insolation product
to match the ISCCP-FD and CERES, and the validation results are
shown in Table 5. The GLASS product is more accurate than these two
products at these validation sites, but all of these three datasets have a
low precision at the Desert Rock site.

We also compare the latitudinal pattern of the GLASS ISR product
with ISCCP-FD ISR product to give a comprehensive comparison be-
tween these two products. To perform the comparison, we generate
the daily integrated ISR using the sinusoidal interpolation method to
predict the daily integrated ISR from the ISCCP-FD 3 hourly values.
Then, the daily integrated ISR of both GLASS and ISCCP-FD products is
used to calculate the monthly and annual mean product to perform
the comparison. The zonal mean of ISCCP-FD ISR product is calculated
by the area weighted averaging in the latitudinal zone, because the
ISCCP-FD ISR product is provided in gridded equal-angle projection.
We also aggregated the spatial resolutions of the GLASS insolation prod-
uct to match the ISCCP. Fig. 16 shows the latitudinal pattern of the esti-
mated annual mean GLASS ISR compared to that of ISCCP-FD ISR
product in 2009. It is obvious that the GLASS ISR product has similar
latitudinal pattern to the ISCCP-FD data.
(a) (b)

Fig. 14. The estimated global instantaneous ISR product using data from m
5. Conclusions and discussion

High-resolution ISR and PAR data are required for many land appli-
cations. However, the existing global products have coarse spatial reso-
lutions. In particular, long-term series of coarse-resolution PAR data are
not routinely available. PAR is typically obtained by multiplying the ISR
by a constant. In this study, we present a practical scheme to generate
the GLASS ISR and PAR products based on the LUT method from
MODIS and multiple geostationary satellite data. The look-up table
method primarily considers the influences of surface elevation, atmo-
sphericwater vapor, and a surface bi-directional reflectancedistribution
function (BRDF) on ISR and PAR estimation. The GLASS ISR and PAR
products are provided with a 5 km spatial resolution and a 3-hour tem-
poral resolution from 2008 to 2010.

The validation results of the GLASS ISR and PAR at 34 sites from dif-
ferent groundmeasurements are very promising. The overall coefficient
of determination at these sites is 0.83 and 0.84 for ISR and PAR, res-
pectively. The bias is −6.5 Wm−2 and 5.0 Wm−2, and the RMSE is
115.0 Wm−2 and 49.0 Wm−2 for ISR and PAR, respectively. Similar to
other global radiation products, the validation results show that the
retrieved ISR and PAR have larger discrepancies at high altitude sites
but smaller discrepancies at low altitude sites.

The sensitivity analyses presented in this study demonstrate that ISR
and PAR estimation is insensitive to the atmospheric profiles and the
ozone amount. The water vapor amount has a very strong absorption
on ISR but very weak effects on PAR at the surface. The surface elevation
may cause an error of up to 100 Wm−2 and is a significant source of
(c)

ultiple polar-orbiting and geostationary satellites on June 27, 2008.



Fig. 15. The integrated daily PAR from the instantaneous GLASS PAR products on June 27, 2008.
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error in ISR and PAR estimation. The ISR and PAR estimation is more
sensitive to the aerosol modes, especially the urban aerosol type,
which is not considered in this study. The estimation of ISR and PAR
Table 4
A summary of the statistics of the comparison of the ground measurements and the esti-
mated instantaneous ISR and PAR from multiple satellite data at the 34 selected sites.

Site ISR PAR

R2 BIAS RMSE R2 BIAS RMSE

Bondville 0.86 20 100 0.86 4.6 45
FortPeck 0.82 5.5 111 0.82 1.6 46
Goodwin Creek 0.92 1.7 86 0.91 4.2 38
Penn State 0.87 12 100 0.86 9.4 44
Sioux Falls 0.86 14 102 0.86 2.4 43
Boulder 0.77 −8.7 140 0.78 −7.6 58
Desert Rock 0.88 −55 119 0.89 −30 51
ARM-SGP Main 0.9 −7.73 93 0.88 16 45
Audubon Research Ranch 0.86 −42 120 0.87 24 56
Brookings 0.83 −9 114 0.84 33 55
Fermi_Agricultural 0.77 55 145 0.78 2 61
Flagstaff Managed Forest 0.78 −26 150 0.77 −19 68
Flagstaff UnManaged Forest 0.86 −24 110 0.88 −4 44
Neustift 0.8 −48 140 0.83 −5 48
Lonzee 0.6 2 131 0.74 9 48
Vielsalm 0.75 12 107 0.79 22 47
Laegeren 0.77 −41 146 0.83 −4 49
Oensingen2 crop 0.77 −10 129 0.86 −9 47
Bily Kriz-Beskidy Mountains 0.77 17 121 0.83 24 48
Bily Kriz grassland 0.79 −3 119 0.82 25 49
CZECHWET 0.88 −17 84 0.86 11 41
Moldova 0.89 34 97 0.85 7 47
Alta_Floresta 0.87 2 108 /
CEILAP-BA 0.82 −23 123
Kherlenbayan Ulaan 0.9 31 94
Arou 0.83 −23 119
Changwu 0.82 24 111
Dayekou 0.84 −20 133
Dingxi 0.85 16 101
Dongsu 0.85 −44 115 0.82 −5 48
Tongyu 0.81 −8 106 /
Yingke 0.85 −31 117
Yuzhong 0.8 −22 131
Zhangye 0.87 −6 93
Total 0.83 −6.5 115 0.84 5 49
may be significantly improved by using better aerosol information
(aerosol types and size distributions) and, especially, a better elevation
correction method and atmospheric profiles.

In addition to the accuracy of the retrieval algorithm, the accuracy of
the ground measurements, the quality of the input parameters, and the
instrument calibration errors, the validation of satellite retrieved radia-
tion components, including ISR and PAR, is also dependent on the
spatial representativeness of groundmeasurements and the time differ-
ence between the remote sensing and ground measurements. In this
study, we directly compare the retrieved instantaneous ISR and PAR
with ground measurements within 30 min on average at all of the
selected sites, which may also be one of the source errors at these sites.

The GLASS ISR and PAR values are not divided into direct and dif-
fuse components. Generally, the diffuse components of the ISR and
PAR are essential to many applications. Therefore, the direct and
diffuse values should be provided and validated in the future. More-
over, although three years of ISR and PAR values are generated, these
data remain insufficient for use with long-term radiation budget
analyses and other applications. Efforts are underway to produce
long-term series.
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Table 5
Comparison of the retrieved three-hour GLASS ISR product, the International Satellite Cloud Climatology Project — Flux Data (ISCCP-FD), the CERES Model B, and the CALISPO, CERES,
Clousat and MODIS (CCCM) enhanced products in 2008.

Site GLASS ISR ISCCP-FD CERES

Model B CCCM enhanced

R2 Bias RMSE R2 Bias RMSE R2 Bias RMSE R2 Bias RMSE

Bondville 0.87 14.68 104.97 0.71 −7.06 149.88 0.84 12.9 119.5 0.82 −0.5 126.16
FortPeck 0.84 10.51 102.75 0.69 9.61 150.37 0.81 5.3 112.40 0.80 2.3 115.02
Goodwin Creek 0.91 −6.29 99.54 0.64 12.61 184.11 0.69 14.3 172.0 0.66 −3.8 179.35
Penn State 0.85 18.17 109.3 0.7 5.92 152.88 0.87 6.9 107.0 0.86 −8.6 111.18
Sioux Falls 0.81 11.52 114.41 0.65 37.83 168.85 0.62 −11.4 167.4 0.58 −37.8 178.77
Boulder 0.81 −12.8 126.38 0.72 6.49 154.96 0.34 −12.0 249.3 0.47 −43.0 214.41
Desert Rock 0.92 −52.4 112.94 0.87 −42.4 125.27 0.52 −24.2 198.0 0.49 −26.6 206.38
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Appendix I

The percentages of 15 of the total observations are identified as the
clearest observations within the temporal window. These lowest 15%
surface reflectances, derived for the “clearest” observations, are
regarded as the actual surface reflectance to fit the RossThcik-LiSparse
model to characterize the surface bidirectional feature. The RossThcik-
LiSparse model is a weighted function of the isotropic parameter
and two kernels of viewing and illumination geometry. The weighted
function is presented in Eq. (1) (Lucht et al., 2000). RossThick kernel,
Kvol(θs, θv, ϕs − ϕv), and LiSparse kernel, Kgeo(θs, θv, ϕs − ϕv), can be
derived using the following equations:

Kvol θs; θv;ϕs−ϕvð Þ ¼ π=2−ξð Þ cosξþ sinξ
cosθs þ cosθv

−π=4 ðA1Þ

Kgeo θs; θv;ϕs−ϕvð Þ ¼ Ο θs; θv;ϕs−ϕvð Þ− secθ0s− secθ0v

þ 1
2

1þ cosξ0
� �

secθ0s secθ
0
v ðA2Þ

cosξ ¼ cosθs cosθv þ sinθs sinθv cos ϕð Þ ðA3Þ

Ο θs; θv;ϕs−ϕvð Þ ¼ 1
π

t− sint costð Þ secθ0s þ secθ0v
� � ðA4Þ

cost ¼ h
b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ tanθ0s tanθ

0
v sinϕ

� �2
secθ0s þ secθ0v

s
ðA5Þ
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Fig. 16. Comparison of the latitudinal pattern of the GLASS and ISCCP-FD ISR products.
D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan2θ0s þ tan2θ0v−2 tanθ0s tanθ

0
v cosϕ

q
ðA6Þ

cosξ0 ¼ cosθ0s cosθ
0
v þ sinθ0s sinθ

0
v cos ϕð Þ0 ðA7Þ

θ0s ¼ tan−1 b
r
tanθs

� �
and θ0v ¼ tan−1 b

r
tanθv

� �
ðA8Þ

where θs, θv, and ξ are the solar zenith angle, view zenith angle, and the
phase angle, respectively. Ο(θs, θv, ϕs − ϕv) is the area of overlap
between the view and solar shadows, and h/b and b/r are the crown
shape parameters, which are equal to 2 and 1, respectively. After the
surface reflectance of the clearest days for different sensors is obtained
based on the LUT, these surface reflectance values can be employed to
estimate the BRDF parameters (fiso, fvol, and fgeo) through the least-
square estimation. The surface reflectance under “hazy/cloudy” condi-
tions is then calculated using these BRDF parameters at the specified
solar and view zenith angles based on Eq. (1).
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