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Variations in all-sky and clear-sky long-wave eﬀective radiation (LER) in China during the period 2001–2016 were determined
using monthly radiative datasets from the Clouds and the Earth’s Radiant Energy System (CERES). Annual and seasonal spatial
distributions are found to be quite similar and show a decreasing trend from northwest to southeast, although highest values are
found in spring. Mean LER under clear-sky conditions is approximately 20–30 Wm−2 higher than that under all-sky conditions.
There is a consistent downward trend in annual and seasonal variations of LER under diﬀerent weather conditions in China
especially after 2007. In northwest China, the eastern Tibetan Plateau, and southeast and northeast China, LER is signiﬁcantly
reduced in two weather conditions and this is more pronounced in spring. However, decreases in clear-sky LER are more obvious.
Empirical orthogonal function (EOF) results for LER diﬀerences between all-sky conditions and clear-sky conditions were used to
analyze regional characteristics and modulating factors. The ﬁrst mode shows that the LER diﬀerences of two weather conditions
over China become larger and signiﬁcant after 2007. The second mode reﬂects the spatial characteristics, and four climate regions
are divided according to the second pattern. According to the deﬁnition of LER, regression analysis shows that downward longwave radiation has a greater inﬂuence on LER. When considering cloud eﬀects and other modulating factors, LER has higher
correlation with relative humidity in climate regions 3 and 4. However, there are higher negative correlations with middle and
high clouds in regions 1 and 2, which are modulated by cloud characteristics. When these factors inﬂuence LER together, their
correlation is signiﬁcant in all regions (correlation coeﬃcients are on average higher than 0.7). In summary, changes of LER can
well reﬂect the change of climate system.

1. Introduction
The climate and radiation budget are intimately related, and
radiative forcing acts as an important regulator of the atmospheric and climate system [1, 2]. Solar radiation is
absorbed and stored at the Earth’s surface [3]. But the energy
sink lost to the atmosphere is closely related to surface longwave radiation processes [4]. A detailed understanding of
surface long-wave radiation processes is thus required to

gain a more comprehensive understanding of the climate
system [5].
Scientiﬁc research and observations of the long-wave
radiation have mainly focused on upwelling outgoing longwave radiation (OLR) and the upwelling and downward
long-wave radiation. It is generally believed that surface
temperature and emissivity can be used to accurately calculate the amount of upwelling long-wave radiation (ULR)
emitted by the surface. The downward long-wave radiation
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(DLR) is signiﬁcantly correlated with air temperature,
speciﬁc humidity, and cloudiness. The most variability in
DLR can be explained by variations of speciﬁc humidity and
cloud [4, 6]. Long-wave radiation is generally regarded as a
crucial parameter that links amounts of water vapor with
surface warming [7, 8]. Accurate and continuous observations of OLR can provide useful evidence for monitoring
changes in the climate system. For example, changes in OLR
can represent responses to recent increases in well-mixed
greenhouse gases and thus provide a measure of how
greenhouse gases aﬀect the Earth system [9–12]. However, to
make proﬁcient estimations of climate change, it is necessary
to highlight more factors operating within the surface longwave radiation process.
Long-wave eﬀective radiation (LER) is based on observed ULR and DLR and adopts the expression LER � ULRDLR to describe, which is also known as the net surface longwave radiation ﬂux [13]. It is thus generally believed that
evaluating the characteristics of LER would be useful to gain
a comprehensive understanding of the eﬀects of diﬀerent
weather factors on the radiation process. As the atmosphere
provides thermal radiation, LER is also known as the net ﬂux
of surface long-wave radiation. LER is consistent with ULR
radiation changes; these diﬀer from DLR and show significant seasonal and regional characteristics [13, 14]. Changes
in surface temperature, cloud, atmospheric temperature, and
water vapor also correspondingly inﬂuence LER [15]. LER
also acts as an important component of surface net radiation,
which may aﬀect evaporation, heating of soil and air, and
development of the planetary boundary layer [16]. And most
of the models [17, 18] need input exact assessment of radiation ﬂux. Therefore, LER quantiﬁcation is crucial to
determine changes occurring over the surface and for
studying land-atmosphere interactions and improving
model simulation accuracy.
With advancements made in remote sensing in recent
years, high spatial-resolution and long temporal-resolution
satellite observation data have been available for use in
mapping large-scale radiation processes. Various satellite
data such as Geostationary Operational Environmental
Satellites (GOES), Advanced Very High Resolution Radiometer (AVHRR), and Moderate Resolution Imaging
Spectroradiometer (MODIS) have successfully been utilized
to estimate radiation ﬂux [19–21]. In addition, satellite remote sensing is one of the most important methods used to
estimate LER on regional and global scales. The NASA
Clouds and the Earth’s Radiant Energy System (CERES)
mission is dedicated to observing the top of atmosphere
(TOA) global energy budget and is used for estimating
surface and within atmosphere radiation budgets [22–24].
Terra (launched in 1999) and Aqua (launched in 2002) are
two CERES instrument sets that are in sun-synchronous
orbits and have equator crossing times of 1030 and 1330
local time. The CERES instrument has been in operation
since March 2000, and it has provided over a decade of TOA
global energy budget data that are critical for use in cloud
and radiation studies. CERES-observed cloud and radiative
factors are provided with a Synoptic 1 degree (SYN1deg)
Ed3A 1°latitude × 1°longitude gridded data product (http://
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ceres.larc.nasa.gov). The current CERES level 3 data product
provides observed TOA broadband reﬂected short and longwave radiation ﬂuxes, which are consistent with the associated MODIS-derived results [25]. Many other global
products have used satellite data to estimate surface radiation, such as the Global Energy and Water cycle Experiment-Surface Radiation Budget (GEWEX-SRB) and the
International Satellite Cloud Climate Project (ISCCP),
which also provides cloud and radiation products [26].
However, the evaluation of satellite-estimated long-wave
radiation found in CERES data is more accurate than that
related to GEWEX and ISCCP [27]. Therefore, in this study,
CERES-observed Chinese cloud and radiative factors provided by SYN1deg data products are utilized and analyzed
for the period 2001 to 2016.
In order to quantify more accurate radiative process,
estimation of LER is vital. The ﬁrst objective of this study is
therefore to obtain regional and seasonal distribution of LER
by CERES data. Secondly, we explore the potential relationships between LER and climate factors in diﬀerent
seasons and regions. Section 2 describes the datasets and
methods. Section 3 exhibits the climatological characteristics
of LER under all-sky and clear-sky conditions. Section 4
outlines factors modulating LER, and Section 5 provides
summary and discussion.

2. Data and Method
2.1. Data. The main objective of the NASA CERES project is
to understand the relationship between clouds and radiation
processes. In this paper, we apply the level 3 monthly surface
long-wave radiative ﬂuxes from CERES provided by both
Terra and Aqua under two diﬀerent weather conditions (allsky and clear-sky). Clear-sky region is deﬁned as a region
whose cloud cover fraction is lower than 1% [28]. The 1.0° ×
1.0° gridded surface DLR and ULR are provided in SYN1deg
Ed3A data. CERES surface ﬂuxes are calculated using a
radiative transfer model provided by the Global Modeling
and Assimilation Oﬃce and MODIS-derived cloud and
aerosol properties [23, 29]; these calculations are then
constrained and ﬁxed by observed TOA outgoing ﬂuxes
[30].
CERES cloud properties are acquired from a Visible
Infrared Scanner (VIRS) and MODIS instruments and include cloud fraction, cloud phase, temperature, height,
optical depth, eﬀective particle size, and water path [31]. The
CERES cloud products analyzed here consist of 1.0° × 1.0°
cloud fractions at diﬀerent heights, which are computed
from CERES Terra Edition2B and Aqua Edition1A 1kmpixel-level results. According to CERES observation
methods, clouds are divided into diﬀerent types by their
height as equivalent pressure (P): low cloud cover
(P ≥ 700 hPa,
LCC);
middle
cloud
cover
(700 hPa ≥ P > 300 hPa, MCC), and high-level cloud cover
(P ≥ 300 hPa, HCC) [32]. The entire observation period in
China from 2001 to 2006 is analyzed in this study. CERES
products and associated documentation can be obtained at
the project website (http://ceres.larc.nasa.gov).
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ERA-Interim reanalysis provided by the European
Center for Medium-Range Weather Forecasts (ECMWF)
global assimilation scheme is used to research inﬂuencing
factors [33]. The selected variables are relative humidity
(RH), air temperature (Ta), and surface and geopotential
height; atmospheric data are available on a 1.0° × 1.0° grid on
37 pressure levels from 1000 hPa to 1 hPa. The main advantages of using ERA-Interim reanalysis data assimilation
are that it provides 4D variational analysis on a spectral grid
with triangular truncation of 255 waves (corresponds to
approximately 80 km) and hybrid vertical coordinates [34].
The ERA-Interim period covers from 1979 to the present
day, but ERA-Interim data used in this study relate to the
period 2001–2016 over China.
2.2. Methods
2.2.1. The Empirical Orthogonal Function (EOF) Analysis.
Empirical orthogonal function (EOF) analysis which is
widely used in climate research is employed to obtain the
leading modes of LER. The EOF analysis is a decomposition
of a variable in terms of orthogonal basis functions determined by the variable characteristics [35, 36]. The EOF
method has been improved a lot from the principal component analysis; it can exhibit both time series and spatial
patterns of the variable. EOF analysis reduces the dimensionality of a complex variable into linear combinations and
represents the maximum possible fraction of the variance
contained in the original data [37]. Here, we use EOF
analysis in China constructing an area-weighted covariance
matrix of the LER for the period 2001–2016. Meanwhile, the
North test [38] is employed to examine whether the principal components are statistically signiﬁcant.
Hence, we use EOF analysis in China constructing an
area-weighted covariance matrix of the LER for 2001–2016.
And the ﬁrst three patterns can be depart from other modes
according to the North test and nearly 33% of the total
domain variance. The results are then used to isolate the
study ﬁeld and to obtain spatial divisions and to identify the
variance of the squared correlation coeﬃcient between the
time series and the EOF modes. In addition, the standardized PCs show the temporal characteristics for LER.
They cause the spatial modes to be easier to interpret and
enable the deﬁnition of regional spatial structures.
2.2.2. Statistical Methods. Ordinary least squares ﬁts are
calculated to determine the linear trends of the variables and
the signiﬁcance is tested using a student’s t-test. The statistically signiﬁcant level is 5%. The annual mean time series
of climate factors in China were calculated based on the areaweighted average within grid boxes of 1.0° × 1.0°. Correlation
coeﬃcients between regional LER and air temperature,
relative humidity, and diﬀerent level clouds are analyzed
where signiﬁcance level of Spearman’s correlation coeﬃcients exceeding 95% is used [19].
To analyze relationships between LER and multiple
dependent variables, linear regression and multivariate regression have been used to select impact factors and establish

3
the statistical correlation model. The multivariate regression
could explain the best combination of the LER and predictor
variables [39]. The predictor variables are statistically continuously entered into the regression equation only if additional variables add anything statistically to the regression
equation, and the statistical correlation model between LER
and predictor variables is established.

3. Climatological Characteristics of LER
The variation of LER is closely related to surface and atmospheric properties, water vapor, and cloud cover [40]. In
order to assess the ﬁddly LER, it is important to understand
the variability of the diﬀerent weather conditions properties.
The annual and seasonal LER spatial distribution
characteristics under all-sky conditions are shown in
Figure 1. From annual and seasonal time scale, LER shows
evident decreasing trends from northwest to southeast. In
the Tibetan Plateau and northwestern hinterland, higher
elevation and lower water vapor contribute to less DLR and
more LER. In contrast, the adequate water vapor and larger
amount of cloud cover in the southeast region contribute to
strengthening DLR and leading to a reduction in LER.
Annual all-sky LER shown in Figure 1(a) indicates that the
higher values are accompanied with less water vapor. In
previous research studies, with the inﬂuence of the “stack
eﬀect” from the upper atmosphere and local cloud eﬀects,
LER is lower on the southern and southeastern Tibetan
Plateau than in other high elevation regions [13, 41].
In diﬀerent seasons, the all-sky LER shows the largest
values in spring (with a regional average value of 72 Wm−2)
followed by summer (66 Wm−2) and then winter (64 Wm−2),
and the absolute lowest value is in autumn (58 Wm−2). In
spring, with the increase of temperature, the ULR drastically
increases and contributes to more LER. In summer, frequent
precipitation and higher relative humidity will enhance DLR
which weakens the LER. More clear-sky weather occurs in
autumn and more solar radiation heats the ground.
Meanwhile, the atmospheric temperature increases and
induces more atmospheric inverse radiation, which leads to
the less LER. The lowest ground surface temperature leads to
the decrease of ULR and LER. All-sky conditions are usually
associated with the “greenhouse eﬀect” according to cloud
impact on atmospheric inverse radiation [13, 42]. Thus,
more investigations are needed for LER to get more comprehensive study of the “greenhouse eﬀect” and other cloud
radiation eﬀects.
Considering the eﬀect of clouds on the radiation budget,
Figure 2 presents an analysis of LER under clear-sky conditions. The spatial distribution characteristics from annual
and seasonal time scale are similar to those under all-sky
conditions. Obvious gradients are exhibited from the
northwest to southeast. In addition, regional averaged values
are 20–30 Wm−2 higher than those for all-sky conditions
mainly due to cloud absorption of DLR and simultaneous
emission of long-wave radiation on the surface, which leads
to an increase in DLR. This mechanism explains the lower
all-sky LER values compared to clear-sky conditions [42, 43].
Similarly, the highest values of clear-sky condition LER
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Figure 1: Distribution of annual and seasonal LER mean (unit: Wm−2) in China under all-sky conditions during the period 2001–2016:
(a) annual, (b) spring, (c) summer, (d) autumn, and (e) winter.
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Figure 2: Distribution of annual and seasonal LER mean (unit: Wm−2) in China under clear-sky conditions during the period 2001–2016:
(a) annual, (b) spring, (c) summer, (d) autumn, and (e) winter.
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occur in spring (about 97 Wm−2), and other seasons show
less variation (the average value is approximately 85 Wm−2).
It is worth mentioning that clear-sky LER in the northern
part of the plateau has a lower value than all-sky LER which
is presumably related to the inﬂuence of surface albedo
adjusted by snow cover and so on.
Subsequently, we investigate the LER variations under
diﬀerent sky conditions. Firstly Figure 3 shows the spatial
distribution of linear trends of annual and seasonal LER
under all-sky conditions. As a whole, evident decreasing
trends of all-sky LER under all-sky conditions have been
exhibited during the study period in China, particularly in
northern Xinjiang province, northern and eastern parts of
the Tibetan Plateau, and eastern coastal areas. In Figure 3(a),
slight increasing trends are found over the western Tibetan
Plateau and southern Xinjiang province from annual scale.
With respect to seasonal variations, changes of LER in allsky conditions show obvious seasonal and regional characteristics. In spring, signiﬁcant decreasing trends of LER are
observed over the northern and eastern Tibetan Plateau,
northern Xinjiang province, and northeastern China and
increasing trends are observed in northern and southern
China. In summer and autumn, similar signiﬁcant decreases
have been found in most areas in China and mild increases
have been found in western Tibetan Plateau (in Figures 3(c)
and 3(d)). Besides, the LER in all-sky conditions in winter
shown in Figure 3(e) indicates signiﬁcant decreases in
northern and eastern Tibetan Plateau and eastern coastal
areas. In southern Xinjiang province and northern and
northeastern China, increasing trends occurred.
In Figure 4, spatial distribution of linear trends of LER
under clear-sky conditions is discussed. Evidently, both the
annual and seasonal changes are generally consistent with
the results of all-sky conditions, but decreasing trends are
more pronounced. The most signiﬁcant decreasing changes
are seen particularly in the northern Xinjiang province,
northeast China, east Tibetan Plateau, and eastern coastal
areas of China in annual, spring, summer, and autumn time.
The decreasing trend reaches-5 Wm−2/year (in Figure 4(a)).
Seasonal variations are similar to the LER in all-sky conditions. In recent years, more soil moisture, precipitation,
water vapor content, and increasing atmosphere temperature in northern Xinjiang province and east Tibetan Plateau
can result in the LER changes. In addition, in northeastern
and eastern coastal areas of China, clouds are more outstanding for the LER [44].
Finally, the regional averaged time series of annual and
seasonal LER in China for all-sky conditions and clear-sky
conditions during the period 2001–2016 are discussed. The
pick values of the LER under diﬀerent weather conditions are
seen in spring. In spring, the ULR drastically increases with
the increase in surface temperature, and the increase amplitude is much larger than DLR, which leads to higher LER.
In summer, frequent precipitation and high humidity lead
higher DLR and weaker LER. Cloud cover reduces in autumn
and more solar radiation reaches the ground, which simultaneously increases the ULR and DLR. AS a result, the LER
shows smaller variability than in summer. However, the
surface temperature drops rapidly in winter, which

5
accompanies with the ULR, and the LER decreases. LER in allsky conditions in summer and autumn is signiﬁcantly reduced (−0.41 and −0.40 Wm−2/year, respectively) in
Figure 5(a). Clear-sky LER also shows signiﬁcantly decreasing
trends in spring, summer, autumn, and annual time scale
(−0.41, −0.57, −0.54, and −0.47, Wm−2/year, respectively) in
Figure 5(b). Trend coeﬃcients are at 95% signiﬁcance level. In
addition, the winter LER in all-sky condition is smaller than
that in clear-sky conditions. It is mainly due to the “greenhouse eﬀect” of the atmosphere we discussed before.

4. Factors Modulating LER
The LER represents the diﬀerence between the ULR and
DLR. Therefore, we explore here how the LER reﬂects
changes in ULR and DLR under diﬀerent weather
conditions.
Least squares regression was employed to determine the
relationship between LER and ULR and DLR, and Figure 6
shows the slopes of annual and seasonal relationships under
all-sky conditions. Although correlations show certain
seasonal diﬀerences, LER is generally seen to have a positive
correlation with ULR and a negative correlation with DLR.
The absolute values of annual and seasonal (except winter)
sensitivity of LER to DLR changes (−0.67) are higher than
those to ULR (0.33). In addition, the magnitude of summer
sensitivity to DLR reaches −0.86 and a 95% signiﬁcance level,
whereas sensitivity is lower in magnitude in spring (−0.65)
than in autumn (−0.71). The approximation of linear relationships between LER and DLR in summer and autumn is
0.70 and 0.54; however, the linear relationship between LER
and ULR does not appear to ﬁt and there are low correlations
in all seasons.
Figure 7 shows the annual and seasonal relationships
between LER-C and ULR-C and DLR-C (LER-C, ULR-C,
and DLR-C are radiation ﬂuxes under clear-sky conditions).
The absolute values of annual and seasonal sensitivity of
LER-C to DLR-C and ULR-C are similar to those for all-sky
conditions. However, the magnitudes of LER-C sensitivity to
DLR-C in all seasons are larger than those for all-sky, and the
magnitude of summer sensitivity to DLR-C reaches −0.92,
but sensitivity is slightly higher in spring than in autumn.
The annual linear relationships between LER-C and DLR-C
reach 0.63 at the 95% signiﬁcance level. The eﬀect of DLR-C
on LER-C is therefore more signiﬁcant, and there is a strong
linear relationship between LER-C and DLR-C in summer
and autumn (0.69 and 0.77, respectively). LER-C is also less
sensitive to changes in ULR-C.
These results show that LER may have a greater correspondence with changes in DLR. However, ULR acts as a
function of net shortwave ﬂux and shows thermal inertia [3],
and cloud has a considerable inﬂuence on LER under certain
weather conditions.
To enable further analysis of the cloud eﬀect, Figure 8
shows diﬀerences between all-sky and clear-sky LER. Large
diﬀerences are apparent over the Tibetan Plateau, where
cloud cover causes signiﬁcant changes in the corresponding
period [45]. The diﬀerences between DLR and ULR under
diﬀerent weather conditions are also analyzed in Figures 9
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Figure 3: Distribution of annual and seasonal linear LER trends (Wm−2) in China under all-sky conditions during 2001–2016 (dot regions
indicate that linear trends attained the 95% signiﬁcance level): (a) annual, (b) spring, (c) summer, (d) autumn, and (e) winter.
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Figure 6: Slopes of (a) annual and (b–e) seasonal linear regressions for relationship between LER and ULR (red) and DLR (blue) (unit:
Wm−2) under all-sky conditions in China during the period 2001–2016 (asterisk indicates 95% signiﬁcance level).
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Figure 7: Slopes of annual and seasonal linear regressions for relationship between LER and ULR (red) and DLR (blue) under clear-sky
conditions during the period 2001–2016 (LER-C, ULR-C, and DLR-C are radiation ﬂuxes under clear-sky conditions): (a) annual, (b) spring,
(c) summer, (d) autumn, and (e) winter.

and 10. However, there are small diﬀerences in ULR under
diﬀerent weather conditions. The diﬀerence of ULR under
diﬀerent weather conditions is much smaller than DLR. The
diﬀerence of LER under diﬀerent weather conditions is
mainly caused by DLR, and the distribution features are
similar Therefore, it can be seen that cloud mainly aﬀects
DLR and causes diﬀerences in LER and that there are obvious seasonal and regional diﬀerences.
According to Figures 3 and 4, LER shows signiﬁcant
seasonal and regional characteristics under diﬀerent weather
conditions. We have considered the signiﬁcance of cloud
eﬀects on LER.
Therefore, to better understand the modulating factors of
LER in China, an EOF analysis was conducted to conﬁrm the
diﬀerence of all-sky LER and clear-sky LER during the
period 2001 to 2016, and results are shown in Figure 11. A
combination of the spatial distribution of the ﬁrst EOF mode
and the corresponding time series shows an increasing trend
in the diﬀerence of LER in the two kinds of weather

conditions in China, and the variation is more obvious after
2007. The second EOF mode shows obvious regional
characteristics: areas of reduction are centered in northwestern and central-eastern China, but there is an increasing
trend on the Tibetan Plateau and northeastern China. With
respect to the second mode time series, spatial variation
characteristics are more signiﬁcant after 2009. However, the
third EOF mode presents a north-south antipodal phase.
To consider regional diﬀerences, Figure 12 shows the
division of climate regions according to the spatial distribution characteristics of the second EOF mode: the ﬁrst
region is 38°N–49°N, 70°E–104°E; the second region is
25°N–40°N, 70°E–104°E; the third region is 20°N–45°N,
104°E–122°E; and the fourth region is 40°N–50°N,
122°E–132°E. Modulating factors of LER are thus discussed
in detail through the partitioning of these results.
ULR is expressed by ULR � ε0 σT40 , where ε0 is surface
emissivity, s represents the Stefan–Boltzmann constant,
and T0 is the land surface temperature. DLR can be
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Figure 8: Diﬀerences in LER (Wm−2) in China between all-sky conditions and clear-sky conditions during 2001–2016: (a) annual, (b)
spring, (c) summer, (d) autumn, and (e) winter.
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Figure 10: The diﬀerence of the ULR (Wm−2) in China between the all-sky conditions and clear-sky conditions during 2001–2016:
(a) annual, (b) spring, (c) summer, (d) autumn, and (e) winter.

calculated by DLR � εa σf(Ta , ω∞ ), where e is atmospheric radiance, σ is the Stefan–Boltzmann constant, Ta
is the average atmospheric temperature, and ω∞ is total
atmosphere water vapor. According to the previous
analysis, cloud and DLR have a considerable inﬂuence on
adjusting LER. As DLR is dominated by atmospheric
temperature and humidity, we thus explore the inﬂuence
of clouds, Ta, and RH on LER in diﬀerent regions and
seasons.
One of the primary aims of this study is to quantify the
relationship between LER and its modulating factors in
China. Correlation coeﬃcients were thus calculated individually, both annually and for all seasons in the four
climate regions, and results are shown in Figure 13.
In spring, summer, and autumn, the MCC metric shows
statistically
signiﬁcant
correlation
coeﬃcients
(r � −0.65,−0.71, and −0.81, respectively) associated with
LER in region 1 (Figure 13(a)). The proportion of MCC in
this region is high, and the seasonal distribution of cloud has
a signiﬁcant inﬂuence on seasonal change of LER. The HCC
in autumn is signiﬁcantly correlated (r � −0.66) with LER.
RH eﬀects are mainly inﬂuenced in spring and autumn
(r � −0.61 and −0.73, respectively) and are related to water
vapor transport characteristics in this region [46]. The
negative correlations between MCC and LER in this region
indicate that more MCC occurs in seasons when LER is
weaker. The formation of cloud is closely related to humidity
conditions, and the inﬂuence of RH is also signiﬁcant. For
region 2 (Figure 13(b)), HCC shows a high frequency,
particularly in summer and autumn, and LER has

signiﬁcantly high correlations with HCC (r � −0.61 and
−0.56, respectively), whereas correlations in spring and
winter are −0.57. Humidity in this region is signiﬁcant in
spring and summer (r � 0.70 and −0.62, respectively). In
contrast to region 1, changes in spring and winter Ta in this
region have signiﬁcant eﬀects on LER (r � 0.62 and 0.71,
respectively), which is considered to be related to the
thermal eﬀect of this region (as it is at a relatively high
elevation). In most areas of region 3 (Figure 13(c)), water
vapor is relatively abundant. The RH metric shows statistically signiﬁcant correlation coeﬃcients in spring, autumn,
and winter (r � −0.69, −0.84, and −0.89, respectively). In
addition, LCC in winter and MCC in autumn are highly
signiﬁcant (r � −0.75 and −0.76, respectively), but RH is the
foremost modulating factor in this region. For region 4
(Figure 13(d)), RH is also the main modulating factor, and it
shows highly signiﬁcant correlations in spring, summer, and
autumn (r � −0.55, −0.88, and −0.83, respectively). In autumn, MCC and Ta have a higher correlation (r � −0.74 and
0.5, respectively). Based on these phenomena, Ta and LCC
are considered to have no signiﬁcant correlation with LER.
The ﬂux of moisture and sensible heat can be adjusted by
ULR by poleward propagating Rossby waves, which increases total column water and temperature [47]. Atmospheric warming is often accompanied by surface warming,
and the increase in Ta and surface temperature lead to an
increase in both DLR and ULR, thereby weakening the
inﬂuence on LER. The eﬀect of LCC on LER is reduced by its
feedback to increasing temperature in the Earth-atmosphere
system [48].
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Figure 11: First three EOF modes of diﬀerences in LER in all-sky and clear-sky weather conditions (unit: Wm−2) in China: (a) spatial
distribution of EOF modes and (b) corresponding time coeﬃcient.

It is important to note that there is a lack of correlation
between mean annual and seasonal LER and modulating
factors in some regions (such as the mean annual results in
region 2), which means they are coeﬃcient predictors.
Therefore, modulating factors were combined to evaluate
LER when using the multiple linear regression method.
The goodness of ﬁt coeﬃcients (in Table 1) are significantly higher than individual goodness of ﬁt coeﬃcients.

In all four climate regions, R2 is signiﬁcant and most
obvious in region 4. The characteristics of these coeﬃcients indicate that clouds, Ta, and RH can be combined
to better explain the variability of all-sky LER in China
than using individual metrics. However, the modulating
factors related to seasonal and regional characteristics
should be considered together when regulating LER
values.
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Figure 13: Correlation coeﬃcients between all-sky LER and HCC, MCC, LCC, Ta, and RH in diﬀerent regions and seasons during the
period 2001–2016. (a) Region 1. (b) Region 2. (c) Region 3. (d) Region 4. The absolute value above 0.49 is proven at a 95% signiﬁcance level.
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Table 1: Correlation coeﬃcients for multiple linear regressions conducted between annual and seasonal all-sky LER (W m−2) and cloud (%),
Ta (°C), and RH (%) in four climatic regions. The asterisk means correlations signiﬁcant at the 95% signiﬁcance level.
Region
Region
Region
Region

1
2
3
4

Spring
0.76∗
0.79∗
0.73∗
0.62∗

Summer
0.82∗
0.79∗
0.66∗
0.92∗

5. Conclusion and Discussion
LER is modulated by many factors, including cloud
cover, surface elevation, temperature, and humidity, and
this study aimed to investigate the inﬂuence of these
factors. CERES-observed ULR and DLR data were used to
conduct an assessment of LER in China during
2001–2016, and two schemes were included: all-sky and
clear-sky conditions. The following primary conclusions
can be made.
This study explored both all-sky and clear-sky LER,
and results show that they both exhibit larger intensities
in northwest China and a decreasing trend in their spatial
distribution from northwest to southeast. The mean value
of LER under clear-sky conditions is about 20–30 Wm−2
higher than that in all-sky conditions; these results are
consistent with those of a previous study [13].
For diﬀerent seasons, LER under two diﬀerent weather
conditions has the largest value in spring, followed by
summer, autumn, and then winter. ULR rapidly increases
with an increase in surface temperature, and this then enhances LER. There are obvious diﬀerences between clear-sky
LER in northwest China and all-sky LER; this is related to the
increased surface albedo from snow cover. In summer,
under the inﬂuence of abundant water vapor, increasing
DLR leads to a reduction in LER. In autumn, less cloud cover
enables more solar radiation to reach the surface and more
heat to be absorbed; ULR and DLR thus increase simultaneously, and there are little diﬀerences between the values of
LER in autumn and summer. However, in winter, ULR
drops rapidly with the decreasing temperature and LER
decreases accordingly. Although there are seasonal variations in spatial distributions, annual variations are quite
similar.
Annual and seasonal variations of LER in China show a
consistent and signiﬁcant downward trend after 2007.
There was a signiﬁcant decrease in LER under two weather
conditions in northwest China, eastern Tibetan Plateau,
and southeast and northeast China. In addition, decreases in
LER are more pronounced in spring with clear-sky
conditions.
LER increases with an increase in ULR and decreases
with an increase in DLR. The regression results indicate that
LER is more sensitive to the change of DLR. Previous study
also indicated that ULR aﬀects more net shortwave ﬂux,
which leads to low correlation between LER and ULR [3].
Meanwhile, the cloud changes are crucial for LER. The
diﬀerence of all-sky and clear-sky LER is discussed by applying the EOF analysis. The ﬁrst pattern is characterized by
more obvious distinction of diﬀerent LER over China and

Autumn
0.88∗
0.72∗
0.94∗
0.93∗

Winter
0.62∗
0.82∗
0.93∗
0.70∗

Annual
0.71∗
0.77∗
0.74∗
0.80∗

the corresponding time series displays distinct negative-topositive phase shift after 2007. The second pattern depicts a
multitronic anomaly pattern with positive anomalies
centered in northeast China and Tibetan Plateau and
negative signs in middle-south and northwest China.
Besides, the temporal coeﬃcients show a sudden decrease
in 2009, implying this pattern is more obvious since then.
The third mode shows a dipole pattern with anomalies of
opposite signs between north and south China. The land
cover, climate type, and surface elevation can eﬀectively
inﬂuence the LER [49]. Thus, we divided four climate
regions to further analyze the seasonal and regional
modulating factors of LER.
Regions 3 and 4 are areas with higher moisture than
region 1 and 2, and LER is negatively correlated with RH
in these regions. The moisture ﬂux in these regions can
increase the total column water and temperature and
inﬂuence radiative processes [47, 50]. However, higher
negative correlations with cloud occur in regions 1 and 2,
where cloud types have obviously diﬀerent eﬀects. The
frequency of MCC occurrence is higher in region 1, and
there is a signiﬁcant negative correlation with LER. For
region 2, the higher occurrence of HCC dominates
negative correlations in summer and autumn, and MCC
dominates in spring and winter. Furthermore, a positive
correlation with Ta is only seen in region 2 in spring and
summer. Results of multiple linear regressions conﬁrm
the importance of these diﬀerent metrics on LER in
China; in particular, R2 reaches 0.80 in region 4.
In summary, this paper investigates the climate
characteristics of LER under two types of weather conditions in China and their modulating factors. The results
presented in this paper can be used as a reference for
diagnosing the impact of future climate change on the
Earth-atmosphere system radiation budget. It is considered that more attention should be directed to longwave ﬂuxes in regions of high humidity, as recent
warming and the occurrence of saturation and high cloud
cover are modulated by this [50, 51]. This paper shows
that conducting a quantitative evaluation of the eﬀects of
climate modulating factors on long-wave radiation using
satellite data is useful for improving calculations of radiative processes and can be used to predict and understand future climate change. In future work, we aim to
evaluate each component of the radiation budget under
diﬀerent weather conditions.

Conflicts of Interest
The authors declare that they have no conﬂicts of interest.

14

Advances in Meteorology

Acknowledgments
This study was supported by the National Key R&D
Program of China (2016YFA0601702). This study was
also funded by “the Priority Academic Program Development of Jiangsu Higher Education Institutions”
(PAPD).

[17]

[18]

References
[1] R. Knutti, T. F. Stocker, F. Joos, and G.-K. Plattner, “Constraints on radiative forcing and future climate change from
observations and climate model ensembles,” Nature, vol. 416,
no. 6882, pp. 719–723, 2002.
[2] G. L. Smith, A. C. Wilber, S. K. Gupta, and P. W Stackhouse,
“Surface radiation budget and climate classiﬁcation,” Journal
of Climate, vol. 15, no. 10, pp. 1175–1188, 2002.
[3] P. E. Mlynczak, G. L. Smith, A. C. Wilber, and
P. W. Stackhouse, “Annual cycle of surface longwave radiation,” The Journal of Applied Meteorology and Climatology,
vol. 50, no. 6, pp. 1212–1224, 2011.
[4] B. Tang and Z.-L. Li, “Estimation of instantaneous net
surface longwave radiation from MODIS cloud-free data,”
Remote Sensing of Environment, vol. 112, no. 9,
pp. 3482–3492, 2008.
[5] J. D. Haigh, “Radiative forcing of climate change,” Weather,
vol. 57, no. 8, pp. 278–283, 2002.
[6] H. K. Cho, J. Kim, Y. Jung, Y. G. Lee, and B. Y. Lee, “Recent
changes in downward longwave radiation at King Sejong
station, Antarctica,” Journal of Climate, vol. 21, no. 22,
pp. 5764–5776, 2008.
[7] R. P. Allan, “Evaluation of simulated clear-sky longwave
radiation using ground-based observations,” Journal of Climate, vol. 13, no. 11, pp. 1951–1964, 2000.
[8] M. Jansen, “Intergovernmental Panel on Climate Change
(IPCC),” Encyclopedia of Energy Natural Resource & Environmental Economics, vol. 26, no. 2, pp. 48–56, 2013.
[9] J. E. Harries, H. E. Brindley, P. J. Sagoo, and R. J. Bantges,
“Increases in greenhouse forcing inferred from the outgoing
longwave radiation spectra of the earth in 1970 and 1997,”
Nature, vol. 410, no. 6826, pp. 355–357, 2001.
[10] R. Henriquez and D. C. Nonhebel, “Testing longwave radiation parameterizations under clear and overcast skies at
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