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The Tibetan Plateau (TP) has important influences on regional and global climate
change. Here, we perform an in-depth study of the relationship between cloud
parameters and meteorological factors over the TP. The spatiotemporal variations
in cloud cover and cloud optical thickness over the TP during the daytime from
2003 to 2015 are analysed using the Aqua-MODIS level 2 atmospheric product
data MYD06. Results show that the annual average cloud cover over the TP
decreases from the southeast to the northwest. The cloud cover of the western TP
is highest in spring and lowest in autumn, while the cloud cover of the eastern
TP is higher in spring and summer. The cloud covers in most areas of the TP
exceed 30% in spring and summer, and the cloud optical thickness in the southeast-
ern TP exceeds 10 in summer, with substantial cloud cover and cloud optical thick-
ness changes. Compared to other seasons, the cooling effect of the near surface
cloud net radiative forcing is greater during daytime in summer, which is likely
associated with thick cloud optical thickness or large cloud cover. The results of
the analysis of relationships among cloud cover, water vapour and air temperature
show that positive correlations exist between cloud cover and water vapour, and
that significantly negative correlations exist between cloud cover and air tempera-
ture over the TP. Combined with the analysis of variation features in the cloud
parameters and meteorological factors, we find that water vapour variations during
the daytime over the TP lead to cloud cover changes, which affect the air tempera-
ture variations over the TP by the cooling effects of clouds, especially in summer.
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1 | INTRODUCTION

The Tibetan Plateau (TP), which is known as the third pole,
has important influences on regional and global climate
change (Ramanathan et al., 1989; Sun and Groisman, 2000;
Liu et al., 2007). During the past 50 years, temperatures
have risen over the TP at an average rate of approximately
0.2 �C�decade−1, which is approximately 2 times the global
warming rate (Qiu, 2008; Chen et al., 2013; Duan and Xiao,

2015). The TP responds sensitively to climate change
(Hansen et al., 2010), and the significant temperature
increases over the TP have led to the melting of glaciers and
permafrost and the degradation of ecosystems in the region
(Wang et al., 2011b; Li, 2012; Wang et al., 2014). Clouds
represent a key factor in regulating climate. Their formation
and changes have important impacts on atmospheric circula-
tion, the water cycle and the energy balance between the
atmosphere and the surface of the Earth (Ding et al., 2004).
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Cloud macro and micro-physical properties have been
obtained from both ground-based and space-borne remote
sensing during short summer period over TP (Zhao et al.,
2016, 2017). However, due to the lack of long, continuous
cloud observations over the TP (Gao et al., 2003; Li et al.,
2006; Wang et al., 2016a; 2016b), the changes in cloud
parameters and the radiative effect of clouds in this region
still require further study. Analysing long time series of
changes in cloud parameters and meteorological elements
reflect on them over the TP is of great significance for
research into the interactions between clouds and radiative
effects, and into the energy balance (Jones et al., 2004;
Wang et al., 2011a; Lenaerts et al., 2012). The results of
these analyses can be used to reduce the uncertainties in
numerical simulations of various processes over the TP that
are performed using climate models (Stocker et al., 2013).

Four types of data on cloud climatic characteristics are
presently available for the TP, namely ground-based obser-
vation data, atmospheric reanalysis data, satellite remote
sensing data and model simulations. The results from
ground-based observation data show that the mean annual of
total cloud cover decreases from the southeastern part to the
northwestern part of the TP, and the interannual variations in
the total cloud cover show a clear downward trend; more-
over, it has been noted that the radiative effects of clouds
cause surface warming over the TP (Kaiser, 2000; Duan and
Wu, 2006; Zhang et al., 2008). Ground-based observational
data have advantages of high frequency and precision (Zhao
et al., 2016, 2017). However, due to the complex terrain of
the TP and the lack of measurement sites in the central and
western portions of the TP, the use of such data to analyse
the cloud parameters of the TP as a whole cannot produce
regionally representative results (Liu, 2003; Rangwala et al.,
2010; Wang et al., 2016a; 2016b). Compared with the
ground-based observational data, atmospheric reanalyses
and model outputs can represent the spatial and temporal
distribution characteristics of cloud parameters and the radia-
tive effects of clouds to some extent (Weare, 2004; Uppala
et al., 2005; Zhang et al., 2005; Sato et al., 2007; Li et al.,
2017), but there is a large deviation at the national or smaller
regional scale (Sato et al., 2007; Flato et al., 2013). The
assimilation algorithms commonly used in reanalysis and the
different parameters, algorithms and input data used in the
models lead to deviations from the cloud parameters mea-
sured over the TP (Weare, 2004; Zhang et al., 2005; Bao
and Zhang, 2013; You et al., 2014; Li et al., 2017). More-
over, the reanalysis outputs generally have low precision
compared with the cloud parameter data obtained from
satellites.

Satellite remote sensing data have advantages of good
temporal continuity and large spatial coverage and have
become an important data source for research on cloud char-
acteristics (Letu et al., 2014; Shang et al., 2017). The
researchers used International Satellite Cloud Climatology

Project (ISCCP) D2 data to analyse the cloud parameter
characteristics over the TP, the results of which show that
the average cloud cover is mainly concentrated in the south-
eastern part of the TP, cloud cover displays a decreasing
trend, and the changes in cloud cover represent a positive
feedback on global warming (Ding et al., 2004; Li et al.,
2006; Duan and Liu, 2011; Zhou et al., 2016). However, the
spatial resolution of the ISCCP D2 dataset is 2.5�, and the
data have not been updated since 2010 (Rossow, 1996;
Rossow et al., 1999). There are a few limitations in the spa-
tially detailed analyses of the changes in cloud parameters
and the recent spatiotemporal changes.

In recent years, satellite remote sensing data, including
the Moderate Resolution Imaging Spectroradiometer
(MODIS), CloudSat and the Cloud-Aerosol Lidar and Infra-
red Pathfinder Satellite Observation (CALIPSO) data, have
been introduced into research on the characteristics of clouds
over the TP. For example, Chen and Liu (2005) and Li et al.
(2006) analysed data from the MODIS level 3 atmospheric
products covering the period 2000–2004 and determined that
high clouds make up a large proportion of the total cloud
cover of the TP; moreover, they discussed the reasons why
the MODIS data display errors in low cloud inversions over
the TP. Gao et al. (2003) analysed MODIS level 3 atmo-
spheric products covering the period 2000–2002 to show
that the water vapour over the TP reached its maximum
amount in July and that the reflectivity of high clouds over
the TP is greatest in April; moreover, the surface conditions
of the TP and the mechanisms of energy exchange were
addressed. In addition, Naud and Chen (2010) and Wang
and Luo (2011) analysed CloudSat/CALIPSO data covering
the period 2006–2009 and concluded that the data can effec-
tively detect the thin cloud layer and that the distribution of
the total cloud cover is slightly higher in spring and summer
than in autumn and winter.

However, some deficiencies exist in analyses of the rela-
tionships between the spatiotemporal variations in cloud
parameters and meteorological factors response, such as air
temperature and water vapour, performed using remote sens-
ing satellite data. The following aspects require further
research. First, previous studies have focused on the distribu-
tion and variations in cloud cover over the TP before 2010,
and relatively few studies have examined long-term cloud
characteristics using recent satellite data. Second, in studies
of the statistical distribution of cloud parameters over the
TP, the TP as a whole is usually the unit of research, and
few studies have examined the spatial distribution diversity
of cloud parameters. However, there are only limited obser-
vations of cloud fraction from MODIS, which could intro-
duce considerable time representation errors in the cloud
fraction (Wang and Zhao, 2017). Moreover, some deficien-
cies in recent research on the interactions between cloud
parameters and meteorological factors over the TP have led
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to insufficient understanding of climate change response
mechanisms.

This study employs data from the MODIS level 2 (Col-
lection 6) atmospheric products, digital elevation model
(DEM) data, and contemporaneous near surface radiation,
air temperature and water vapour data that cover the period
from 2003 to 2015. Based on the spatial distribution charac-
teristics of the multiyear average cloud cover over the TP,
two subregions are divided. These data are used to analyse
the spatiotemporal characteristics and diversity of cloud
cover and cloud optical thickness in different regions and are
combined with cloud radiative forcing to explain the correla-
tions among cloud cover and meteorological factors, includ-
ing air temperature and water vapour. The study area, data
sets and methods are introduced in Section 2. The spatiotem-
poral distribution and variations in cloud cover, the relation-
ships between cloud parameters and meteorological factors
are analysed in Section 3. Section 4 presents the discussion.

2 | DATA AND METHOD

2.1 | Study area

The TP is the highest-elevation plateau in the world and has
a total area of approximately 254 × 104 km2. The topogra-
phy is generally low in the east and high in the west, and the
average elevation exceeds 4,000 m. In general, this region
receives intensive solar radiation and relatively many sun-
shine hours; air temperatures decrease with increasing height
and latitude. Figure 1 shows the study area selected in this
paper, which is the TP as defined by Zhang et al. (2014),
that is, the latitude and longitude ranges of the TP are 25�–
39�N and 73�–104�E, respectively. Similar to Jarvis et al.
(2008), the background DEM shown in Figure 1 was
obtained from Shuttle Radar Topography Mission (SRTM)
data, which have a spatial resolution of 90 m.

2.2 | MODIS data

The MODIS data for this study is from the Aqua satellite,
which passes over the equator during the daytime at 0130
LST (UTC +8). The microphysical parameters of clouds
(cloud fraction [CF], cloud top pressure [CTP], and the cloud
optical thickness [COT]) over the TP were extracted using the
Aqua-MODIS level 2 atmospheric product data (daytime)
extending from 2003 to 2015 (Platnick et al., 2015). The
ISCCP classification method (Rossow, 1996; Rossow et al.,
1999), humidity threshold method and band threshold method
were used to identify the total cloud cover over the TP based
on the above datasets and the single-layer cloud hypothesis,
which is defined as Pixels with CF ≥ 80% (Shang et al.,
2014), 50 hPa ≤ CTP ≤ 1,000 hPa and 0 < COT < 379.
Spatial distribution statistics at monthly, seasonal and annual
scales were calculated using the daily cloud cover data, and
the temporal and spatial distributions of cloud cover were ana-
lysed at different time scales. For the investigation of seasonal
characteristics, the data were divided into four seasonal
groups, that is, spring (from March to May), summer (from
June to August), autumn (from September to November), and
winter (from December to the next February).

2.3 | CERES data

The near surface radiation data covering the same period
were extracted from monthly hourly average data sets for
Cloud and Earth Radiant Energy System (CERES) Synoptic
1� (SYN1deg) Ed4A (Young et al., 1998; Doelling et al.,
2013). Under all-sky and clear-sky conditions, the average
values of the near surface radiation data at 0130 LST were
adopted in this study. The definition of cloud radiative forc-
ing is the radiation balance under the all-sky minus that
under the clear sky. Therefore, we employed the shortwave
radiation flux (Fsw) and longwave radiation flux (FLW) of
downward (#) and upward (") directions, and calculated the
cloud shortwave (CRFs), longwave (CRFL), and net radiative
forcing (CRFN) using the definition of the cloud radiative
forcing (Ramanathan, 1987; Zhao and Garrett, 2015). For-
mulas (1), (2) and (3) show the relevant equations:

CRFS ¼F#
sw all_skyð Þ−F"

sw all_skyð Þ−F#
sw clear_skyð Þ

+F"
sw clear_skyð Þ ð1Þ

CRFL ¼F#
Lw all_skyð Þ−F"

Lw all_skyð Þ−F#
Lw clear_skyð Þ

+F"
Lw clear_skyð Þ

ð2Þ

CRFN ¼CRFS+CRFL ð3Þ

2.4 | Reanalysis data

The air temperature data at 2 m above the displacement
height were extracted from Modern Era Retrospective analy-
sis for Research and Applications (MERRA) data
Assimilation System 2-Dimensional atmospheric single-

FIGURE 1 The scope and DEM of the Tibetan Plateau [Colour figure can
be viewed at wileyonlinelibrary.com]
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level diagnostics that are time averaged single-level at the
native resolution (Rienecker et al., 2011). The values at
01:30 LST were used in this study. Previous studies have
shown that the correlation coefficient between MERRA and
observations for air temperature over the TP reaches 0.83,
which is significant at the 0.01 level (Su et al., 2017). Based
on the elevation of the TP and the analysis of seasonal aver-
age precipitation and total column water vapour in the mon-
soon region by Poan et al. (2016) using data of six types
(including model, experiment, three kinds of satellites, and
ERA-Interim reanalysis data), the water vapour data use the
total column water vapour data that are supplied by the
European Center for Medium-Range Weather Forecasts
(ECMWF) at 0200 LST (Berrisford et al., 2011). This time
is closest to the obtained cloud parameter time in this
dataset.

2.5 | Statistical analysis

A linear regression analysis was performed between the sea-
sonally averaged cloud cover and the water vapour, between
the seasonally averaged cloud cover and air temperature data
(Bao et al., 2014). The values of correlation coefficient R
between the cloud cover and water vapour and between the
cloud cover and air temperature and its significance p (p-
value for testing the hypothesis of no correlation) were
obtained at the seasonal scale to reveal the relationships
between the cloud cover and the meteorological variables.

3 | RESULTS AND DISCUSSION

3.1 | Characteristics of and variations in the
spatiotemporal distribution of cloud cover

The spatial distribution of multiyear average cloud cover
over the TP from 2003 to 2015 is shown in Figure 2 and
shows that more cloud cover is present in the eastern portion
of the TP and along TP's northwestern edge than that in the
western portion of the TP. Two typical areas (i.e., regions A
and B) were chosen as research targets, based on the differ-
ences in their average cloud cover distributions and their ele-
vations. Region A is located in the low-elevation portion of
the southeastern TP, where the cloud cover is generally
above 40%. Region B is located in the high-elevation portion
of the western TP, where the cloud cover is smaller than that
in region A.

The above analysis shows that the spatial distribution of
the multiyear average cloud cover differs significantly
among the regions of the TP. Therefore, we compared and
analysed the distribution of the annual average cloud cover
(Figure 3a) and the monthly average cloud cover for years
(Figure 3b) of the two regions over the TP during
2003–2015. As shown in Figure 3a, the annual average
cloud cover over the TP was relatively stable and varied

from 33.07% to 38.06%, and the multiyear average cloud
covers for the TP and the two regions (A and B) were
35.49%, 42.77% and 27.28%, respectively. As shown in
Figure 3b, the cloud cover over the TP began to rise from
30.54% in January, higher cloud cover appeared in
February–August, which exceeded 40%, after that the cloud
cover then declined rapidly, and the cloud cover was as low
as 21% in November–December. There were significant dif-
ferences in the multiyear monthly average cloud cover distri-
butions of the two regions. Of the two regions, the
distribution variation for region A was more similar to that
of the TP as a whole, and it can be seen that region A domi-
nated the seasonal variations in cloud cover over the TP in
Figure 3b. The variations since 2010 are noteworthy; the
average cloud cover reached its highest value in 2012 and
penultimate value (33.44%) in 2013 during the recent
13 years. The reason may be the variations in the westerly
winds in the midlatitudes of the Northern Hemisphere and
the South Asian and East Asian summer monsoons (Li and
Zeng, 2005; Wu et al., 2007; Wu et al., 2012).

Figure 3b indicates that there are obvious seasonal and
spatial distribution characteristics of cloud cover over the
TP; thus, the spatial distribution of cloud cover is examined
further. The distributions of the cloud cover in the different
seasons averaged over many years are shown in Figure 4. It
shows that the cloud cover in most parts of the TP has a large
value, and the cloud cover over the elevation up regions in
the southeastern part of Tibet and Sichuan reaches values
exceeding 70% in spring (Figure 4a). The cloud cover in the
southeastern part of the TP increases significantly, whereas it
decreases in the central and western parts of the TP in sum-
mer (Figure 4b). In autumn (Figure 4c), the cloud cover over
the TP decreases, and the pixels with cloud cover exceeding
40% are mainly distributed over the southeastern portion of
the TP; the western region displays the lowest degree of
cloud cover. The cloud cover in the southeastern TP con-
tinues to decrease, and the cloud cover increases in the cen-
tral and northwestern TP in winter (Figure 4d). The cloud

FIGURE 2 The spatial distribution of average cloud cover over the TP for
many years, region A is located in the eastern low elevation area, whereas
region B is located in the western high-elevation area [Colour figure can be
viewed at wileyonlinelibrary.com]
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cover of region A is larger in spring and summer, and the
cloud cover of region B is largest in spring and least in
autumn. Although the distribution of the seasonal maximum
cloud cover over many years is similar to that of Li et al.
(2004), we believe that it is possible to better show the sea-
sonal and regional characteristics of cloud cover distribution
via a cloud cover analysis in which the TP is divided into
regions.

Figure 5 shows the anomaly variations of cloud cover in
different seasons over the TP for the period 2003–2015. The
results indicate that the intensity of cloud cover variations in
spring and autumn is weaker than that in summer and winter,
and only region B in spring exceeded the ±5% average cloud
cover variations in 2004 (decreased) and 2005 (increased).
The cloud cover anomaly for region A and the TP in 2013
was more than −5% in summer, that for the whole TP was

FIGURE 3 The distribution of annual average cloud cover (panel a) and monthly average cloud cover for years (panel b)

FIGURE 4 The spatial distribution of multiyear seasonal average cloud cover over the TP [Colour figure can be viewed at wileyonlinelibrary.com]
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more than 5% in the winters of 2004 and 2007, and the cloud
cover anomaly for region B was −10.38% in the winter of
2015, which ultimately led to a cloud cover anomaly of more
than −5% over the TP.

In summary, the characteristics of the cloud cover distri-
bution and variation over the TP in this study are similar to
the results obtained from the analysis of ground-based obser-
vational data (Duan and Wu, 2006; Li et al., 2006; Zhang
et al., 2008; Duan and Xiao, 2015). However, obvious dif-
ferences are seen in the western TP, possibly because there
are fewer ground-based observation sites in this region, and
the observational data are not representative of the region
(Rangwala et al., 2010). Compared with the analysis of the
ISCCP D2 dataset, this study both completes the analysis of
cloud data after 2009 and better shows the spatial differences
in the cloud cover distribution over the TP (Ding et al.,
2004; Li et al., 2004; Duan and Liu, 2011).

3.2 | The relationships between cloud cover and water
vapour, and air temperature

Differences in geographical location and elevation result in
obvious regional variations in water vapour over the TP. In
addition, the presence of water vapour in the atmosphere is
necessary for the formation of clouds; thus, seasonal varia-
tions in water vapour and the relationship between water
vapour and cloud cover over the TP are also analysed. As
shown in Figure 6a, the water vapour distribution over the
TP from 2003 to 2015 shows that the main water vapour

channel is located in the southeastern portion of the TP, and
more water vapour is generally present over the TP in sum-
mer, whereas less is present in winter. Figure 6a shows that
there is a large gap between the maximum and minimum
values of seasonal average water vapour over the TP, and
the water vapour experiences large variations during summer
and winter, which is consistent with the cloud cover varia-
tions in those seasons. In general, the distribution of water
vapour in region A is more than that in region B, and the
range of its change is obvious in summer and winter.
Because of the large amounts of water vapour over the TP in
summer, the change is more substantial.

Figure 7 shows the spatial distribution of correlations
between cloud cover and water vapour for observations from
2003 to 2015 based on the seasonal average data. In spring
(Figure 7a), 64.68% of the TP area exhibited a positive cor-
relation, and the positive correlation is significant in 6.87%
of the TP area at the p < .05 level, of which the proportions
of regions A and B that display positive correlations are
lesser than that of the TP as a whole. In summer (Figure 7b),
82.56% of the TP area exhibited a positive correlation, and
the positive correlation is significant in 20.74% of the TP
area at the p < .05 level; 97.39% of the region B area exhib-
ited a positive correlation, and 53.09% of the region B area
reaches significance at the p < .05 level. In autumn
(Figure 7c), the area that displays positive correlations in the
western TP decreases relative to the summer, and the portion
of the central and eastern TP that displays negative correla-
tions increases. Among them, 61.01% of the region A area

FIGURE 5 The anomaly variations in seasonal average cloud cover [Colour figure can be viewed at wileyonlinelibrary.com]
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exhibited a negative correlation, and the negative correlation
is significant in 6.23% of the region A area at the p < .05
level. In winter (Figure 7d), the northwestern TP changes
from displaying positive correlations in autumn to negative
correlations, whereas the southeastern TP changes from neg-
ative correlations to positive correlations. There is a positive
correlation between cloud cover and water vapour on the
annual scale.

Based on the variations in cloud cover and water vapour,
we believe that the air temperature over the TP may be
increasing in summer due to the effects of cloud radiative
forcing. Studies have shown that the TP becomes a signifi-
cant heat source during summer, whereas it becomes a weak
cold source in winter (Duan and Wu, 2005). Cloud cover
affects the surface energy balance via radiative forcing, mak-
ing it necessary to analyse the interactions among cloud

FIGURE 6 Boxplots of seasonal average total column water vapour (panel a) and seasonal average air temperature (panel b) for 2003–2015 by the TP, A
and B regions. The boxplots show the mean values (middle black spots), median values (middle horizontal bars), 75th and 25th percentiles (top and bottom
horizontal bars), and the maximum and minimum values at top and bottom, respectively [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 Spatial distribution of correlation between cloud cover and water vapour [Colour figure can be viewed at wileyonlinelibrary.com]
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cover, cloud radiative forcing and air temperature. Figure 6b
shows that the seasonal average air temperature in region A
is smaller than that in region B in summer, whereas the
opposite holds for the other seasons, and the air temperature
varies greatly over the TP. We found that the air temperature
variation for region B is generally the smallest and stable in
autumn, which may be related to the small cloud cover dis-
tribution (Figure 4c) and variation (Figure 5c) in the region
during that season. In summer and winter, the cloud cover
and air temperature variations, and their relationship are
noteworthy, especially in region A of summer.

Based on the seasonal average cloud cover and air tem-
perature data for the period of 2003–2015, a negative corre-
lation between cloud cover and air temperature on the
seasonal scale is obtained, and its spatial distribution is
shown in Figure 8. In spring (Figure 8a), 80.76% of the TP
area exhibited a negative correlation, and 20.79% of the TP
area passes the significance test at the p < .05 level. The
areas that display positive correlations are mainly concen-
trated in region A, 39.57% of which exhibited a positive cor-
relation. In summer (Figure 8b), 90.59% of the TP area
exhibited a negative correlation, and 21.69% of the TP area
passes the significance test at the p < .05 level. In autumn
(Figure 8c), the area that displays a positive correlation
reaches a maximum, but this area is less than one-fifth of
that of the TP. In winter (Figure 8d), compared with autumn,
the area that displays negative correlation increases and
reaches its maximum, and 32.45% of the TP area passes the
significance test at the p < .05 level. There is a significant

negative correlation between cloud cover and air temperature
on the annual scale, and the correlation coefficient reached
−0.86 and passes the significance test at the p < .01 level.

3.3 | The distribution and variation characteristics of
COT and cloud radiative forcing

The above analysis shows that the cloud cover over the TP
is positively correlated with water vapour and negatively
correlated with air temperature on seasonal time scales. To
further understand the cloud impacts on the energy balance
in the TP, we analysed the multiyear monthly averages of
cloud radiative forcing and COT during the daytime over the
TP combined with the CERES radiation data and the
MODIS COT data. The results show that the shortwave and
longwave cloud radiative forcings during the daytime over
the TP have cooling and heating effects, respectively
(Figure 9a,b). Moreover, the net cloud radiative forcing
appears as a cooling effect over the TP during the daytime
and showed a higher cooling effect in summer than that in
other seasons (Figure 9c). This could be easily understood
because solar radiation and shortwave radiative forcing is
higher in summer. As seen from Figure 9d, the COT of the
TP is higher in summer and reached a maximum of 9.7 in
July. The COTs of region A and region B are higher reached
the maximum values of 12.1 (in June) and 6.9 (in August),
respectively.

We found that the cloud longwave radiative forcing is
mainly related to the cloud cover from Figures 9a and 3b,
and the cloud shortwave radiative forcing is mainly related

FIGURE 8 Spatial distribution of correlation between cloud cover and air temperature [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 The monthly variations in longwave (panel a), shortwave (panel b) and net radiative forcings (panel c) of clouds and cloud optical thickness
(panel d) based on multiyear monthly averages

FIGURE 10 Boxplots of seasonal average cloud net radiative forcing (panel a) and COT (panel b) for 2003–2015 for the TP, A and B regions. The boxplots
show the mean values (middle black spots), median values (middle horizontal bars), 75th and 25th percentiles (top and bottom horizontal bars), and the
maximum and minimum values at top and bottom, respectively [Colour figure can be viewed at wileyonlinelibrary.com]

BAO ET AL. 9

http://wileyonlinelibrary.com


to the cloud optical thickness from Figure 9b,d on the annual
scale. Analysing the seasonal variations in net radiative forc-
ing and cloud optical thickness (Figure 10), we know that
the cloud net radiative forcing and COT of region A in sum-
mer are larger and that their changes are more obvious, with
seasonal averages that have been found to reach −206.24 W
m−2 and 11.19, respectively. Although cloud optical thick-
ness varies significantly during winter, the value of the sea-
sonal average is relatively small over the TP.

In short, the effects of cloud net radiative forcing are cold
to air temperature during the daytime over the TP. The cool-
ing effect of the cloud net radiative forcing over region A is
greater than that over region B in seasons other than winter.
Due to greater cloud cover and COT appearing in summer,
the cooling effect of clouds via cloud net radiative forcing is
more prominent, and clouds consequently have an inhibitory
effect on the warming of the TP. Based on the above analy-
sis, we believe that the changes in water vapour induce
changes in cloud parameters and cloud radiative forcing, and
water vapour is a greenhouse gas (Wang et al., 2016a;
2016b), which can exacerbate the warming of the TP. This
conclusion is similar to that of Su et al. (2017) water vapour
makes the largest contribution to the warming of the TP.

4 | CONCLUSIONS

This paper analyses the temporal and spatial variations in
cloud parameters and their potential influences to meteoro-
logical factors based on the Aqua-MODIS cloud product
data (C6), surface radiation data, water vapour and air tem-
perature reanalysis data over the TP from 2003 to 2015. Sev-
eral important findings have been obtained from this study.

Over the past 13 years, the multiyear average cloud
cover over the TP has decreased from the southeast to the
northwest, which is similar to the findings of previous stud-
ies (Duan and Wu, 2006; Li et al., 2006; Zhang et al.,
2008), and the spatial distribution of cloud cover is related
to terrain, for example, the distribution of the Kunlun Moun-
tains, Tanggula Mountains and the Himalayas. The seasonal
average cloud cover is mainly concentrated over the south-
eastern TP (region A) of spring and summer and in the west-
ern TP (region B) of spring. The mechanical and thermal
effects of the TP on the circulation and climate confirm that
the seasonal and regional characteristics of cloud cover dis-
tribution over the TP observed by us are reasonable
(Wu et al., 2007). Among them, due to the western TP being
mainly controlled by the westerly winds and the influence of
high mountains obstructed the humid Indian monsoon
(Wu et al., 2012; Yao et al., 2017), the area has more cloud
cover in spring than in other seasons.

The characteristics of the distribution of water vapour
are similar to those of cloud cover, in that both variables dis-
play higher values and significant variations in summer over
the eastern TP (region A). Because water vapour is an

important element in cloud formation, we believe that the
variation in water vapour has led to cloud cover change. The
analysis of cloud radiative forcing and the COT distribution
over the TP indicate that the COT and the near surface cloud
radiative forcing action (which produces a cooling effect)
are relatively large in summer, and they have a greater varia-
tion in this season, which are related to the cloud cover
change. In addition, cloud cover is significantly negative
correlated with air temperature in the eastern TP. Therefore,
the variation in cloud cover may aggravate the climate
change in summer, especially in the eastern TP. Combining
the distributions and variations in cloud cover, COT and
cloud radiative forcing to explain the near surface tempera-
ture changes over the TP in summer is noteworthy.
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