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ABSTRACT: The annual and seasonal total cloud cover (TCC) variations in the eastern and central Tibetan Plateau (TP)
during 1961-2005 are analysed using 71 surface observational stations. The mean TCC decreases from the southeastern
to the northwestern TP, consistent with the patterns of atmospheric moisture in the region. The annual mean TCC shows
a significant decreasing trend of —0.09 percent decade™!, mainly contributed by winter. About 65% of the stations show
significant downward trends on the annual basis with large trend magnitudes occurring in the central TP. The seasonal
patterns confirm the annual patterns in most cases. Compared with the surface observations, both National Center for
Environmental Prediction/National Center for Atmospheric Research reanalysis (NCEP/NCAR) (1961-2005) and ERA-40
(1961-2001) can reproduce the decreasing TCC trends. The shift of TCC before and after the mid-1980s is obvious in
observations and both reanalyses, reflecting the changes of large-scale atmospheric circulation. However, NCEP/NCAR
underestimates and ERA-40 overestimates observations on the annual and seasonal basis, presumably caused by the
different cloud parameterization schemes. A Taylor diagram diagnose summarizes the discrepancies between observations
and reanalyses.
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1. Introduction It is appropriate to investigate the inter-annual vari-
ations and trends of clouds, and several studies have
analysed clouds at the regional and global scales. Total
cloud cover (TCC) shows an increasing trend in the
United States during 1976-2004 (Dai et al., 2006),
Australia during 1957-2007 (non-significant) (Jovanovic
et al., 2011), the former Soviet Union during 1936—1990
(Sun and Groisman, 2000) and Russia during 1991-2010
(Chernokulsky et al., 2011). In other regions and coun-
tries, the TCC has decreased including China dur-
ing 1951-1994 (Kaiser, 1998, 2000), India during
1961-2007 (Jaswal, 2010), most of South Africa during
1960-2005 (Kruger, 2007), and Italy during 1951-1996
(Maugeri et al., 2001). On the other hand, TCC varies
from regions, and some parts have increasing trends
whereas other regions have decreasing trends, such as

Clouds cover about 60% of the Earth’s surface, and
have great effects on climate change by producing
precipitation, reflecting shortwave solar radiation coming
from the sun and returning outgoing longwave radiation
from the surface (IPCC, 2007). Clouds also act as a
blanket similar to that of the greenhouse gases such as
water vapour and carbon dioxide, and tend to warm the
Earth’s surface (IPCC, 2007). Clouds exert great effects
on the Earth’s radiation budget, and make an important
contribution to the greenhouse effect (Wild et al., 2004).
There are still large uncertainties about the effects of
clouds on climate, which not only depend on cloud
height, thickness, horizontal extent and variety, water
content, phase (liquid or ice), and the sizes of droplets
and crystals, but also rely on the geographical location of

the clouds, the albedo and temperature of the underlying Caqada during 1953__20,03 (Milew.ska, 2008), Poland
surface, and the season of the year and time of day during 1971-2000 (Filipiak and Mietus, 2009) as well

(Warren et al., 2007; Sanchez-Lorenzo et al., 2012) as the Iberian Peninsula during 1982-2004 (Calbo and
v ’ v ' Sanchez-Lorenzo, 2009).

- The Tibetan Plateau (TP) is the highest and most
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Figure 1. Annual and seasonal means and trends of total cloud cover in the Tibetan Plateau during the period of 1961-2005. The study period
for ERA-40 is during 1961-2001.

change (Kang er al., 2010). In the recent years, some
meteorological elements in the TP have been investigated
by the scientific community, such as extreme temperature
changes (You et al., 2008a, 2008b), precipitation (Xu
et al., 2008), wind speed (You et al., 2010), surface
energy budget in the permafrost (Yao et al., 2011), and
cloud (Duan and Wu, 2006). Duan and Wu (2006) found
that the low level cloud amount exhibits an increasing
trend during the night times, whereas the total and low
level cloud amounts display decreasing trends during
daytime in the TP during 1961-2003. However, the
knowledge of the clouds is limited and largely based on
the measurements. The remote sensing products such as
ISSCP D2 and MODIS/TERRA have been applied to
examine seasonal climatology of high, middle and low
clouds in the TP and other regions (Kotarba, 2009; Li
et al., 2006; Naud and Chen, 2010). But the evaluations of
TCC between observations and reanalyses have not been
analysed in detail. In this study, the annual and seasonal
(winter: DIJF; spring: MAM; summer: JJA; autumn:
SON) characteristics of TCC in the eastern and central TP
during 1961-2005 are investigated based on the surface
observational and reanalyses datasets. Two reanalyses
are selected: the National Center for Environmental
Prediction/National Center for Atmospheric Research
reanalysis (NCEP/NCAR) (Kalnay et al., 1996; Kistler
et al., 2001) and the European Centre for Medium-
Range Weather Forecasts (ECMWF) reanalysis (ERA-40)
(Uppala et al., 2005).

© 2013 Royal Meteorological Society

2. Data and methods

Monthly surface TCC data for 71 stations in the TP
are provided by the National Meteorological Infor-
mation Center, China Meteorological Administration
(NMIC/CMA). The daily TCC (0—10 tenths of sky cover)
is the average of every six hourly observation at the
standard synoptic times: 00:00 (midnight), 06:00 (dawn),
12:00 (noon) and 18:00 (dark) at Lhasa Time. The
monthly TCC is calculated as daily means averaged four
time values. Seventy-one stations were selected according
to procedures described in our recent papers (You et al.,
2008a, 2008b). Most stations are situated in the eastern
and central TP and were installed in 1950s. The eleva-
tions of these stations are 2000 m above sea level (a.s.l.)
ranging from 2109.5 to 4700 ma.s.l. In order to obtain
comparable time series with reanalysis, we selected the
data only during 1961-2005 for analysis.

Monthly mean surface TCC from NCEP/NCAR reanal-
ysis is provided by the NOAA/OAR/ESRL PSD, Boul-
der, CO, USA, from their website at http://www.cdc.
noaa.gov/. It covers January 1948 to the present and
contains T62 Gaussian grid (192 x 94 points), cover-
ing 88.542°N-88.542°S and 0°E-358.125°E (Kalnay
et al., 1996; Kistler et al., 2001). It was derived from
an empirical relative humidity—cloud cover relationship
based on short-range predictions with the operational ver-
sion of the model (Kalnay et al., 1996; Kistler et al.,
2001). The monthly mean surface TCC from ERA-
40 reanalysis is obtained from the ECMWF website
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Figure 2. Spatial patterns of trends of annual and seasonal total cloud cover from 71 surface stations in the Tibetan Plateau during 1961-2005.

Positive trends are shown as upward triangle, negative trends as downward triangle. The size of the triangle is proportional to the magnitude

of the trends. The trends are calculated by the Mann—Kendal methods and trends with the significant level are marked. The unit is percent per
decade.

(http://www.ecmwf.int/). ERA-40 reanalysis is available
from September 1957 to August 2002 with a spatial res-
olution of 2.5° x 2.5° (144 x 73) (Uppala et al., 2005).
Previous studies show that the assimilation of satellite
humidity data may affect the cloud data in the ERA-40,
and this is clear in the tropics and oceans (Betts ef al.,
2006b; Calbo and Sanchez-Lorenzo, 2009).

The grid datasets (NCEP/NCAR and ERA-40) have
different spatial resolutions, and are interpolated to 2.5°
horizontal resolution with linear interpolation for easy
comparison. After that, grid points of TCC in each reanal-
ysis are interpolated to the 71 observational stations.
Periods of 1961-2005 (NCEP/NCAR) and 1961-2001
(ERA-40) are selected. The Mann—Kendall test for trends

© 2013 Royal Meteorological Society

and Sen’s slope estimates are used to detect and estimate
trends in annual and seasonal TCC (Sen, 1968), with a
significance level defined as P < 0.05.

3. Results and comparisons
3.1.

The regional mean and trend of TCC in the TP on
the annual and seasonal basis are shown in Figure 1.
Figure 2 shows the spatial patterns of trends of annual
and seasonal TCC of the 71 surface stations in the TP
during 1961-2005. Positive trends are shown as upward
triangle, negative trends as downward triangle. The trends

TCC from surface station

Int. J. Climatol. (2013)
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Figure 3. Total cloud cover anomalies from surface stations, NCEP/NCAR and ERA-40 on the annual and seasonal basis in the Tibetan Plateau
during 1961-2005.

are calculated by the Mann—Kendal method and those
significant ones are marked by circles. The regional
anomalies of annual and seasonal mean TCC averaged
from 71 surface stations in the TP during 1961-2005 are
shown in Figure 3.

Averaging the 71 series available in the TP, the
annual mean TCC is 5.81%, with a mean maximum
value in summer (7.36%) and a mean minimum value
in winter (4.11%). TCC gradually decreases from the
southeastern to the northwestern TP with the largest
value occurring in the southeastern TP (not shown).
This is consistent with the previous studies based on
observations during 1971-2004 (Zhang et al., 2008)
and International Satellite Cloud Climatology Project C2
dataset (ISCCP-C2) (Wang et al., 2001).

On the annual basis, the mean TCC series in the TP
shows a fluctuation before the 1970s and a decreasing
trend after that until the 2000s, followed by a statistically
significant increasing trend afterwards. Thus, the mean
TCC exhibits a significant decreasing trend during
1961-2005 with a rate of —0.090 percent decade™
(P <0.05) (Figure 1). Sixty-two stations have negative
trends for TCC, with 46 stations being significant.
Stations in the central TP have larger trend magnitudes,
while there are still nine stations that have increasing
trends in the northern TP. On a seasonal basis, the largest
negative trend of TCC is found in winter (—0.104 percent
decade™!). The trends for spring, summer, and autumn

© 2013 Royal Meteorological Society

are —0.081, —0.07, and —0.086 percent decade™!,
respectively, and all seasons are statistically significant.
Similar to the annual basis, the majority of the stations
show a significant decrease, and the patterns of trends
are similar to the annual values (Figure 2). Discrepancies
on the variation of seasonal TCC trends occur in the
central TP with a significant decrease in winter, whereas
less pronounced in spring (Zhang et al., 2008).

3.2. TCC from reanalysis data

To compare the TCC variation in the TP with obser-
vations, both NCEP/NCAR and ERA-40 reanalysis are
derived and interpolated to the 71 stations. Both mean
values and trend magnitudes of TCC from NCEP/NCAR
and ERA-40 are presented in Figure 1 on the annual and
seasonal basis, and the regional anomalies are shown in
Figure 3. The spatial patterns of means and trends based
on two reanalyses are shown in Figures 4 and 5.

For NCEP/NCAR, the annual mean TCC of 3.57%
varies between 2 and 5%, and decreases from the south-
eastern to the northwestern TP (Figure 4). The pattern of
annual mean TCC is similar to observations, but the abso-
lute values are lower in most regions. The annual TCC
has a decreasing trend before the 1980s and tends to fluc-
tuate afterwards, with the annual trend of —0.067 percent
decade™! during 1961-2005. The decreasing/increasing
trend occurs in the southern/northern TP. On the sea-
sonal basis, the largest/smallest mean TCC occurs in

Int. J. Climatol. (2013)
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Figure 4. Spatial patterns of mean total cloud cover from NCEP/NCAR during 1961-2005 and ERA-40 reanalysis during 1961-2001 in the
Tibetan Plateau on the annual and seasonal basis. The unit is percent.

summer/winter, with the mean values of 5.21 and 1.96%,
respectively, consistent with observations. Mean TCC
in both spring and autumn is about 3.5%. All seasons
with the exception of winter have negative trends, with
the largest trend magnitude in spring (—0.128 percent
decade™!). The TCC in winter has increased during
1961-2005, profoundly in the northern region, with a
mean value of 0.006 percent decade ™! (Figure 5).

For ERA-40, the annual mean TCC (6.21%) is
larger than the observed mean. The annual mean TCC
ranges from 3 to 8%, and larger/smaller mean values

© 2013 Royal Meteorological Society

occur in the southern/northern TP (Figure 4). Similar
to NCEP/NCAR, the annual mean TCC from ERA-40
decreases before the mid-1980s and fluctuates afterwards,
leading to a negative trend of —0.085 percent decade™!
during 1961-2001. The decreasing trend in the south-
eastern TP such as the Sichuan basin is very clear,
whereas the western TP has increasing trends. On the
seasonal basis, the largest/smallest mean TCC occurs
in summer/winter, with the mean values of 7.59 and
4.57%, respectively, which is in accordance with observa-
tions and NCEP/NCAR. Mean TCC in spring (6.65%) is

Int. J. Climatol. (2013)
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Figure 5. Spatial patterns of trends of annual and seasonal total cloud cover from NCEP/NCAR during 1961-2005 and ERA-40 reanalysis during
1961-2001 in the Tibetan Plateau. The blank area in the ERA-40 means the missing data. The unit is percent per century.

slightly larger than that in autumn (6.03%). TCC of four
seasons has decreasing trends, with the largest magnitude
in autumn (—0.161 percent decade™!). The trends of TCC
in spring, summer, and winter are —0.008, —0.093, and
—0.05 percent decade™!, respectively.

© 2013 Royal Meteorological Society

3.3. Comparison TCC between observations
and reanalyses

To evaluate the TCC from observations, NCEP/NCAR
and ERA-40 reanalyses are interpolated to the stations.
A Taylor diagram is considered for observations and

Int. J. Climatol. (2013)
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Figure 6. Taylor diagrams showing correlation coefficients, standard deviation, and RMSD of total cloud cover between the surface stations,

NCEP/NCAR, and ERA-40 on the annual basis. The radial coordinate

is the magnitude of standard deviation, and the concentric semi-circles

are the RMSD values. Meanwhile, the angular coordinate shows the correlation coefficient.

reanalyses, which provides a concise statistical summary
of how well patterns match each other in terms of their
correlation, root mean square difference (RMSD), and the
ratio of their variances (Taylor, 2001). Figure 6 shows
the correlation coefficients, standard deviation, and the
RMSD of TCC between observations, NCEP/NCAR and
ERA-40 on the annual basis. The radial coordinate repre-
sents the magnitude of standard deviation, the concentric
semi-circles are the RMSD values, and the angular coor-
dinate shows the correlation coefficient.

On the annual basis, the mean TCC from observations
has positive correlations with NCEP/NCAR and ERA-
40 reanalyses, with the correlation coefficients of 0.64
and 0.56, respectively. Taylor diagram analysis reveals
that NCEP/NCAR has the lowest standard deviation and
smallest root mean square error (RMSE), and captures
observations better than ERA-40. For the biases between
observations and reanalyses, Taylor diagram has not been
used as the visual comparison as reflected in Figure 1.
Overall, ERA-40 slightly overestimates observations and
NCEP/NCAR underestimates observations on the annual
and seasonal basis, while TCC from both reanalyses is
in good agreement with the inter-annual variations of
observations in the TP.

4. Discussion and conclusions

In this study, the spatial and temporal variations of TCC
are analysed based on 71 stations in the eastern and

© 2013 Royal Meteorological Society

central TP during 1961-2005. In most stations, TCC in
the TP has significantly decreasing trends on the annual
and seasonal basis (winter: DJF; spring: MAM; summer:
JJA; autumn: SON), and a pronounced decrease occurs
in winter and autumn. The decreasing TCC was closely
connected with recent warming in the TP (Kang et al.,
2010). During 1961-2003, TCC and low cloud cover
at daytime has decreasing trends in the TP, resulting
in more solar radiation and more surface warming.
Meanwhile, decreasing TCC and increasing low cloud
cover at nighttime also contribute to the nocturnal surface
warming (Duan and Wu, 2006).

The mean TCC decreasing from the southeastern to the
northwestern TP is controlled by the essential conditions
for the formation of clouds, such as water vapour and its
condensation (Zhang et al., 2008). Under the influence
of the monsoon more water vapour, transported from the
ocean and forced to rise, is intercepted by complex topog-
raphy, which supports conditions to condense from mois-
ture to droplets and cause more clouds in the southern
TP. With the weakening of the monsoon and the blocking
by topography, less water vapour reaches the northern
part, causing fewer clouds in the hinterland TP (not
shown).

The decreasing TCC in the TP is in accordance with
other studies, such as eastern China (Kaiser, 1998, 2000),
India (Jaswal, 2010), South Africa (Kruger, 2007), and
Italy (Maugeri et al., 2001). During 1951-1994, most
stations in central, eastern and northeastern China show

Int. J. Climatol. (2013)
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statistically significant decreases of 1-3% sky cover per
decade (Kaiser, 1998, 2000). In the previous studies,
Zhang et al. (2008) concluded that there are two factors
accounting for the decreasing TCC in the TP. Firstly,
the direct effect of aerosols can be a factor causing for
the decreasing TCC. As aerosols can cool the Earth’s
surface by reflecting sunlight and warm the aerosol layer
by absorbing downward longwave radiation, the lapse
rate will decrease and atmospheric stability will increase,
suppressing cloud formation and reducing the cloudiness
(Dai et al., 1997, IPCC, 2007). The TP is regarded
as a region with clear atmospheric conditions, and the
aerosol amount is sparse (Li et al., 2007; Kang et al.,
2010), and can present a clean continental background
for the atmospheric composition investigation, such as
Nam Co region (Cong et al., 2009). Thus, how the
aerosols influence the TCC requires more attention.
Secondly, ozone depletion should be another reason
for the decreasing TCC in the TP. Previous studies
have shown that the ozone depletion in the stratosphere
in the TP is confirmed (Zou, 1996; Zhou and Zhang,
2005), which will change the variation of temperature
in the middle and upper stratosphere, thus affecting the
change of both middle and high level cloud amount.
Besides that, cyclonic activity can alter the variations
of clouds (Calbo and Sanchez-Lorenzo, 2009). In
summary, the mechanism contributing to the decreasing
in the TP is unknown and uncertain at present (Zhang
et al., 2008).

Both TCC from NCEP/NCAR and ERA-40 are derived
to compare with observations and analyse the variabil-
ity. In the model parameterizations of NCEP/NCAR,
a diagnostic cloud scheme has been assimilated, and
some tunings of the cloudiness and cloud optical prop-
erties have been performed to correct systematic cloudi-
ness errors (Kalnay et al., 1996; Kistler et al., 2001).
Meanwhile, a neural-network algorithm (Krasnopolsky
et al., 1995) was applied to assimilate SSM/I data after
1987 to improve the clouds (Kalnay et al., 1996; Kistler
et al., 2001). Although diagnostic cloud parameteriza-
tion is made, TCC from NCEP/NCAR underestimates
observations on the annual and seasonal basis. ERA-
40 assimilation model employs a two-time level semi-
Lagrangian advection scheme and a finite element scheme
for its vertical discretization, which include improve-
ments of the parameterizations of clouds (Uppala et al.,
2005). TCC from ERA-40 overestimates observations
on the annual and seasonal basis. This is consistent
with the studies in the Iberian Peninsula, especially in
its eastern regions where ERA-40 underestimates the
clouds due to its underestimation of cyclogenesis in
the Mediterranean (Calbo and Sanchez-Lorenzo, 2009).
However, the reasons for underestimation of TCC from
ERA-40 in the TP need further investigation. Both
ERA-40 and NCEP/NCAR reanalyses use their own
codes, meteorological profiles, and model fields to com-
pute clouds (Betts er al., 2006a), and there exist dis-
crepancies and uncertainties with observations (Ernst
et al., 2007).

© 2013 Royal Meteorological Society
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