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ABSTRACT

The climatology and long-term trends of low-cloud conditions over China were examined using the
Extended Edited Cloud Report Archive data from 1971 to 1996. Linear regression analysis was applied to
time series of clear-sky frequencies and low-cloud frequencies, and low-cloud amounts when present. Over
the 26-yr study period, the clear-sky frequency increased over northern China. During summer, the fre-
quency of cumuliform clouds decreased over almost all of China. A significant decrease characterized the
trend in cumulonimbus (Cb) frequency; however, the Cb cloud amount when present increased over the
Yangtze River basin and southern China. Increasing trends in stratocumulus (Sc) cloud amount when
present were also observed over much of China.

1. Introduction

The global climate has changed during the last cen-
tury (Houghton et al. 2001). Clouds are a key compo-
nent of the global climate system because they strongly
interact with radiative processes and the hydrological
cycle. Thus, a thorough description of temporal and
spatial variations in cloud conditions will facilitate a
deeper understanding of changes in radiative processes
and the hydrological cycle. Conventional surface-based
visual cloud observations have been ongoing for de-
cades worldwide, and cloud datasets based on such vi-
sual observations have been compiled in several coun-
tries over recent decades. Long-term cloud studies over
the former United Soviet Socialist Republic (Sun and
Groisman 2000), the United States (Angell 1990), Eu-
rope (Henderson-Sellers 1986), and Australia (Jones
and Henderson-Sellers 1992) have found evidence of
increasing total cloud amounts. In contrast, a decreas-
ing trend in the annual-mean total cloud amount has
been found over much of China (Kaiser 1998; 2000).

Total cloud amount is defined as “the amount of sky
estimated to be covered by all cloud types” (WMO

1975). Thus, changes in several cloud types may consti-
tute or be included in a change in the total cloud
amount. Cumuliform, stratiform, and cirriform clouds
can change in different ways. Such variations compli-
cate investigations of relationships between trends in
total cloud amount and other climate parameters. Each
cloud type forms under different dynamic and/or ther-
modynamic conditions. A change in a specific cloud
type may reflect changes in a specific atmospheric con-
dition. Descriptions of long-term changes for specific
cloud types are thus important.

Li et al. (2004) discussed the spatial distribution and
seasonal cycle of clouds over China using a visual cloud
observation dataset and a cloud dataset based on sat-
ellite observations from 1990 to 1998. However, they
did not analyze long-term changes in low-cloud
amounts. The present paper describes the climatologi-
cal distribution of low clouds over China and presents
trends in low-cloud frequencies and cloud “amounts
when present” (“AWP”). Section 2 describes the data
and methods. Section 3 presents the climatological fea-
tures of low clouds and trends in low-cloud amount and
frequency at individual stations and regionally. The dis-
cussion in Section 4 is followed by a summary.

2. Data and methods

This study used data from the Extended Edited
Cloud Report Archive (EECRA). Hahn and Warren
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(1999) compiled the EECRA based on global accumu-
lated surface visual observations. Surface visual ob-
servations made at synoptic times and observational
results were coded in accordance with World Meteoro-
logical Organization regulations (World Meteorologi-
cal Organization 1988) and were sent to the global tele-
communication systems. The EECRA includes cloud
codes, as well as total and low-cloud amounts. EECRA
data were collected from land stations from 1971 to
1996. The stations selected for the present study met
the following two conditions: they were between 15°
and 55°N, 70° and 135°E and had at least 100 observa-
tions for each month, with the exception of December
and February, for every year. The requirements for De-
cember and February were less restrictive because data
were frequently missing in those months during the
early 1970s. There were 415 stations that met the above
two conditions; this station network was fixed through-
out the analysis period.

Regional time series of low-cloud conditions re-
vealed regional characteristics for statistically robust
trends. As described in a later section, the cumulonim-
bus frequency, which was closely associated with heavy
rainfall, was climatologically larger in summer. Based
on total precipitation distributions for summer, we de-
fined six regions and examined trends in low-cloud con-
ditions for each. Using the first-component spatial pat-
tern produced by empirical orthogonal function (EOF)
analysis of the summer rainfall total obtained by Nitta

and Hu (1996), we divided the area east of 105°E into
northern China (34°–42°N, 105°–120°E, including the
Shandong Peninsula; 64 stations), the Yangtze River
basin (27°–34°N, east of 105°E; 58 stations), and south-
ern China (21°–27°N, east of 105°E; 47 stations). The
area west of 105°E was divided into northwestern
China (north of 36°N; 33 stations) and Tibet (south of
36°N; 39 stations). Northeastern China (north of 42°N)
included 39 stations (Fig. 1). Stations south of 21°N
were not included in the regional time series analyses.
The arithmetic mean yielded the regional averages for
low-cloud amounts.

The EECRA contains nine cloud codes for low-cloud
conditions (World Meteorological Organization 1975)
and two additional cloud types for obscured sky condi-
tions. This study considered statistics for four types of
low clouds [cumulus (Cu), CL: types 1, 2; cumulonim-
bus (Cb), CL: types 3, 9; stratocumulus (Sc), CL: types 4,
5, 8; and stratus (St), CL: types 6, 7]. The extended
cloud-type code CL � 10 in the EECRA also indicated
cumulonimbus; however, that code was not included in
this study because the code did not appear at any sta-
tions selected in the study. Low-cloud frequencies were
calculated according to Norris (1998). Frequencies of
clear sky (FQclr), sky-obscuring precipitation (FQsop),
and sky-obscuring fog (FQfog) were calculated by

FQclr �
Nclr

Nall
, FQsop �

Nsop

Nall
, FQfog �

Nfog

Nall
,

FIG. 1. Observation stations and geographic divisions used for the regional time series; N:
northern China, TI: Tibet, NE: northeastern China, S: southern China, NW: northwest China,
and Y: the Yangtze River basin.
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where Nclr, Nsop, and Nfog were the total number of
observations reporting clear sky, sky-obscuring precipi-
tation, and sky-obscuring fog, respectively, and Nall was
the total number of all cloud observations, regardless of
whether they were reported as low clouds. Occurrence
frequencies of low-cloud types 1–9 (FQi where CL 1 �

i � CL 9) were calculated by

FQi �
Ni

Nlow
�1 � FQclr � FQsop � FQfog�,

where Ni was the total number of observations report-
ing cloud type i, and Nlow was the total number of ob-
servations reporting low-cloud types when the sky was
not clear. This study defined AWP as the sum of the
low-cloud amount (Nh) divided by the number of low-
cloud appearances. AWP statistics were prepared for
each season.

Surface visual observations under dim light may

hinder identification of cloud types (Hahn et al. 1995).
The EECRA include data flags denoting sufficient
light. Daytime statistics and nighttime statistics with
good illumination were separately prepared for the four
seasons (DJF, MAM, JJA, SON); daytime and night-
time statistics (hereafter DN) with good illumination
were then averaged. Hahn and Warren (1999) noted
several possibilities for biases, such as “day–night sam-
pling bias” and “monthly sampling error.” We also pre-
pared statistics based on data collected at 0600 UTC
(approximately 1400 local time in eastern China), and
compared these results with DN statistics. The com-
parison showed that cumulus and cumulonimbus fre-
quencies in the DN statistics were smaller than those in
the 0600 UTC statistics. However, the climatological
seasonal cycle of cloud frequencies was similar. Further
time series of cloud frequencies also resembled each
other. The DN statistics were more stable than the 0600
UTC statistics because of the large number of data used

FIG. 2. Seasonal cycle of cloud and clear-sky frequency for the six study regions of China: clear-sky (thick line),
Cu (short-dashed line), Cb (long-dashed line), Sc (long-dash–dotted line), and St (thin line) frequencies.
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in DN statistics. Therefore, we used the DN statistics in
the following analysis.

Linear trends were calculated using linear regression
techniques. A trend was defined as the linear regression
coefficient. A significance level of 0.05 was used
throughout the analysis.

3. Results

a. Seasonal cycles of low-cloud frequencies

Figure 2 shows the seasonal changes in the clear-sky
frequency and the cloud frequencies for four low-cloud
types over six regions of China. The clear-sky fre-
quency showed great seasonal variation. Clear skies oc-
curred most frequently in winter and were also preva-
lent in autumn. The amplitude of seasonal change in
cumulus frequency was large, showing a summer maxi-
mum in all regions. The maximum Cu frequency ex-
ceeded 30% in summer, except over the Tibetan Pla-

teau. Cumulonimbus activity was also vigorous in sum-
mer. The frequency of Cb exceeded 20% in southern
China and the Tibetan Plateau. The seasonal cycle of
the stratocumulus frequency also exhibited a summer
maximum and a winter minimum over northern, north-
eastern, and northwestern China and Tibet. In southern
China and the Yangtze River basin, the frequency of Sc
exceeded 20% throughout the year; the minimum Sc
frequency was observed in summer. Regional differ-
ences in the seasonal cycle of Sc frequency were linked
to regional differences in both atmospheric water vapor
content and large-scale circulation. Nakata (1991) ex-
amined the occurrence of stratiform clouds over south-
ern China during winter and found that stratiform
clouds formed between low-level cold northeasterlies
and warm southwesterlies south of the Tibetan Plateau.
Klein and Hartman (1993) noted that downward mo-
tion caused by a local Hadley circulation helped sup-
port low-level stratiform cloud over southern China.

FIG. 3. Spatial distribution of trends in clear-sky frequency for each season. Trends with statistical significance at the 0.05 level are
plotted by larger marks, trends without statistical significance are indicated by small circles, black and white marks indicate decreasing
and increasing trends, respectively, and “slp” means trend of frequency.
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b. Trends in clear-sky frequency and low cloudiness

The clear-sky frequency showed an increasing trend
over China throughout the year (Fig. 3). However, this
trend was unequally distributed over the four seasons.
During winter, the clear-sky frequency increased over
the northern Yangtze River basin. The clear-sky fre-
quency increased at a rate of 6.7% per decade in north-
ern China. During summer, the largest increase, 3.6%
per decade, occurred over northern China (Table 1).

Although the number of stations with statistically sig-
nificant trends was small, regional statistics showed in-
creasing trends in clear-sky frequency over most of
China, with the exception of the Tibetan Plateau. These
increasing trends in the clear-sky frequency corre-
sponded well with annual decreasing trends in total
cloud amount over northern China (Kaiser 1998, 2000).

Figure 4 shows trends in the stratocumulus fre-
quency. Statistically significant increasing trends were
observed in southern China, while statistically signifi-

TABLE 1. Regional trends in clear-sky frequency, total cloud amounts, and three low cloud types during summer. Trend values are
expressed as percent per decade. Asterisk indicates statistical significance at the 0.05 level.

Clear-sky
frequency

Total
cloud

amount

Cumulus Cumulonimbus Stratocumulus

Frequency AWP Frequency AWP Frequency AWP

Northeast China 2.7* �0.6 �1.7* 1.5 0.9 4.0* 0.5 5.0*
Northwest China 2.5* �2.1 �2.7* 0.4* 0.0 3.9* 3.4* 1.7
North China 3.6* �1.6 �3.0* 0.8* �0.3 5.1* �0.5 4.3*
Yangtze River 2.6* 0.4 �2.4* 1.3* �3.0* 9.7* �0.4 5.8*
South China 1.6* �2.8 1.0 �0.9 �6.3* 5.7* 3.4* 4.3*
Tibetan Plateau 0.6 �0.5 �1.8 �0.9 �1.2* 1.6 2.5* 2.3*

FIG. 4. As in Fig. 3 but for the trend in stratocumulus frequency in each season.
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cant decreasing trends occurred around the Sichuan ba-
sin during winter. In addition, the Sc frequency also
increased in northwestern China. Similar spatial pat-
terns in Sc frequency trends were also observed in other
seasons. During summer, Sc frequency tended to in-
crease in northeastern China. Interestingly, the AWP of
Sc increased over China in summer (Figs. 5g–5k).

Trends in cumulus frequency are shown in Fig. 6. The

Cu frequency trends tended to decrease over much of
China. In winter, decreasing trends were observed over
Tibet. Decreasing trends were dominant in southern
China, the Yangtze River basin, and Tibet in spring.
The trends were generally negative north of the
Yangtze River basin, while the positive trends occurred
in southern China during summer. The frequency of Cu
decreased by 3.0% and 2.4% every 10 years in northern

FIG. 5. Regional time series of clear-sky frequency, cloud frequency, and cloud amount when present (AWP). Only
time series with statistical significance at the 0.05 level are plotted: N, TI, NE, S, NW, and Y as in Fig. 1.
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China and the Yangtze River basin, respectively, during
summer (Figs. 5c–5d). Concurrently, the Cu AWP in-
creased over northwestern and northern China and the
Tibetan Plateau at a small, but statistically significant,
rate (Figs. 5h–5j). In autumn, the trends generally
tended to decrease over almost all of China.

Figure 7 shows trends in the frequency of cumulon-
imbus and the AWP of Cb in summer. The figure
clearly illustrates a significant decrease in Cb frequency
over southern China. The Cb frequency decreased by
approximately 6.3% every 10 years and was statistically
significant at the 0.05 level (Table 1). In contrast, the
AWP of Cb increased at a rate of 5.7% per decade in
southern China. Over southern China, Cb decreased,
Sc increased, and Cu showed small changes. Increasing
trends in Cb frequency and the AWP of Cb were evi-
dent over Inner Mongolia and southern Siberia. The
trends in the AWP of Cb were positive over China; the
largest such increase was 9.7% per decade over the
Yangtze River basin (Table 1). A large decrease in the
Cb frequency (�3.0% per decade) also occurred over
the Yangtze River basin.

4. Discussion

During summer, the Cb frequency clearly decreased
in southern China, especially along the coast of the
South China Sea. The seasonal average of the Cb cloud
amount (cloud amount � frequency � AWP) de-
creased from 17% in the early 1970s to 12% in the early
1990s, whereas the seasonal average of the Sc cloud
amount increased from 17% to 26%. Because the
EECRA included “coded” cloud reports, this change
may indicate only a regional decrease in Cb in that
cumulonimbus-type clouds were reported when Cb ap-
peared, regardless of the existence of Sc (WMO 1975).
Limitations in the coded cloud report must be consid-
ered. Recently, Lu and Dong (2001) and Lu (2001)
found that the summer subtropical high over the north-
western Pacific has extended farther westward since
1979, frequently extending westward to cover parts of
southern China. Downward motion generally domi-
nates in an anticyclone, so any westward extension of
the subtropical high would result in enhanced down-
ward motion over southern China. In addition, as the

FIG. 6. As in Fig. 3 but for the trend in cumulus frequency in each season.
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subtropical high builds to the west, water vapor trans-
port from the Tropics to eastern China along the north-
western rim of the subtropical high would move west-
ward, and the large-scale convergence zone may also
move. Increasing amounts of Cb occurred over Yunnan
Province in southwestern China (Fig. 7a). These
changes in Cb may be related to the westward exten-
sion of a subtropical high over the northwestern Pacific.

The frequency of Cb in the Yangtze River basin de-
creased from about 13% in the early 1970s to 6% in the
1990s during summer. The frequency of Cu also tended
to decrease over the Yangtze River basin. These
changes suggest more stable atmospheric stratification
over the Yangtze River basin. However, heavy rainfall
events in summer have become more frequent in the
Yangtze River basin in recent decades (Endo et al.
2005). The decrease in the Cb frequency, in conjunction
with an increase in heavy rainfall events, at first seemed
counterintuitive. However, a decrease of the number of
days with precipitation (figure not shown) and an in-
crease of the AWP of Cb (Table 1) were also found in
the Yangtze River basin. Therefore, while Cb fre-
quency declined, an increasing probability of heavy
rainfall with larger AWP of Cb appeared during the
study period.

Trenberth (1998) found that an increase in surface
temperature increased the atmospheric water holding
capacity and the atmospheric moisture content in a
coupled atmosphere–ocean general climate model
(AOGCM) climate change simulation. These changes
imply that the number of stronger rainfall events will

increase. In fact, researchers have found increased
amounts of convective clouds (Sun et al. 2001), heavy
rainfall events (Karl and Knight 1998; Groisman et al.
1999), and tropospheric water vapor content (Ross and
Elliott 2001) in the United States. Although the tropo-
spheric water vapor content also increased over eastern
China (Zhai and Eskridge 1997; Ross and Elliott 2001),
a different relationship between Cb and heavy rainfall
trends is evident in the Yangtze River basin.

It is useful to consider differing relationships be-
tween trends in convective cloud frequency and heavy
rainfall events for the Yangtze River basin and the
Great Plains of the United States. Heavy rainfall is gen-
erally brought by organized convective clouds that ap-
pear near the mei-yu front over the Yangtze River ba-
sin (e.g., Akiyama 1973; Ninomiya 1984); such clouds
also appear over the Great Plains (e.g., Carlson et al.
1983). Convective development over the Great Plains is
typically accompanied by a strong capping inversion
and a dry, warm midtroposphere above a mixed layer
(e.g., Emanuel and Raymond 1993). The development
of deep convective clouds in eastern China during sum-
mer is characterized by large evapotranspiration from
paddy fields and a moist midtroposphere environment
(Shinoda and Uyeda 2002). The environment that sup-
ports deep convective development is quite different
for the two regions. The different relationships between
convective cloud trends and heavy rainfall events in the
two regions may be attributed, therefore, to the differ-
ent environmental factors accompanying the develop-
ment of deep convection.

FIG. 7. Trends in (a) the frequency of Cb, and (b) Cb amount when present. Trends with statistical significance at the 0.05 level are
plotted by larger marks, trends without statistical significance are indicated by small circles, black and white marks indicate decreasing
and increasing trends, respectively, and “slp” means trend of frequency.
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5. Summary

The climatology and long-term trends of low-cloud
conditions over China were examined based on the 26-
yr Extended Edited Cloud Report Archive. The follow-
ing observations are reported:

1) Clear-sky frequency increased over northern China
throughout the year. Clear-sky frequency increased
in northeastern China, except in summer. Clear-sky
frequency also rose in northwestern and southern
China in autumn.

2) Cumulus frequency decreased over eastern China in
spring, summer, and autumn. A significant decrease
in cumulonimbus frequency occurred, while the
AWP of Cb showed a statistically significant in-
crease over southern China and the Yangtze River
basin during summer. Convective cloud amounts de-
creased over most of China. However, an increase of
Cb frequency and an increase of the AWP of Cb
occurred over Inner Mongolia during summer.

3) Stratocumulus frequency increased during summer
over southern and northwestern China and the Ti-
betan Plateau. The AWP of Sc also increased over
most of China. Stratocumulus frequency increased
over southern China and Sc frequency declined
north of the Yangtze River in other seasons.

This study used “coded” cloud reports. Surface ob-
servers can log several cloud types in the observation
records, but the coded cloud report can describe a cloud
type only for a single layer. In addition, data for land
stations in EECRA covered only a limited period. Fur-
ther analyses using surface-level visual observation data
for longer periods, archived at meteorological agencies,
are warranted.

Acknowledgments. The Extended Edited Cloud Re-
port Archive was obtained from the Carbon Dioxide
Information Analysis Center, Oak Ridge National
Laboratory, U.S. Department of Energy.

REFERENCES

Akiyama, T., 1973: The large-scale aspects of the characteristic
features of the Baiu front. Pap. Meteor. Geophys., 24, 157–
188.

Angell, J. K., 1990: Variations in the United States cloudiness and
sunshine duration between 1950 and the drought year of
1988. J. Climate, 3, 296–308.

Carlson, T. N., S. G. Benjamin, G. S. Forbes, and Y.-F. Li, 1983:
Elevated mixed layers in the regional severe storm environ-
ment: Conceptual model and case studies. Mon. Wea. Rev.,
111, 1453–1473.

Emanuel, K. A., and D. J. Raymond, Eds., 1993: The Representa-

tion of Cumulus Convection in Numerical Models. Meteor.
Monogr., No. 46, Amer. Meteor. Soc., 246 pp.

Endo, N., B. Ailikun, and T. Yasunari, 2005: Changes in precipi-
tation amounts and the number of rainy days and heavy rain-
fall events during summer in China. J. Meteor. Soc. Japan, 83,
621–631.

Groisman, P. Ya., and Coauthors, 1999: Changes in the probabil-
ity of heavy precipitation: Important indicators of climatic
change. Climate Change, 42, 243–283.

Hahn, C. J., and S. G. Warren, 1999: Extended edited synoptic
cloud reports from ships and land stations over the globe,
1952-1996. Carbon Dioxide Information Analysis Center
Rep. NDP026C, 81 pp.

——, ——, and J. London, 1995: The effect of moonlight on ob-
servation of cloud cover at night, and application to cloud
climatology. J. Climate, 8, 1429–1446.

Henderson-Sellers, A., 1986: Continental cloudiness changes this
century. GeoJ., 27, 255–262.

Houghton, J. T., Y. Ding, D. J. Griggs, M. Noguer, P. J. van der
Linden, X. Dai, K. Maskell, and C. A. Johnson, Eds., 2001:
Climate Change 2001: The Scientific Basis. Cambridge Uni-
versity Press, 881 pp.

Jones, P. A., and A. Henderson-Sellers, 1992: Historical records
of cloudiness and sunshine in Australia. J. Climate, 5, 260–
267.

Kaiser, D. P., 1998: Analysis of total cloud amount over China:
1951-1994. Geophys. Res. Lett., 25, 3599–3602.

——, 2000: Decreasing cloudiness over China: An updated analy-
sis examining additional variables. Geophys. Res. Lett., 27,
2193–2196.

Karl, T. R., and R. W. Knight, 1998: Secular trends of precipita-
tion amount, frequency and intensity in the United States.
Bull. Amer. Meteor. Soc., 79, 231–242.

Klein, S. A., and D. L. Hartman, 1993: The seasonal cycle of low
stratiform clouds. J. Climate, 6, 1587–1606.

Li, Y., R. Yu, Y. Xu, and X. Zhang, 2004: Spatial distribution and
seasonal variation of cloud over China based on ISCCP data
and surface observations. J. Meteor. Soc. Japan, 82, 761–773.

Lu, R., 2001: Interannual variability of the summertime North
Pacific subtropical high and its relation to atmospheric con-
vection over the warm pool. J. Meteor. Soc. Japan, 79, 771–
783.

——, and B. Dong, 2001: Westward extension of North Pacific
subtropical high in summer. J. Meteor. Soc. Japan, 79, 1229–
1241.

Nakata, Y., 1991: Appearance of stratiform clouds over south
China and their relation to synoptic fields during the winter
monsoon season. Geogr. Rev. Japan, 64A, 327–346.

Ninomiya, K., 1984: Characteristics of the Baiu front as a pre-
dominant subtropical front in the summer northern hemi-
sphere. J. Meteor. Soc. Japan, 62, 880–894.

Nitta, T., and Z.-Z. Hu, 1996: Summer climate variability in China
and its association with 500 hPa height and tropical convec-
tion. J. Meteor. Soc. Japan, 74, 425–445.

Norris, J. R., 1998: Low cloud type over the ocean from surface
observations. Part II: Geographical and seasonal variations.
J. Climate, 11, 383–403.

Ross, R. J., and W. P. Elliott, 2001: Radiosonde-based Northern
Hemisphere tropospheric water vapor trends. J. Climate, 14,
1864–1880.

Shinoda, T., and H. Uyeda, 2002: Effective factors in the devel-
opment of deep convective clouds over the wet region of

1212 J O U R N A L O F C L I M A T E VOLUME 19



eastern China during the summer monsoon season. J. Meteor.
Soc. Japan, 80, 1395–1414.

Sun, B., and P. Ya. Groisman, 2000: Cloudiness variations over
the former Soviet Union. Int. J. Climatol., 20, 1097–1111.

——, ——, and I. I. Mokhov, 2001: Recent changes in cloud-type
frequency and inferred increases in convection over the
United States and the former USSR. J. Climate, 14, 1864–
1880.

Trenberth, K. E., 1998: Atmospheric moisture residence times
and cycling: Implications for rainfall rates and climate
change. Climate Change, 39, 667–694.

World Meteorological Organization, 1975: International Cloud
Atlas. Vol. I. WMO Publication 407, 155 pp.

——, 1988: Manual on Codes. WMO Publication 306.
Zhai, P. M., and R. E. Eskridge, 1997: Atmospheric water vapor

over China. J. Climate, 10, 2643–2652.

1 APRIL 2006 E N D O A N D Y A S U N A R I 1213




