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ABSTRACT

Cloud–radiation processes play an important role in regional energy budgets and surface temperature changes over
arid regions. Cloud radiative effects (CREs) are used to quantitatively measure the aforementioned climatic role. This
study  investigates  the  characteristics  of  CREs  and  their  temporal  variations  over  three  arid  regions  in  central  Asia
(CA), East Asia (EA), and North America (NA), based on recent satellite datasets. Our results show that the annual
mean shortwave (SW) and net CREs (SWCRE and NCRE) over the three arid regions are weaker than those in the
same  latitudinal  zone  of  the  Northern  Hemisphere.  In  most  cold  months  (November–March),  the  longwave  (LW)
CRE is stronger than the SWCRE over the three arid regions, leading to a positive NCRE and radiative warming in
the regional atmosphere–land surface system. The cold-season mean NCRE at the top of the atmosphere (TOA) aver-
aged over EA is 4.1 W m–2,  with a positive NCRE from November to March, and the intensity and duration of the
positive NCRE is larger than that over CA and NA. The CREs over the arid regions of EA exhibit remarkable annual
cycles due to the influence of the monsoon in the south. The TOA LWCRE over arid regions is closely related to the
high-cloud fraction, and the SWCRE relates well to the total cloud fraction. In addition, the relationship between the
SWCRE and the low-cloud fraction is good over NA because of the considerable occurrence of low cloud. Further
results show that the interannual variation of TOA CREs is small over the arid regions of CA and EA, but their sur-
face LWCREs show certain decreasing trends that correspond well to their decreasing total cloud fraction. It is sug-
gested that combined studies of more observational cloud properties and meteorological elements are needed for in-
depth understanding of cloud–radiation processes over arid regions of the Northern Hemisphere.
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1.    Introduction

Clouds play key roles  in  surface energy and hydrolo-
gical  cycles (Randall  et  al.,  2007; Boucher et  al.,  2013).
In  the  atmosphere–land  surface  system,  clouds  reflect
shortwave (SW) and trap longwave (LW) radiation at the
top  of  the  atmosphere  (TOA)  and  reduce  incident  SW
and  increase  LW  radiative  fluxes  at  the  surface.  These

cloud roles  strongly alter  the TOA and surface radiative
flux, the regional energy budget, surface air temperature,
and the  resultant  general  circulation.  Cloud radiative  ef-
fects  (CREs)  are  defined  as  the  difference  in  radiative
fluxes  at  the  TOA  or  surface  under  clear-  and  all-sky
conditions,  to  show the  bulk  cloud  effects  (Ramanathan
et  al.,  1989;  Liu  et  al.,  2011).  As  a  widely  used  and ef-
fective method for studying cloud–radiation interactions,
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CREs are  used  to  quickly  diagnose  the  cloud  effects  on
regional  climate,  particularly  the  contribution  of  clouds
to radiative heating or cooling (Cess et al., 2001; Mace et
al., 2006; Loeb et al., 2009).

With the development of satellite datasets and climate
models,  increasingly  abundant  information  on  cloud
properties and climate effects is being revealed on global
scale  (Trenberth  et  al.,  2009;  Stubenrauch  et  al.,  2013;
Wild  et  al.,  2013).  However,  important  questions  on  re-
gional  cloud effects  and simulations  remain unanswered
(Lauer and Hamilton, 2012; Flato et al., 2013). The cloud
processes  and  relevant  climatic  feedback  remain  one  of
the  largest  sources  of  uncertainty  in  simulating  the
present climate (Bony et al., 2006; Boucher et al., 2013).
Regional cloud–radiation issues are therefore the subject
of increasing attention.

Arid  and  semi-arid  regions  in  midlatitudes  of  the
Northern  Hemisphere  (NH),  including  North  America
(NA),  central  Asia  (CA),  and  East  Asia  (EA)  arid  re-
gions, are fragile climate zones, and their drought intens-
ity  and  areas  have  increased  in  recent  decades  (Ma  and
Fu,  2007;  Dai,  2013;  Zhao  et  al.,  2014,  2015).  Mean-
while, the surface warming trend over these arid regions
is  much  more  significant  in  cold  season  (Huang  et  al.,
2012).  The studies summarized by IPCC reports  (Meehl
et al., 2007; Boucher et al., 2013) show that, due to large-
scale  responses  and  feedbacks  in  the  context  of  global
warming,  middle-  and  low-cloud  fractions  (hereafter,
MCF and LCF) are likely to decrease, and the likelihood
of strong surface warming and drought over the midlatit-
udes  of  the  NH  has  intensified.  Hence,  quantitative  in-
vestigations  of  cloud–radiation  processes  through  CREs
are  crucial  for  in-depth  understanding  of  climatic  states
and relevant changes over arid regions.

Many  observational  studies  associated  with  cloud–
radiation  issues  have  focused  on  cloud  properties  or  the
radiation budget at one or several sites over arid regions
(e.g., Liu et al., 2011; Wang et al., 2013). Moreover, spe-
cific midlatitude arid regions, such as EA, have been ex-
amined in detail by some researchers (Chen et al., 2008;
Min  et  al.,  2010;  Zhang  and  Zhou,  2015).  There  have
been,  however,  few  comparative  studies  conducted  re-
garding the major characteristics of CREs over the three
aforementioned  arid  regions  of  the  NH.  Therefore,  the
purpose  of  the  present  study  is  to  investigate  the  sea-
sonal  features  of  CREs,  and  the  corresponding  inter-
annual variation, over these three arid regions in the NH.
Furthermore,  the  quantitative  relationships  between
CREs  and  cloud  fractions  (CFs)  are  examined  for  these
arid regions, to reveal their individual characteristics.

2.    Datasets and methods

2.1    Observational datasets

The  radiative  flux  data  are  from  the  recent  CERES-
EBAF (Clouds  and  the  Earth’s  Radiant  Energy  System-
Energy  Balance  and  Filled  product)  Ed2.8  dataset
(Doelling  et  al.,  2013),  including  SW and  LW radiative
fluxes  at  the  TOA  and  surface  under  clear-sky  and  all-
sky  conditions.  The  CERES-EBAF  dataset  has  been
widely  used  in  studying  the  role  of  clouds  and  the  en-
ergy cycle in the earth–climate system (Loeb et al., 2009;
Boucher  et  al.,  2013).  The  column  total  CF  (TCF)  and
high  CF  (HCF)  data  used  in  this  study  are  from  the
NASA CERES-Moderate Resolution Imaging Spectrora-
diometer  (hereafter,  MODIS)  (SYN1) dataset,  edition  3.
The  uncertainty  in  the  CERES-MODIS  TCF  is  approx-
imately  7%  (Minnis  et  al.,  2011).  Both  datasets  have  a
spatial  resolution  of  1.0°  latitude  by  1.0°  longitude  and
are available from March 2000 to the present. Moreover,
another column of CFs (TCF, HCF, MCF, and LCF) and
3D cloud  vertical  distributions  are  from the  general  cir-
culation  model  (GCM)  Oriented  CALIPSO  Cloud
Product  (GOCCP).  The  GOCCP  data  are  based  on
CALIPSO satellite datasets, which are designed to evalu-
ate  the  vagueness  simulated  in  climate  models  (Chepfer
et  al.,  2010) and have shown their  value in climate ana-
lysis  (Cesana  and  Chepfer,  2012;  Boucher  et  al.,  2013).
The GOCCP data have a horizontal resolution of 2.0° lat-
itude by 2.0° longitude, with 40 vertical levels at 480-m
intervals,  and  cover  the  period  from  June  2006  to  the
present.

The  total  precipitation  observation  data  are  from  the
Global  Precipitation  Climatology  Project  (GPCP)  mon-
thly products, with a global resolution of 2.5° latitude by
2.5°  longitude  from  1979  to  the  present  (Adler  et  al.,
2003).  The  meteorological  data  are  from  the  ERA-
Interim reanalysis (Dee et al., 2011), including horizont-
al  wind,  vertical  velocity,  and  humidity,  with  a  spatial
resolution of  1.0°  latitude by 1.0°  longitude.  The period
of  coverage  for  ERA-Interim  is  the  same  as  that  for
GPCP. These datasets are used as reference standards to
provide the observational state.

2.2    Methods

In the present study, CREs at the TOA are defined as
the differences in radiative fluxes between clear-sky and
all-sky  conditions,  based  on  Ramanathan  et  al.  (1989)
and Boucher et al. (2013), as follows:

LWCRETOA = OLRclr ¡ OLRall; (1) 

SWCRETOA = RSUT clr ¡ RSUT all; (2) 
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NCRETOA = LWCRETOA + SWCRETOA; (3) 

where OLRclr  and OLRall  are the outgoing LW radiative
fluxes  at  the  TOA; RSUTclr  and RSUTall  are  the  corres-
ponding  outgoing  SW  radiative  fluxes,  under  the  clear-
sky  and  all-sky  condition,  respectively;  and  net  CRE
(NCRE) is the arithmetic sum of LWCRE and SWCRE.
The definitions of surface CREs follow those of Liu et al.
(2011) and are listed below:

LWCRESRF = RLDSall¡ RLDSclr; (4) 

SWCRESRF = RSDSall¡ RSDSclr; (5) 

NCRESRF = LWCRESRF + SWCRESRF; (6) 

where RLDS and RSDS are the downward LW and SW
radiative fluxes at the surface, respectively.

We focus on semi-arid and arid regions over CA, EA,
and  NA.  Following  Huang  et  al.  (2016),  three  arid  re-
gions  over  the  NH  are  selected,  and  their  longitudinal
ranges  are  40°–80°E,  80°–120°E,  and  230°–270°E,  re-
spectively, with the same latitudinal range of 35°–55°N.
Hereafter,  these  three  arid  regions  are  named  CA,  EA,
and NA, and the latitudinal zone of 35°–55°N in the NH
is designated as  NH. The arid regions are located in the
mid–high latitudes and have moderately cold months and
warm months over the course of a year. Thus, the clima-
tological states in the cold season (November to March)
and warm season (May to September) are used to obtain
the  seasonal  contrast.  The  yearly  annual,  cold-  and
warm-seasonal  means  of  CREs  during  2001–15  are  cal-
culated  to  reveal  their  seasonal  and  interannual  vari-
ations.  The  MODIS  CFs  during  2001–15  are  used  for
analysis  of  interannual  variation,  and  the  CALIPSO-
GOCCP CFs during 2007–15 are used for the climatolo-
gical mean state.

3.    Results

Figure 1 shows the spatial distribution of annual mean
precipitation,  TCF,  and  NCRE.  Precipitation  is  sparse
over  the  NH arid  regions,  especially  over  the  deserts  of
North  Africa  and the  Middle  East  (Fig.  1a).  Due to  low
precipitation  and  moisture,  the  TCF  is  quite  low  over
South  and  North  African,  Middle  Eastern,  and  Australi-
an  arid  regions,  with  values  of  20%–30%  (Fig.  1b).  In
contrast,  the  TCF  is  over  50% over  midlatitude  arid  re-
gions  and  even  up  to  60% over  the  arid  regions  of  NA.
Meanwhile,  although the magnitude of the NCRE at  the
TOA over the aforementioned arid regions is lower than
that over oceanic regions at the same latitude, the NCRE
over the former remains at –15 to 0 W m–2 (Fig. 1c), ex-
erting  a  certain  radiative  cooling  effect  on  the  regional

atmosphere–land surface system. The results indicate that
there exist certain intensities of the TCF and CREs over
midlatitude arid regions in the NH.

Figure  2  shows  domain-averaged  CREs  at  the  TOA
and surface over  the  three  arid  regions  and the  NH. For
the  global  means,  the  magnitude  of  SWCRE  is  larger
than that of LWCRE, and then the values of NCRE at the
TOA  and  surface  over  the  above  regions  are  negative
(Figs.  2a,  d),  indicating  net  radiative  cooling  in  the  re-
gional  atmosphere–land surface climate system. The an-
nual  mean  CREs  over  CA  and  EA  are  very  close  and
their TOA NCREs are –7.6 and –7.4 W m–2, respectively
(Fig.  2a).  NA  is  adjacent  to  the  North  Pacific  and  At-
lantic  oceans,  where  the  SWCRE  and  NCRE  are  much
higher  (Fig.  1c),  and  its  NCRE  (–14.4  W  m–2)  is  there-
fore  larger  than  that  over  CA  and  EA  (Fig.  2a).  Com-
pared to the TOA, the annual mean SWCRE and NCRE
at the surface are enhanced, mainly because of scattering
and  absorption  by  whole  atmospheric  clouds.  The  sur-
face NCRE over NA and NH are –23.0 and –30.0 W m–2,
respectively, larger than those of CA (–13.6 W m–2) and
EA (–17.0 W m–2) (Fig. 2d).

 
Fig. 1.   Annual mean (a) total precipitation (mm day–1) from GPCP
(2001–15), (b) total cloud fraction (%) from GOCCP (GCM Oriented
CALIPSO Cloud Product) (2007–15), and (c) net cloud radiative ef-
fect (W m–2) at the TOA derived from CERES-EBAF (2001–15). The
black boxes represent the Northern Hemispheric arid regions in this
study, including central Asia (40°–80°E), East Asia (80°–120°E), and
North America (230°–270°E), with a latitudinal range of 35°–55°N.
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In the cold season, the solar zenith angle and incident
solar radiation are low over the arid latitudes of the NH,
and  the  SWCRE  at  the  TOA  is  weaker  than  the  annual
and  warm-season  mean  SWCRE  (Figs.  2b,  c).  Mean-
while, the magnitudes of LWCRE and SWCRE are very
close, resulting in a weak NCRE (Fig. 2b). At the TOA,
the cold-season NCRE over CA and NA is only 0.3 and
–0.7 W m–2,  respectively,  but  the NCRE over EA is  4.1
W  m–2,  showing  a  slight  radiative  warming  effect  (Fig.
2b).  At  the  surface,  the  LWCRE  and  SWCRE  are  also
stronger  than  the  corresponding  TOA  values.  The  sur-
face NCRE over CA and EA increases to 3.8 and 6.9 W
m–2 (Fig. 2e), indicating a clear cloud warming effect on
the surface. The surface NCRE over NA is only 0.17 W
m–2,  indicating  a  slight  warming.  The  value  of  the  sur-
face  NCRE  over  the  NH  is  –2.9  W  m–2  and  implies  a
cooling effect of clouds (Fig. 2e).

In  the  warm  season,  the  SWCRE  evidently  increases
relative to that in the cold season. The strongest seasonal
contrast  of  SWCRE  occurs  over  EA,  where  the  TOA
SWCRE  increases  from  –10.8  W  m–2  in  cold  season  to
–52.2  W  m–2  in  warm  season,  and  the  surface  SWCRE
increases  from –20.6  to  –70.2  W m–2  (Figs.  2b,  c,  e,  f).
The  SWCRE  contrast  over  EA  is  the  largest,  probably
because the arid region of EA is adjacent to the monsoon
regions to its south and is easily influenced by the strong
seasonal  variation  of  the  latter.  In  the  warm season,  the
magnitude  of  SWCRE  is  much  larger  than  that  of  LW-
CRE, and the arid regions of the NH are therefore domin-
ated  by  the  SWCRE,  showing  a  cooling  effect.  Relat-
ively  speaking,  the  warm-season  SWCRE  and  NCRE
over  CA  are  the  weakest  among  the  arid  regions  of  the

NH (Figs.  2c,  f),  primarily  because  of  its  weak CF dur-
ing the warm season.

Figure 3 further shows the annual cycles of CREs over
the  three  arid  regions.  The  SWCRE  and  NCRE  have
clear in-phase variations, and the variations in their amp-
litude over EA are stronger than those over CA and NA.
The  amplitude  of  variation  in  LWCRE  is  much  weaker
than  that  of  SWCRE,  and  the  annual  change  in  surface
LWCRE is different to that of TOA LWCRE. Over EA,
the annual variations of TOA CRE are consistent with its
CF,  with  the  maximum  values  showing  up  during  June
–July  (Fig.  3b).  However,  the  annual  cycles  of  SWCRE
over CA and NA are different to their TCF annual cycles.
For the NCRE, the values are positive from November to
January over CA and NA (Figs. 3a, c, d, f); the positive
time duration over EA is longer,  with the positive value
from  December  to  February  at  the  surface  and  TOA
(Figs. 3b, e). The surface NCRE reaches 10 W m–2  over
EA during February (Fig. 3e). This further shows that the
NCRE over EA is dominated by the warming role of the
LWCRE during the cold season,  and its  duration is  also
longer than that of the arid regions of CA and NA.

CREs are closely related to cloud types and cloud dis-
tributions  (Hartmann  et  al.,  1992).  Hence,  Fig.  4  shows
the annual  cycles  of  the  vertical  distribution of  CFs and
different  column  CFs  over  the  arid  regions  of  the  NH.
Meanwhile,  clouds highly depend on large-scale general
circulation (Bony et al.,  1997). Some general circulation
fields,  including  vertical  velocity  and  wind,  are  presen-
ted  in  Fig.  5  to  explain  the  CF  characteristics  over  the
three arid regions. As can be seen in the vertical distribu-
tion,  the  highest  altitude  of  CF  is  less  than  12  km  over

 
Fig. 2.   Climatological mean TOA (top of atmosphere) CRE (cloud radiative effect) (W m–2) (2001–15) averaged over CA (central Asia), EA
(East Asia), NA (North America), and the NH (Northern Hemisphere) (35°–55°N). Panels (a)–(c) show the annual, cold-season, and warm-sea-
son means,  respectively,  and (d)–(f)  are  the corresponding results  at  the  surface (SRF).  NCRE, SWCRE, and LWCRE are  short  for  net  CRE,
shortwave CRE, and longwave CRE, respectively.
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the three regions (Figs. 4a–c). The largest CF over EA is
located at approximately 10 km in height and occurs dur-
ing  late  winter  and early  summer  (Fig.  4b).  The  highest
CF over CA is slightly lower than that over EA and oc-
curs  at  9  km  during  winter  and  spring  (Fig.  4a).  The
highest  altitude  of  CF  over  NA  is  lower  than  that  over
CA and EA, and a large amount of CFs occur at 8–9 km
during spring; unlike in CA and EA, the largest CF over
NA is located below 2 km during summer (Fig. 4c). Over
CA, the largest TCF occurs in February, while the smal-
lest CF (Fig. 4d) occurs in summer. CA is located on the
west  side  of  a  high  altitude  area,  including  the  Tibetan

Plateau and Pamirs. The orographic uplift easily leads to
ascending  motion  (Wu  et  al.,  2009),  especially  on  the
windward slope in the west to the high altitude area over
CA  (Figs.  5c,  d).  Meanwhile,  wintertime  westerly  wind
prevails  in  CA  and  brings  moisture  from  the  Mediter-
ranean  and  Persian  Gulf  (Figs.  5a,  c),  which  was  also
pointed  out  by  Yin  et  al.  (2014).  Due  to  the  above  ef-
fects  of  circulation  and  moisture,  the  largest  precipita-
tion and TCF over CA occur in winter. In summer, many
areas  of  CA  are  controlled  by  the  anticyclone  in  the
Caspian Sea, meaning northerly wind prevail in those re-
gions  (Figs.  5b,  d).  Thus,  CA  suffers  with  an  arid  cli-

 
Fig. 3.   Annual cycles of TOA (top of atmosphere) CRE (cloud radiative effect) (W m–2) over the arid regions of (a) central Asia (CA), (b) East
Asia (EA), and (c) North America (NA), during the period 2001–15. Panels (d–f) show the corresponding results at the surface (SRF). Red, blue,
and black lines denote the longwave CRE (LWCRE), shortwave CRE (SWCRE), and net CRE (NCRE), respectively.

 
Fig. 4.   Annual cycles of the vertical cloud fraction (CF) (%) and column CF averaged over the three arid regions. Panels (a) and (d) present the
vertical and column CF, respectively, over central Asia (CA); (b) and (e) show the corresponding results over East Asia (EA); and (c) and (f) are
for North America (NA). The CF data are from GOCCP (GCM Oriented CALIPSO Cloud Product) during the period 2007–15. HCF, MCF, and
LCF are short for high, middle, and low CF, respectively.
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mate, and the amount of precipitation and clouds in sum-
mer is much less than in winter. Over EA, the HCF dom-
inates the CF, and has a significant annual cycle, with the
maximum  in  June  (Fig.  4e).  The  annual  cycles  of  TCF
and HCF over the arid region of EA basically agree with
those  over  the  monsoon region of  EA (figures  omitted),
further  demonstrating  that  the  arid  region  of  EA  is
greatly affected by the monsoon region to its south. Over
NA, the HCF is dominant in the cold season and peaks in
March, but the LCF dominates the CF over CA, particu-
larly  in  summer.  Notably,  the  LCF  over  CA  and  NA  is
larger than that over EA in the cold months (December to
March)  (Figs.  4d,  e,  f).  Moreover,  the  largest  TCF  and
HCF over the three arid regions reach 60% and 40%, re-
spectively,  indicating  that  the  intensity  of  CREs  cannot
be ignored.

The CF characteristics over the arid regions of the NH
presented  above  affect  their  individual  CREs.  Here,  we
further  examine  the  relationships  between  the  CF  and
CREs with scatter diagrams. As displayed in Figs. 6b, f,
j,  the  linear  correlation  between  the  TOA  LWCRE  and
HCF reaches 0.6 over the three arid regions. The correla-
tion between the TOA LWCRE and TCF over EA is also
high, with a value of 0.62 (Fig. 6e). Furthermore, the sur-
face LWCRE is also closely related to the TCF, and the
corresponding linear correlations between them are 0.71,
0.60, and 0.90, over CA, EA, and NA (Figs. 6c, g, k), re-
spectively,  implying  that  the  HCF  strongly  affects  the
LWCRE over  the  arid  regions  of  the  NH.  Note  that  the
correlation  between  the  LWCRE  and  HCF  is  only  0.37
over NA (Fig. 6l), possibly because the LCF weakens the
effect of the HCF on the surface. In contrast, the correla-
tion between the surface LWCRE and HCF is 0.8 and 0.6

over  CA  and  EA  (Figs.  6d,  h),  respectively,  indicating
strong effects of the HCF at the surface. In particular, the
inland cirrus over CA strongly influences the surface LW
radiation (Sassen and Campbell, 2001).

As  shown in  Fig.  7,  the  correlation  between  the  SW-
CRE  and  TCF  at  the  TOA  is  –0.73,  –0.67,  and  –0.94
over  CA,  EA,  and  NA (Figs.  7a,  e,  i),  respectively;  and
the  corresponding  values  are  –0.74,  –0.66,  and  –0.81  at
the surface (Figs. 7c, g, k). Owing to the large LCF, the
relationship between the SWCRE and LCF is very close
over  NA,  with  a  correlation  of  –0.77  (Figs.  7j,  l);
however,  the  correlation  between  the  SWCRE and  LCF
is low over CA and EA because of their relatively smal-
ler  LCF  (Figs.  7b,  d,  f,  h).  In  addition,  the  relationship
between the SWCRE and TCF (LCF) is very close at the
TOA and surface for the arid regions. This means that the
effects of clouds on SW radiation differ little at the TOA
and surface. Unlike the SWCRE, the relationships of the
surface LWCRE with the above column CFs differ with
that at the TOA.

In addition to the climatological  mean states,  we also
investigate  the  interannual  changes  in  CREs  over  the
three arid regions during 2001–15. Here, each value rep-
resents  the  yearly  area  mean  minus  the  corresponding
multi-year  mean.  Three  time  series  of  the  annual,  cold-
season,  and warm-season means are  derived.  The stand-
ard deviation (STD) is used to describe the fluctuation in
intensity  of  the  interannual  variation.  As  displayed  in
Fig. 8,  a pronounced feature is that the interannual vari-
ation of most surface CREs is larger than the correspond-
ing TOA CREs. For instance, the STDs of the TOA SW-
CRE are 1.84 and 2.38 W m–2 over EA and NA (Figs. 8h,
n), respectively, but the corresponding surface STDs are

 
Fig. 5.   Cold-season mean (a) 500-hPa vertical velocity (hPa day–1) and horizontal wind (m s–1), and (c) 850-hPa specific humidity (103 kg kg–1)
and horizontal wind, from ERA-Interim (2001–15). Panels (b) and (d) are the corresponding results in warm season. The three arid regions are
delineated with black boxes.
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2.55 and 3.19 W m–2 (Figs. 8k, q). This indicates that the
whole atmosphere–land surface system is relatively more
stable, with a smaller interannual variation, but the inter-
annual  changes  in  surface  CREs  is  larger.  The  differ-
ences  in  interannual  CREs  between  the  cold  and  warm
seasons are small over CA and EA, but the SWCRE over
NA has a larger interannual variation in the warm season
than that in the cold season, because a large LCF occurs
in summer and strongly affects the SWCRE over NA. In
addition,  there  are  no  evident  variation  trends  for  TOA
CREs.  The  annual  mean  interannual  trends  of  surface
LWCRE  are  –0.41  and  –0.35  W  m–2  yr–1  over  CA  and
EA  (Figs.  8d,  j),  respectively,  showing  a  decreasing
change; as a result, the annual mean trend of their NCRE
also shows a decreasing change, with corresponding val-
ues of –0.18 and –0.42 W m–2 yr–1 (Figs. 8d, j). Accord-
ing to  the  above analysis,  the  surface  LWCRE over  CA

and EA is closely related to the TCF. In fact, the annual
mean TCF over CA and EA also shows a clearly decreas-
ing  trend  of  –0.29%  and  –0.23%  yr–1  (Figs.  9a,  b),  re-
spectively,  while  their  HCFs  do  not  present  an  evident
trend (Figs. 9d, e). Both the LWCRE and HCF interannu-
al changes are likely caused by large-scale circulation an-
omalies, the causes of which are complex and beyond the
scope  of  this  work.  Moreover,  Fig.  8  shows  that  the
STDs  of  CREs  during  2001–15  are  much  weaker  than
their  climatological  means.  For  example,  as  shown  in
Figs. 8h, k, the cold-season STDs of NCRE over EA are
0.69  and  1.18  W  m–2  at  the  TOA  and  surface,  respect-
ively,  only  approximately  17%  of  the  corresponding
cold-season  mean  NCRE  at  the  TOA  (4.1  W  m–2)  and
surface (6.9 W m–2). This further indicates that the radiat-
ive  warming  from  the  LWCRE  is  significant  over  EA
during the cold season.

 
Fig. 6.   Scatter plots of the climatological annual mean LWCRE (longwave cloud radiative effect) and column CF (cloud fraction) over the three
arid regions: the TOA LWCRE versus (a) the TCF (total cloud fraction) and (b) the HCF (high-cloud fraction) over CA (central Asia); and the
surface LWCRE versus (c) the TCF and (d) the HCF over CA. Panels (e–f) and (g–h) show the corresponding TOA and surface plots over EA
(East Asia). Panels (i–j) and (k–l) are the corresponding plots over NA (North America). The period of coverage for CRE and CF is 2007–15.
The linear regression equation, correlation coefficient, and regression line (red) are shown in each panel.
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4.    Conclusion and discussion

This  study  investigates  the  characteristics  of  CREs
among three arid regions in the NH using recent satellite
datasets. The major conclusions are summarized below.

The  annual  mean  CREs  are  dominated  by  the  SW-
CRE  over  the  three  arid  regions.  EA  has  the  strongest
contrast in CREs between cold and warm seasons among
the three arid regions. In the cold season, the LWCRE is
stronger than the SWCRE over CA and EA, leading to a
positive NCRE and a radiative warming; specifically, the
NCRE over EA is 4.1 and 6.9 W m–2 at the TOA and sur-
face,  respectively.  The  sign  of  the  cold-season  mean
NCRE over NA and the same latitudinal zone of the NH
is  still  negative  (radiative  cooling).  In  the  warm season,
the  SWCRE  and  NCRE  are  clearly  negative  over  the
above  arid  regions.  A  large  TCF  (HCF)  is  distributed
over the above arid regions, with the highest TCF (HCF)
of 60% (40%). The maximum TCF (HCF) occurs in the
cold  months  (February to  March)  over  CA and NA, but
the corresponding peak is in summer over EA, where the

pronounced  annual  cycles  of  TCF  and  HCF  exist.  The
CREs over the arid regions of the NH are closely related
to their CFs. Over CA and EA, the TOA LWCRE relates
well  to  the  HCF,  with  a  linear  correlation  of  over  0.6.
However,  the  correlation  between  the  HCF  and  surface
LWCRE is only 0.37 over NA, showing a weak effect of
the HCF at the surface. The correlation between the SW-
CRE  and  TCF  is  also  high  over  the  three  arid  regions,
reaching –0.66. The correlation between the SWCRE and
LCF reaches  –0.77  over  NA,  because  of  the  large  LCF.
The interannual change of CREs at the TOA is small, but
their  variations  at  the  surface  are  larger.  The  LWCRE
clearly  shows  a  decreasing  trend,  with  surface  trends  of
–0.41  and  –0.35  W  m–2  yr–1  over  CA  and  EA,  respect-
ively.  This  decreasing  LWCRE  trend  agrees  well  with
the decreasing TCF trend over these two regions.

This  study  emphasizes  the  relationship  between
CFs and CREs. Indeed, CREs also depend on cloud wa-
ter  content,  particle  sizes,  and  their  distributions  (Kiehl,
1994;  Hartman  et  al.,  2001).  Satellite-retrieved  CFs  and
other  properties  generally  suffer  from  some  uncertainty

 
Fig. 7.   As in Fig. 6, but for the SWCRE (shortwave cloud radiative effect).
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in  measuring  sensors  and  retrieval  algorithms  (Stuben-
rauch  et  al.,  2013).  For  example,  the  definition  of  the
column CF and its magnitude retrieved from MODIS and
GOCCP satellites bear some differences. As a result, the

conclusions  in  our  work  should  be  further  verified  with
more  cloud  micro-  and  macro-physical  observations.  In
addition,  this  study  focuses  on  CREs  at  the  surface  and
the  TOA,  and  does  not  examine  atmospheric  CREs  and

 
Fig. 8.   Time series of area mean CRE (cloud radiative effect) anomalies (W m–2) over the three arid regions during the period 2001–15. Panels
(a–c) show the LWCRE (longwave CRE), SWCRE (shortwave CRE), and NCRE (net CRE) at the TOA, respectively, over CA (central Asia);
and (d–f) show the LWCRE, SWCRE, and NCRE at the surface, respectively, over CA. Panels (g–i) and (j–l) are the corresponding CREs over
EA (East Asia). Panels (m–o) and (p–r) are the corresponding CREs over NA (North America). Blue, red, and black lines denote the cold-season,
warm-season, and annual mean (ANN), respectively, and their standard deviation values (W m–2) are given to the left of each legend.
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their  vertical  distribution,  which  have  recently  received
more attention (e.g., Li et al., 2015). Atmospheric CREs
are  another  important  aspect  of  concern.  Moreover,  the
CF  and  its  spatial  distribution  depend  greatly  on  atmo-
spheric general circulation, and the seasonal and interan-
nual  variations  of  the  general  circulation  deeply  influ-
ence  CREs  (Bony  et  al.,  1997).  On  the  other  hand,  sur-
face states, such as albedo and air temperature, distinctly
alter  incident  solar  and upward LW radiation,  which af-
fect  CREs.  Thus,  a  further  analysis  on  meteorological
and surface characteristics is  needed to achieve in-depth
analysis  of  climatic  feedback and long-term changes as-
sociated  with  CREs  over  arid  regions  in  the  NH.  Given
the complexity of cloud–radiation processes, it is also ne-
cessary to utilize climate model simulations. The aspects
mentioned above should be addressed in further studies.
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