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a  b  s  t  r  a  c  t

This  paper  presents  a framework  to  obtain  high  spatial  resolution  regional  surface  photosynthetically
active  radiation  (PAR),  solar  radiation  (SSR)  and  net  radiation  (NR)  products  through  combining  Geo-
stationary  Meteorological  Satellite  (GMS)  data,  polar-orbiting  satellite  Moderate  Resolution  Imaging
Spectrometer  (MODIS)  products  and  ground  meteorological  sites’  observations.  Huang  et  al.  (2011)
approach  was  adopted  and  improved  to directly  retrieve  instantaneous  PAR  and  SSR from  GMS  data;
while  for  NR the  relationship  between  net  radiation  and  net  solar  radiation  was  analyzed  and  calibrated
using  ground  observations  and  Normalized  Difference  Vegetation  Index  (NDVI).  Then  these  instantaneous
estimates  with  temporal  resolution  of  half  hour  would  be  averaged  or integrated  to  acquire  hourly  and
daytime  accumulated  PAR,  SSR  and  NR. Taking  Heihe  river  basin  in  northwest  China,  a  typical  oasis-desert
area,  as  an  example,  the methodology  was  applied  to produce  year  2012  PAR,  SSR  and  NR  products.  Ground
ODIS measurements  from  Watershed  Allied  Telemetry  Experimental  Research  (WATER,  Li et  al. (2009)) and
Heihe  Watershed  Allied  Telemetry  Experimental  Research  (HiWATER,  Li  et al.  (2013))  were  used  to  per-
form  the  accuracy  assessments.  The  results  indicate  highly  reliable  products  at  1  km  resolution  have  been
produced  over  this  basin,  and  are applicable  to  the  researches  of  the regional  surface  energy,  hydrological
and  ecological  processes.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Surface radiation budget (SRB) serves as a key driving force
or many physical and biological processes such as evapotranspi-
ation, photosynthesis, and heating of surface soil and air, and
hus strongly affects land-atmosphere interaction, agricultural pro-
uction, even the general atmospheric circulation pattern and the
evelopment of the planetary boundary-layer. Therefore, SRB and

ts components always are required by various applications includ-
ng weather forecasting, climate monitoring and modelling, water

esource planning and managing, as well as agricultural meteorol-
gy.

∗ Corresponding author at: Cold and Arid Regions Environmental and Engineering
esearch Institute, Chinese Academy of Sciences, Lanzhou, 730000, China.

E-mail address: luckhgh@lzb.ac.cn (G. Huang).

ttp://dx.doi.org/10.1016/j.agrformet.2016.04.007
168-1923/© 2016 Elsevier B.V. All rights reserved.
Currently, there are already some global and regional surface
radiation data sets routinely produced and provided by differ-
ent scientific groups and organizations. Famous ones include
radiative flux profile data set provided by International Satel-
lite Cloud Climatology Project (ISCCP-FD), surface and top-of-
atmosphere (TOA) shortwave and longwave radiative fluxes
produced by Global Energy and Water Exchanges Project (GEWEX-
SRB), Clouds and the Earth’s Radiant Energy System (CERES) TOA
and surface fluxes data, and Global Land Surface Satellite (GLASS)
shortwave radiation products (Huang et al., 2013; Liang et al.,
2013; Wielicki et al., 1996; Zhang et al., 2013, 2004, 2006). How-
ever, the coarse spatial and temporal resolutions prevent these
data sets from being further used in various complicated ecolog-
ical, meteorological and hydrological researches and applications

on watershed and even regional scales. Therefore, in this paper we
present a framework of computing high resolutions surface photo-
synthetically active radiation (PAR), solar radiation (SSR) and net

dx.doi.org/10.1016/j.agrformet.2016.04.007
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2016.04.007&domain=pdf
mailto:luckhgh@lzb.ac.cn
dx.doi.org/10.1016/j.agrformet.2016.04.007
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Fig. 1. Simplified flowchart of preparing surface and atmospheric state parameters required for estimating surface PAR, SSR and NR.
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Fig. 2. Framework of estimating surface PAR, SSR a

adiation (NR) and adopt it to produce the three main SRB compo-
ent products in Heihe river basin, northwest China.

As primary SRB components, surface PAR and SSR had been
xplored and summarized in countless literatures, and many dif-
erent types of approaches had been proposed from conventional

eteorological parameterizations to retrieving algorithms based
n satellite data (Deneke et al., 2008; Grant et al., 2004; Li et al.,
007; Liang et al., 2006; Liu et al., 2008; Lu et al., 2010; Pinker et al.,
007; Qin et al., 2011; Trnka et al., 2005; Yang and Koike, 2005;
hang et al., 2006; Zheng et al., 2008). Due to being able to get rid of

ependence on surface measurements, relatively complete spatial
overage and constantly appearances of new sophisticated satel-
ite sensors, satellite remote sensing technique is playing a more
mportant role in recent researches. A more detailed discussion on
 (instantaneous, hourly and daytime accumulated).

retrievals of PAR and SSR using satellite data had been summarized
and given in our previous paper (Huang et al., 2011). Meanwhile,
our previous research also demonstrated that considerable accu-
racy SSR could be estimated using the quantitative remote sensing
technique by the synergy of geostationary meteorological satellite
and polar-orbiting satellite over China. Therefore, in this study we
still adopted the similar approach to estimate surface PAR and SSR,
but some improvements had been imported to further polish the
algorithm.

However, for the estimation of surface NR it is still very chal-

lengeable to only rely on satellite data, because not all of the
components of SRB can be retrieved by satellite remote sens-
ing technique. Conversely, the upward and downward longwave
radiative fluxes are very difficult to accurately obtain from TOA
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Fig. 3. Error histograms between the measured and estimated surface PAR at Daman site: (a) Instantaneous; (b) Hourly; (c) Daytime accumulated.

Fig. 4. Comparisons of the measured and retrieved instantaneous (left) and hourly (right) SSR. The region between two red solid lines encloses 66% of the retrievals for a
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iven  measured value, while that between two  red dash lines is 95%. The white and
umber  density and only the number density >2 is shown in the figure. (For interpr
ersion of this article.)

atellite observations, especially under cloudy skies. The general
pproach to infer surface longwave radiation is by means of some
ell-known parameterizations using field meteorological mea-

urements as inputting data (Duarte et al., 2006; Kjaersgaard et al.,
007). Those calibrated parameterizations may  be a very useful
ool to estimate local surface longwave radiation where regular
emperature, humidity and fractional cloud cover observations are
vailable, but are incapable of capturing regional longwave radia-
ive fluxes and characterizing the overall distribution patterns.
hus, this approach can not directly be adopted to map  reliable
atershed and regional NR. Another approach to obtain NR is

hrough analyzing the relationship between net radiation and solar
adiation to avoid the estimation of surface longwave fluxes (Alados
t al., 2003; Hu et al., 2012; Kaminsky and Dubayah, 1997; Kustas
t al., 1994). Since surface solar radiation can be estimated rela-
ively accurately from satellite data, this relationship would have
irect relevance for mapping regional net radiation. Though the
elationship as well as its affecting factors had been widely explored

n previous researches, we notice that its spatial dependence is
ery strong. In order to acquire complete NR maps under all sky
onditions as surface SSR, we finally adopted this approach but
 dash lines are the fitted line and the 1-1 line, respectively. The color represents the
n of the references to colour in this figure legend, the reader is referred to the web

re-developed this relationship using our surface radiation measure-
ments.

The current study is placed in the Heihe river basin, a typi-
cal oasis-desert area in northwest China. But the study approach
is conceived as a general method of estimating surface PAR, SSR
and NR, which can be expediently revised and applied into other
watersheds and regions. The Heihe river basin is one of the hottest
research areas in China, and well known in the Chinese scientific
community for the “Heihe Plan” launched by the National Natu-
ral Science Foundation of China and several large comprehensive
experiments, including HEIFE, WATER and HiWATER (Chen et al.,
2014; Hu et al., 1994; Li et al., 2013, 2009). Consequently, our
case study not only promoted better understanding on regional
estimations of surface radiation budget components based on the
combination of satellite and surface data, but also provided surface
PAR, SSR and NR products of different timescales for the various
researches and applications over this watershed.
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ig. 5. Estimates of daytime accumulated SSR versus surface observed values. Solid
nd dash lines denote the 1-1 line and the fitted line, respectively.

. Data preparation

Three groups of data were prepared in advance for the present
tudy. Surface PAR and SSR retrievals rely on TOA reflectance and
rightness temperature data from Geostationary Meteorological
atellite (GMS); surface NR estimation needs ground measure-
ents to calibrate the relationship between net radiation and solar

adiation; whereas some ancillary data on surface and atmospheric
tates are both required by the aforementioned two processes. In
ddition, another group of independent ground observation data
as also prepared for validations.

.1. GMS  data and ground measurements

The Japanese GMS  MTSAT2R (Multifunctional Transport Satel-
ite) covering East Asia and West Pacific is utilized to retrieve
nstantaneous surface PAR and SSR. MTSAT2R can observe the
orthern Hemisphere of the Earth every 30 min  and has one visi-
le and four infrared channels, in which VIS and IR1 channel will
e used in our study.

Ground measurements were principally collected by two  sepa-
ated experiments, WATER and HiWATER over Heihe river basin (Li
t al., 2013, 2009). Year 2008 or 2009 radiation measurements from
ve WATER sites are chosen to calibrate the relationship between
et radiation and solar radiation, while observations from four
ATER sites and four HiWATER sites in year 2012 are used for

he final validations. Detailed information on these sites is listed
n Table 1. The typical observation errors should not exceed 5%
nd inconsistency among different instruments approximately is
ithin 3% (Xu et al., 2013).

.2. Daily surface and atmospheric state parameters

Due to MTSAT2R sparse spectral channels, some surface and
tmospheric state parameters affecting surface incident PAR, SSR
nd NR can not be determined just relying on MTSAT2R observa-

ions. These state parameters include surface snow cover, BRDF
Bidirectional Reflectance Distribution Function) albedo param-
ters, NDVI (Normalized Difference Vegetation Index), aerosol
ptical depth (AOD) and water vapor content (WVC) in atmo-
eteorology 230–231 (2016) 67–78

sphere. Here we  will use MODIS (Moderate Resolution Imaging
Spectrometer) data to offset the deficiency of MTSAT2R observa-
tions. Namely, various MODIS products are utilized to obtain the
above surface and atmospheric state parameters. MODIS products
belong to polar-orbiting satellite products. Strictly speaking, their
temporal resolution is too low to satisfy the demand of high tem-
poral frequency surface radiation products. However, compared
with cloud these parameters’ fluctuation and influence on surface
radiation both are relatively small. Therefore, in our study these
parameters products were prepared on a daily timescale except
AOD.

Fig. 1 gives the simplified flowchart on how to produce these
parameters products. In view of the sparse aerosol retrievals over
northwestern China, AOD estimates from MOD/MYD04 products
would be separated according to season and elevation, and then
clustered into two types to characterize the summer and winter half
year average aerosol loading. Daily WVC  would be extracted and
averaged from MOD/MYD05 near-infrared total precipitable water
Products, whereas daily NDVI was calculated by MOD/MYD09Q1
surface reflectance products. Based on MOD/MYD10A1 fractional
snow cover products, we adopted the termed temporal and spa-
tial filters to reduce and eliminate cloud coverage for daily snow
cover and snow albedo (Parajka and Bloschl, 2008). Meanwhile,
MCD43B1/B2 BRDF-Albedo model parameters products were used
to obtain snow-free surface albedo at any solar zenith angle, and
combining previous snow albedo we  finally acquired the succes-
sive surface albedo products whether surface was covered by snow
or not.

All these obtained parameters were rescaled into the daily prod-
ucts with 1 km resolution, and gaps among them would be filled
through temporal or/and spatial interpolation approach which
utilizes the neighboring information in time or/and space to com-
pensate the invalid values.

3. Methodology

This section presents the framework to estimate surface PAR,
SSR and NR under all sky conditions. An overview of instantaneous
PAR and SSR retrievals is given first, followed by a detailed descrip-
tion on the estimation of instantaneous NR; while methods for
hourly and daytime accumulated PAR, SSR and NR which are devel-
oped on the instantaneous products are simply summarized finally.
Fig. 2 outlines the overall flowchart of the proposed methodology.

3.1. Instantaneous PAR and SSR retrievals

We  still adopt the look-up Table (LUT) approach to directly
retrieve instantaneous PAR and SSR from MTSAT2R TOA obser-
vations. But compared with our previous algorithm(Huang et al.,
2011), the following improvements are imported: (1) the LUT is
updated according to recent researches on representative aerosol
and cloud optical properties; (2) cloud phase determination is tried
in the new algorithm to desire more quality retrieval results.

3.1.1. Improved LUT
“Moderately Absorbing/Developing” aerosol optical model

developed by Levy et al. (2007) and subsequently applied to the
second generation MODIS standard dark-target aerosol algorithm,
is selected here. The new aerosol model would be introduced into
LibRadtran (Mayer and Kylling, 2005) to replace default aerosol
models for radiative transfer modelling. Besides more appropri-
ately characterizing aerosol absorption and scattering properties

of atmosphere, this update also is beneficial to logically straightly
utilize MODIS standard aerosol products in the algorithm.

Furthermore, the improved LUT increases the description on ice
cloud bulk optical property. The ice cloud model of Baum et al.
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Fig. 6. Boxplot of errors between the retrieved and measured instantaneous and hourly SSR (a), and daytime accumulated SSR (b) at each site. The boxes denote 1 SD,  and
the  whiskers extend from the 2.5th to the 97.5th percentile. Color short lines in boxes are mean errors, while black ones are median errors.

Fig. 7. Comparisons of the measured and estimated instantaneous (left) and hourly (right) surface NR. Please refer to Fig. 4 for the explanation of the symbols.
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Table 1
Surface meteorological site information.

Site Surface cover Location Experiment Period

A’rou Rangeland 100.46◦E, 38.05◦N WATER 2008, 2012
Yingke Farmland 100.41◦E, 38.86◦N WATER 2008, 2012(Jan.–Mar.)
Huazhaizi Desert 100.32◦E, 38.77◦N WATER 2009, 2012
Maliantan Grassland 100.28◦E, 38.55◦N WATER 2008
Linze Sparse vegetation 100.67◦E, 39.25◦N WATER 2008(Jan.–Oct.)
Guantan Forest 100.25◦E, 38.53◦N WATER 2012(Jan.–Mar.)
Daman Farmland 100.37◦E, 38.86◦N HiWATER 2012
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Zhangye Wetland Wetland 100.4
Zhangye Gobi Gobi 100.3
Shenshawo Desert 100.4

2011) based on a habit mixture developed for midlatitude ice
louds, which also was used in MODIS standard cloud products
Yang et al., 2007), is adopted and considered as the typical ice
loud property over northwest China. In the LUT, an effective parti-
le radius of 25 �m representing the peak of the global distribution
f effective particle sizes (Meyer et al., 2007) is designated. Big-
er size of ice crystals inevitably results into the stronger forward
cattering peaks than water cloud (the effective particle radius is
10 �m).  Thus, in radiative transfer calculations the phase func-

ions of ice cloud would be truncated, and expanded in terms of
egendre polynomials using the Delta-fit method (Hu et al., 2000).
n a word, the new LUT greatly assimilated the recent efforts of

ODIS science teams; while a detailed discussion on its creation
loud be found in other literatures (Huang et al., 2011; Liang et al.,
006).

.1.2. Estimate MTSAT2R VIS surface reflectance
We expected using MTSAT2R visible TOA reflectance to diagnose

nd capture the changes of cloud fields in atmosphere (Huang et al.,
011). Towards this goal, MTSAT2R surface reflectance needs to be
etermined in advance.

Here minimum reflectance technique is adopted to estimate the
TSAT2R surface reflectance. Taking eight days as a time window,

OA reflectance time series was filtered to search for the minimum
OA reflectance. Generally speaking, TOA reflectance under cloudy
kies is distinctly larger than that under clear skies, so the atmo-
pheric condition of minimum TOA reflectance is inclined to be
lear. Then atmospheric correction would be performed and sur-
ace reflectance in the time window was calculated. In homologous
pproaches, the underlying philosophy all is the surface reflectance
hanges little over short time intervals, while atmospheric states
uctuate wildly. Hence, if there were cases of snow cover partly
xisting in a time window, they would be dealt with separately in

 similar way.
Nevertheless, there are still some extreme cases that all atmo-

pheric conditions in the eight days are cloudy. Thereby, a temporal
lter method is adopted to further analyze the time series of
now-free surface reflectance and reduce the cloud contamina-
ions. Specifically, if one reflectance value in one time series of
now-free surface reflectance is larger than 0.4, we think it is very
ikely contaminated by cloud. Subsequently, this reflectance value
s discarded and replaced by the interpolation from two  adjacent
eflectance (�0.4).

.1.3. PAR and SSR under all sky conditions
As mentioned earlier, we attempt to improve the LUT algorithm

y discriminating the cloud thermodynamic phase. Currently, one
f the advanced methods on cloud phase detection is MODIS bis-

ectral infrared cloud phase algorithm, which combines 8.5 �m
nd 11.0 �m brightness temperature (Chylek et al., 2006; Platnick
t al., 2003). Unfortunately, the MTSAT2R does not have 8.5 �m
hannel. Therefore, we adopt another widely used International
8.86 N HiWATER 2012(Jun.–Dec.)
8.91◦N HiWATER 2012(May–Dec.)
8.79◦N HiWATER 2012(May–Dec.)

Satellite Cloud Climatology Project (ISCCP) method to infer cloud
phase (Rossow and Schiffer, 1999). ISCCP method is a kind of sin-
gle channel thermal infrared threshold algorithm. In the study,
MTSAT2R IR1 infrared channel (10.8 �m)  brightness temperature
is compared with the threshold value of 260 K to determine the
cloud phase and lower brightness temperature is attributed to the
ice cloud.

After surface reflectance is acquired, the atmospheric conditions
can be directly inferred by comparing satellite TOA reflectance and
the threshold reflectance of clear and cloudy skies. Here the cloud
mask information is divided into three types (see Fig. 2), and labeled
by:
⎧⎪⎨
⎪⎩

Clear : SRi ≤ 1.2TRclear

Undetermined : 1.2TRclear < SRi < TRcloudy

Cloudy : SRi ≥ TRcloudy

(1)

in which SRi denotes anyone satellite TOA reflectance, TRclear and
TRcloudy are the threshold reflectance of clear and cloudy, respec-
tively. TRclear was  calculated using the ancillary aerosol optical
depth from Section 2.2; while TRcloudy supposed that the lowest
optical depth of clouds was  3.

For the three different atmospheric conditions which are deter-
mined by Eq. (1) and presented in Fig. 2, different retrieving
schemes are applied. For the “clear case”, the direct and diffuse
atmospheric flux transmittance (AFT) can be directly estimated by
searching the gridded LUT parameters in accordance with the spe-
cific aerosol optical depth. For the “cloudy” case, satellite observing
TOA reflectance and the simulated TOA reflectance at different
cloud optical depth will be compared, and then the direct and dif-
fuse AFT can be interpolated on the basis of the predefined AFT
at different cloud optical depth. Whereas for the case of “unde-
termined”, firstly satellite observing TOA reflectance needs to be
compared with the simulated clear TOA reflectance (TRclear) and
the TOA reflectance (TRcloudy) at the lowest cloud optical depth;
subsequently the direct and diffuse AFT can be linearly interpolated
according to the two corresponding AFT from the clear-sky and the
lowest cloud optical depth. More detailed descriptions on this pro-
cess can be found in our previous paper (Huang et al., 2011). Due
to the total water vapor content in the LUT is assumed to 1.43 mm,
we need to further adjust the transmittance of water vapor from a
reference value to the actual value by a correction coefficient �,

� = T (WVCi) /T
(

WVCref

)
(2)

where T(WVCi) and T(WVCref ) are the actual water vapor transmit-
tance and the referenced water vapor transmittance, respectively.
Incidentally, because in the spectral range of PAR (0.4–0.7 �m)
there are basically not significant water vapor absorption bands,

the transmittance of PAR does not need to be corrected. Namely,
only SSR transmittance were corrected and water vapor transmit-
tance was  calculated using the parameterization scheme of Yang
and Koike (2005). Owing to unreliable radiative transfer simula-
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Table  2
Regression results for instantaneous net radiation versus net shortwave radiation.

Modela Rn = a(1 − ˛)Rs + b N R2b SERc

a b

Global 0.8293 −37.259 103491 0.9516 38.93
Stratified by weather condition
Clear 0.8968 −76.7269 45823 0.9621 36.05
undetermined 0.8319 −19.1539 36225 0.9339 27.69
Cloudy 0.8214 −42.8184 21443 0.9379 40.27
Stratified by SZA
SZA � 45◦ 0.8199 −21.2837 31075 0.9552 44.92
SZA45–65◦ 0.7545 −20.0554 41353 0.935 32.24
Else  SZA 0.6615 −25.8556 31063 0.797 29.27
Stratified by VSM
VSM � 0.1 0.7601 −31.1975 30727 0.898 32.49
VSM 0.1–0.25 0.8137 −34.7327 44927 0.9424 44.27
Else  VSM 0.839 −30.9375 27837 0.9736 34.99
Stratified by Season
Winter 0.7038 −25.4481 21371 0.8798 29.8
Spring 0.7798 −32.8134 28881 0.9661 33.37
Summer 0.8565 −35.8352 32227 0.9685 37.23
Autumn 0.8004 −26.245 21282 0.9297 40.27
Stratified by NDVI
NDVI � 0.2 0.7378 −37.1324 53278 0.9181 38.48
NDVI 0.2–0.5 0.7906 −30.4314 30415 0.9672 33.86
Else  NDVI 0.8707 −28.7025 19798 0.9877 26.36

a Robust Least Trimmed Squares (LTS) regression analysis (number of observa-
tions that determine the LTS estimate is 95%N).

b Robust multiple R2.
c Scale estimate of residuals.

Table 3
Self-validations for the different models.

Model Bias MRE  (%) RMSE

Global 0.83 15.4 41.47
Weather condition −2.25 15.4 42.83
SZA  −0.73 14.1 40.31
VSM −0.15 14.9 41.04
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Table 4
Regression results for hourly net radiation versus net solar radiation.

Model Rn = a(1 − ˛)Rs + b N R2 SER

a b

Global 0.8276 −37.0133 17209 0.9498 38.40
NDVI � 0.2 0.7314 −34.9224 8860 0.9149 38.08
NDVI0.2–0.5 0.7913 −31.5197 5057 0.9658 33.37
Else  NDVI 0.8867 −27.7151 3292 0.9874 25.49

Table 5
Regression results for daytime accumulated net radiation versus net shortwave
radiation.

Model Rn = a(1 − ˛)Rs + b N R2 SER

a b

Global 0.7689 −0.8704 1700 0.9323 1.249
NDVI � 0.2 0.6218 −0.7339 943 0.8717 1.211
NDVI0.2–0.5 0.7182 −0.2186 485 0.941 1.069
Season −0.83 14.6 40.42
NDVI −1.71 14.0 38.09

ions at large solar zenith angle (SZA), all retrievals demand SZA
ust be less than 80 ◦.

.2. Estimation of instantaneous NR

Many authors had investigated the feasibility of estimating
et radiation from surface solar radiation which is more readily
vailable from satellite data, and believed the simple linear regres-
ion was very successful (Alados et al., 2003; Kaminsky and
ubayah, 1997; Kustas et al., 1994). That is, net radiation Rn can
e related to solar radiation Rs by means of,

n = a (1  − ˛) Rs + b (3)

here � is the shortwave surface albedo and a and b are regression
oefficients. Considering the empirical nature of the relationships
etween Rn and Rs, we used 2008 or 2009 year surface flux data
rom five WATER sites in Heihe river basin to recompute the regres-
ion coefficients and analyze their affecting factors.

Instantaneous regression relationships were established on the
asis of 10-min surface measurements, and the affecting factors

ncluded weather condition, solar zenith angle, volumetric soil
oisture (VSM), season and NDVI. Compared with the previous

tudies, NDVI is a new imported affecting factor. Here the robust

east trimmed squares regression was adopted rather than the sim-
le linear fit to reduce the possible influence from observational
rrors. Table 2 gives the final regression results and Table 3 presents
he self-validations on the regression relationships.
Else  NDVI 0.7606 0.1344 272 0.9825 0.6042

It is very obvious that except weather condition the inclusions
of other information all provide a slight improvement on the esti-
mation of NR, but relatively the benefits of including NDVI are more
outstanding. Coefficient of determination of as high as ∼0.98 illus-
trates the fluctuation of surface NR basically can be completely
explained by surface SSR. It seems that in a typical oasis-desert
area such as Heihe river basin NDVI is a more important affect-
ing factor for the relationships between net radiation and net solar
radiation. Moreover, more fortunately the NDVI maps can be con-
veniently acquired by satellite data. Therefore, the NDVI dependent
models in Table 2 finally were used to estimate instantaneous NR;
while the surface albedo in Eq. (3) were calculated according to the
BRDF-Albedo model parameters obtained in Section 2.2.

3.3. Hourly and daytime accumulated PAR, SSR and NR

As done by Deneke et al. (2008) and Huang et al. (2011), we still
defined the temporal mean AFT as the ratio of integrated irradi-
ances at the surface and TOA to calculate hourly and PAR and SSR.
Namely, hourly mean AFT is the weighted average of three instan-
taneous AFT using �0 (cos(SZA)) as the weighting factor, instead of
simple arithmetic mean. Whereas daytime accumulated PAR and
SSR would be computed by the five-point Newton-Cotes integra-
tion method based on hourly PAR and SSR.

Meanwhile, relationships between net radiation and net solar
radiation at hourly and daytime timescales were explored using the
same methods as Section 3.2. Tables 4 and 5 show the regression
results for hourly and daytime accumulated NR. Regular fluctua-
tions of the regression coefficients a and b with stratified NDVI also
suggest that the relationships have a strong dependence on NDVI,
and regressions classified by NDVI value are appropriate. Note that
in the paper instantaneous and hourly PAR, SSR and NR have units
of W/m2, while for the daytime accumulated the units are MJ/m2.

4. Results

The aforementioned methodology was  applied to Heihe river
basin, northwest China to produce instantaneous, hourly and day-
time accumulated PAR, SSR and NR products of year 2012, when and
where many experimental researches were extensively and collec-

tively carried out. In this section, the accuracies of these products
were evaluated by comparisons with surface measurements.
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.1. Evaluation of PAR products

The PAR observation was only conducted at Daman site from
iWATER (see Table 1). Therefore, instantaneous PAR at 30-min

esolution, hourly and daytime accumulated PAR were preliminar-
ly evaluated using the measurements from this site, respectively.
ccording to the researches of Deneke et al. (2009) and Huang
t al. (2016), for more reasonably validating instantaneous satel-
ite estimates of surface irradiance, the surface measurements
f 10 min  would be averaged into 40 min  to increase spatial
epresentativeness of ground-based point observation. Raw satel-
ite retrieved products had been smoothed using 5 × 5 spatial

indows (about 5 × 5 km2) to reduce 3D radiative effects caused
y clouds.

The error histogram and the summaries (e.g., bias, R2 and RMSE)
n the instantaneous, hourly and daytime accumulated evalutions
re shown in Fig. 3. In the figure, the error bin size for instan-
aneous and hourly evaluations both is 5 W/m2, and for daytime
ccumulated evaluation, it is 0.2 MJ/m2. From the summary on
he instantaneous evaluation, we found that fairly accurate sur-
ace PAR retrievals had been produced, but slight overestimation
∼6% of mean value) was visible. Consequently, appreciable over-
stimations would also appear in hourly and daytime accumulated
roducts because these products were produced based on the

nstantaneous retrievals. Nevertheless, overall the accuracies here
re comparable with the results reported by other researches (Liang
t al., 2006), and our method is able to considerably successfully
stimate surface PAR from instantaneous to hourly, to daytime.

.2. Evaluation of SSR products

Pyranometer measurements collected by WATER and HiWATER
t eight sites in Heihe river basin were used to validate the accuracy
f SSR retrievals. As the evaluations of PAR products, SSR evalu-
tions were conducted on three different timescales, and for the
nstantaneous evaluation similar processes on the measurements
nd retrievals were done, too.

Fig. 4 is a couple of frequency scatterplots. The left is the instan-
aneous comparisons of total retrieved SSR at these eight sites, and
he right is the hourly comparisons. In the figure data are sorted
ccording to the ordered pairs (measurement, retrieval) of SSR in
0 W/m2 intervals, so the gradual color represents the number den-
ity falling into each interval grid. The white and black dash lines
re the fitted line and the 1-1 line, respectively; while two red solid
ines and two red dash lines respectively enclose 66% and 95% of
etrievals. Statistics of the comparison results are also summarized
nd presented in the top left corner of the figure. Correlation coef-
cients of as high as 0.94, ∼90 W/m2 of RMSE, and −0.58 W/m2

f bias reveal that a very good agreement between the retrieved
nd measured SSR can be expected for instantaneous products.
espite greater deviation of the bias, the higher correlation coeffi-
ient and the lower RMSE both indicate that hourly SSR products on
he whole are better than instantaneous products. In addition, one
oticeable feature demonstrated by Fig. 4 is the retrieved results
ill change from overestimation into underestimation as measured

SR increases (the horizontal axis). Possible explanations for this
ehavior will be discussed in Section 5.

Next, the evaluation of daytime accumulated SSR products is
hown in Fig. 5. The RMSE of 2.17 MJ/m2, which is ≈12% of the mean
alue, is far less than that found in instantaneous or hourly products
both >18%). This suggests that daytime accumulated SSR products
ave higher accuracy than instantaneous or hourly products. One

f the possible reasons is the underestimation in certain high value
ange and the overestimation in certain low value range may  be
ffset on daytime scale. A distinctly higher correlation coefficient
urther confirms this conclusion. Moreover, a bias of −0.36 MJ/m2,
Fig. 8. Estimates of daytime accumulated SSR versus surface observed values. Solid
and  dash lines denote the 1-1 line and the fitted line, respectively.

about −2% of the mean value, indicates that estimation of daytime
accumulated SSR is basically unbiased.

Site by site evaluations on SSR products were also performed,
and error boxplot of Fig. 6 provides the visual assessments at each
site. Instantaneous and hourly evaluations are displayed together
in the top; while daytime accumulated evaluation is shown in the
bottom due to their different unit. The figure is designed into hav-
ing two  different y axes to facilitate that one can simultaneously see
the distribution of the absolute error and relative errors comparing
with averaged measurements. The boxes and whiskers denote 66%
(∼1 standard deviation) and 95% (∼2 standard deviation) intervals
of differences between retrieved and measured SSR, respectively.
Though most of the sites compare well as expected, clear under-
estimation can be seen at Guantan site. Since this site only has
measurements from Jan. to Mar., more cases of snow cover are
expected (7.1% vs. averaged 5.7%). And in Section 5 we will see
that snow cover will result in SSR is heavily underestimated. Nev-
ertheless, underestimation caused by snow cover still is not enough
to account for such large a deviation. Guantan site locates in a
canyon, and its surrounding terrain is very complex. Another pos-
sible explanation is the surface reflectance is underestimated due
to the presence of surface shadows, and consequently the underes-
timations of atmospheric flux transmittance and SSR are produced
in succession.

4.3. Evaluation of NR products

Similar frequency scatterplots on instantaneous and hourly NR
are displayed in Fig. 7, respectively. But here only six sites’ mea-
surements are used, and A’rou and Guantan are excluded because
their measurements of longwave radiation are very suspicious. As
in Fig. 4, the color of each ordered pair (10 × 10 increment) rep-
resents the number density of such matchups. Red solid lines and
red dash lines respectively represent 66th and 95th percentiles.
Meanwhile, Fig. 8 shows the evaluation of daytime accumulated
NR products.
Quality statistics (R, Bias and RMSE) presented in the figures
demonstrate that the estimated NR have statistically significant
correlation with surface observed NR, and further indicate a very
good agreement between them. Since the NR are estimated using
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ig. 9. Boxplot of errors between the measured and retrieved instantaneous and h
xplanation of the symbols.

he SSR retrieved from satellite data, it may  include a comparable
rror characteristic like SSR. That is, the underestimation for high
R values and the overestimation for low NR values. However, from

hese figures we find that the degree of underestimation or overes-
imation has significantly become smaller in comparison to SSR. In
ddition, another feature can be also easily recognizable. Accuracy
f hourly NR products is clearly higher than that of instantaneous
R products; while relative RMSR of 11.7% of daytime accumulated
R indicates that daytime accumulated NR products are obviously
etter than hourly NR products, which have a relative RMSR of
1.7%.

Fig. 9 gives the error boxplots of NR products by individual site.
s opposed to being slightly underestimated at most sites for SSR
roducts, to a certain extent NR products are overestimated at most
ites, especially for instantaneous products. Appreciable bad per-
ormance at Zhangye Gobi and Wetland is because the relationship
etween NR and net shortwave radiation developed by us does not
se the data from gobi and wetland surface cover.
. Discussion

As mentioned in Section 4, instantaneous and hourly products
how a systematic error that surface radiation components are
SSR (a), and daytime accumulated NR (b) at each site. Please refer to Fig. 6 for the

appreciably overestimated in the lowest quarter of the range, but
are underestimated in the highest quarter of the range. In order to
analyze the potential causes, accuracies of instantaneous products
are further explored according to different atmospheric conditions
(see Section 3.1.3). Fig. 10 depicts instantaneous PAR, SSR and NR
error frequency distribution under the three atmospheric condi-
tions. For PAR and SSR, it is clear that under clear atmospheric
condition the values are obviously underestimated, on the con-
trary under cloudy condition significant overestimation appears,
and under “undetermined” condition the evident deviation does
not exist. However, analogous trends are not apparent in NR
products. It seems that, to a considerable extent, this systematic
error would be rectified in the process of estimating NR.

Similar systematic error also can be seen in other literatures
(Deneke et al., 2008; Huang et al., 2013), though the amplitudes of
overestimation or underestimation may  be lower than those pre-
sented here. For the underestimation trend under clear condition,
we further analyze the MODIS aerosol products and surface SSR
measured data. Using available AOD surface measurements from
Jun. to Sep. in year 2012 over Heihe river basin, we find that the

AOD overall is overestimated ∼0.04. While, the analysis of mea-
sured data shows that ∼0.7% of SSR seem to be too high, even higher
than corresponding TOA solar irradiance. These exorbitant mea-
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ig. 10. Error frequency distribution of the surface instantaneous PAR (a), SSR (b)
orresponding errors.

urements may  be caused by horizontal photon transport nearby
louds in atmosphere or extra radiation reflected by surround-
ng terrain. For the overestimation trend under cloudy condition,
ne possible reason is satellite observing TOA reflectance has satu-
ated for too thick clouds, subsequently can not reflect the change
f cloud optical depth, and result in overestimated atmospheric
ransmittance.

Another systematic error originates the effects of snow cover.
able 6 lists these products’ distinct accuracy performances over
now cover or not. Obviously, compared with the snow-free sur-
ace condition, the accuracies of various products over snow cover
ill dramatically drop and a systematic underestimation is found,

specially for SSR products. In presence of snow, the surface radia-
ive field will become anomalously complicated, and unordered
eflectanced and scattered light may  extremely reinforce surface
ctual incident radiation, especially under cloudy skies. Mean-
hile, the minimum reflectance technique adopted by us also is

pt to underestimate surface reflectance for varying snow cover
roportions in a time window, and subsequently lower atmo-
pheric transmittance and surface incident irradiance are caused.
urrently, estimation of surface radiation components over snow
over still is a very challenging task (Pinker et al., 2007).

Besides, an interesting phenomenon is the accuracies of all prod-
cts have significant improvements with incremental timescales.
he fact that cloud inhomogeneity and 3D radiative effects in
atellite-based radiation products can be appreciably reduced and
patial representativeness of surface measured data can be appre-
iably increased through simply temporally averaging, has been
idely accepted (Huang et al., 2016). Meanwhile, upscaling tem-
oral resolution also can make some systematic errors be offset,
nd more quality products are expected.

In principle, cloud phase determination would lead to a signifi-
ant improvement of PAR and SSR retrievals because ice clouds and
ater clouds have rather different optical properties. However, dis-

ppointingly a better performance was not found when the cloud
hase was identified by the simple thermal infrared threshold algo-
ithm, and even a greater degree of overestimation is seen. This
nding is consistent with the study of Deneke et al. (2005) based on
dvanced Very High Resolution Radiometer (AVHRR) data. Wolters
t al. (2008) evaluated the ISCCP-like cloud phase determination

ethod and pointed out that for thick water and ice cloud the

nstantaneous bias was within 5%, while for pure water cloud it
as ∼10%. Therefore, the possible reasons and improvements need
R (c) under different atmospheric conditions. Dash lines denote the means of the

a more in-depth investigation, which is beyond the scope of the
current study.

6. Conclusions

Sophisticated agricultural, hydrological and meteorological
applications on a catchment or regional scale need high quality
surface radiation as inputs, which are not able to be provided
by the present radiation products. Thereby, in this paper a
methodology to obtain quality PAR, SSR and NR under all sky con-
ditions by exploiting the synergy of multi-source data, is proposed.

Towards this goal, the LUT algorithm of Huang et al. (2011)
was improved to retrieve PAR and SSR, and the new NDVI depen-
dent relationships between net radiation and solar radiation were
developed to estimate NR. In order to get the correct represen-
tation of aerosol and cloud optical properties, the latest research
achievements from MODIS science team were assimilated a lot
into radiative transfer model. In essence, the new PAR and SSR
retrieving algorithm utilizes dual channels’ data of MTSAT (VIS and
IR1) instead of previous single channel to capture fluctuating cloud
information; whereas the new relationships between net radia-
tion and solar radiation are fitted by using NDVI as an indicator to
characterize different surface longwave radiation balance features.
The proposed methodology was  applied to Heihe river basin and
products on three different timescales were produced due to their
common use. Then, accuracies of these products were quantified
using the surface measurements from WATER and HiWATER.

Through our study, the following conclusions can be drawn:
(1) The proposed methodology can give high quality surface radia-
tion products. Evaluations over Heihe river basin confirm that the
produced products have an extremely good agreement with sur-
face measurements. (2) Though inclusions of other information can
also slightly improve the relationships between net radiation and
solar radiation, importing NDVI to classify the relationships per-
forms best in Heihe river basin. (3) In PAR and SSR products, there
are a systematic underestimation in certain high value range and a
systematic overestimation in certain low value range, while in NR
products these systematic errors may  be significantly reduced. (4)
In presence of snow cover, the accuracy of products will distinctly
decline and a systematic underestimation is found, especially for

SSR products. (5) To an extent, the accuracies of all products will be
improved with ascending timescales. That is, daytime accumulated
products outperform hourly products, and hourly products are bet-
ter than instantaneous products. (6) Distinguishing cloud phase by
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Table  6
Summary statistics on accuracies of the various products over two  different surface conditions (snow cover or not).

Products Land/Snow (N) Bias(W/m2, or MJ/m2)a RMSE(W/m2, or MJ/m2) Robust linear regression

a b r

Ins PAR Land (5239) 13.66 38.38 0.886 34.77 0.97
Snow  (182) −0.66 37.81 0.655 37.14 0.79

Hur  PAR Land (2616) 13.22 35.60 0.884 34.82 0.97
Snow  (104) −0.45 34.10 0.700 29.58 0.84

Daytime PAR Land (269) 0.587 1.03 0.929 1.06 0.97
Snow  (14) 0.232 1.22 0.818 0.81 0.59

Ins  SSR Land (31435) 2.83 90.11 0.864 68.13 0.97
Snow  (1943) −50.73 122.11 0.725 50.87 0.82

Hur  SSR Land (15993) −12.21 85.77 0.877 44.83 0.97
Snow  (1055) −49.82 121.89 0.725 42.30 0.85

Daytime SSR Land (1661) −0.26 2.07 0.944 0.61 0.97
Snow  (126) −1.75 3.22 0.854 −0.02 0.80

Ins  NR Land (24501) 16.54 60.23 0.877 47.31 0.97
Snow  (1186) −16.92 46.99 0.708 1.44 0.80

Hur  NR Land (12451) 6.27 53.59 0.884 34.36 0.97
Snow  (659) −15.59 43.45 0.689 1.53 0.82

Daytime NR Land (1293) 0.23 1.21 0.915 0.95 0.98
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Snow  (81) −0.08 

a For instantaneous and hourly products, the unit is W/m2; while for daytime acc

he simple ISCCP thermal infrared threshold algorithm does not
ead to any significant improvement of the PAR and SSR retrieval
uality. The possible explanations on all these systematic errors
ave been discussed in Section 5. Whereas, the fact presented in
he sixth item needs a more in-depth investigation.

Last, the resulting high resolution PAR, SSR and NR products as
ell as daily surface and atmospheric state parameters products
rovide primary driving data for regional energy, hydrologic and
cological processes, and will benefit the various studies that have
een conducted or are about to be conducted in this region. These
roducts are readily available on the web of WestDC (URL: http://
estdc.westgis.ac.cn/data).
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