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ABSTRACT

Based on the NOAA’s Advanced Very High Resolution Radiometer (AVHRR) Pathfinder Atmospheres
Extended (PATMOS-x) monthly mean cloud amount data, variations of annual and seasonal mean cloud
amount over the Yangtze River Delta (YRD), China were examined for the period 1982-2006 by using a
linear regression analysis. Both total and high-level cloud amounts peak in June and reach minimum in
December, mid-level clouds have a peak during winter months and reach a minimum in summer, and low-
level clouds vary weakly throughout the year with a weak maximum from August to October. For the annual
mean cloud amount, a slightly decreasing tendency (—0.6% sky cover per decade) of total cloud amount is
observed during the studying period, which is mainly due to the reduction of annual mean high-level cloud
amount (—2.2% sky cover per decade). Mid-level clouds occur least (approximately 15% sky cover) and
remain invariant, while the low-level cloud amount shows a significant increase during spring (1.5% sky
cover per decade) and summer (3.0% sky cover per decade). Further analysis has revealed that the increased
low-level clouds during the summer season are mainly impacted by the local environment. For example,
compared to the low-level cloud amounts over the adjacent rural areas (e.g., cropland, large water body, and
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mountain areas covered by forest), those over and around urban agglomerations rise more dramatically.
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1. Introduction

Clouds are a crucial factor in local and regional
climate change. They modulate the earth’s radia-
tion budget and the hydrologic cycle (Randall and
Tjemkes, 1991). Meanwhile, different cloud types al-
ways produce different climate effects and can also re-
flect different atmospheric conditions. Thus, it is im-
portant to investigate the long-term change not only
in total clouds but also in different cloud types.

In recent decades, many observational studies
have focused on the analyses of clouds over China.
Using surface observations, Kaiser (1998) found a de-
crease in the annual mean total cloudiness over China
between 1951 and 1994. Li et al. (2004) studied the

spatial distribution and seasonal variation of different

types of clouds over China based on the ISCCP (In-
ternational Satellite Cloud Climatology Project) satel-
lite data and surface observations from 1990 to 1998.
Endo and Yasunari (2006) examined the long-term
trends of the low-level cloud frequencies and low-level
cloud amounts over China with surface observations
from 1971 to 1996. At the same time, much attention
has also been paid to the relationships between the
spatiotemporal variation of clouds and other climate
parameters. Kaiser (2000) discussed the relationship
between the total cloudiness and other meteorological
variables over China, including station pressure, rel-
ative humidity, and water vapor pressure. Liang and
Xia (2005) and Qian et al. (2006) pointed out that de-
creasing trends are found in both the cloudiness and

solar radiation over China, and the cause for decreas-
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ing radiation over China is probably increasing
(2007)
analyzed the variations of cloudiness and cloud types

aerosols but not cloudiness. Warren et al.
based on surface observations from 1971 to 1996,
and discussed the anthropogenic influence on clouds.
They considered the effect of smoke aerosols on cloud
amount nonnegligible.

Though many previous studies have focused on
cloud amount or cloud frequency over all of China,
this paper focuses on a specific area, the Yangtze River
Delta (YRD), China. YRD is the largest urban ag-
glomeration area in China (Fig. 1b), which covers an
area of 110800 km?, with a population of more than
97 million. With rapid urbanization, a series of hu-
man activities have likely caused local climate change
in this area, such as the urban heat island (UHI) ef-
fect (Zhang N. et al., 2010) and changes in solar radi-
ation absorption (Zhang et al., 2004). Few investiga-
tions have tried to research long-term cloud changes
over this area, although clouds are closely related to
the surface energy balance, solar radiation, precipita-
tion, and so on. This study analyzes the spatiotem-
poral characteristics of multi-layered cloud amounts
over the YRD, by using the NOAA’s Advanced Very
High Resolution Radiometer (AVHRR) Pathfinder At-
mospheres Extended (PATMOS-x) monthly average
cloud amount records from 1982 to 2006.
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2. Data and methods

The NOAA-AVHRR PATMOS-x is a project
to derive long-term surface and atmospheric climate
records (cloud, aerosol, surface, and radiometric) from
roughly 30 yr of data from NOAA’s AVHRR (includ-
ing AVHRR/2 and AVHRR/3) onboard the Polar Op-
erational Enrironmental Satellite (POES) spacecraft
from 1981 to present. The POES system includes a
morning satellite with equator crossing times at ap-
proximately 0700 (descending orbit) and 1900 (ascend-
ing orbit) local solar time (LST), and an afternoon
satellite with the equator crossing times at approxi-
mately 0200 (descending orbit) and 1400 (ascending
orbit) LST, thus providing global coverage 4 times a
day. From the average of all data from afternoon and
morning satellite retrievals, an approximate daily and
monthly mean is calculated. Monthly averaged cloud
amount data retrieved from PATMOS-x version 4 with
a 0.5-degree spatial resolution are analyzed in this
study, and the cloud types are defined by the cloud-
top pressure (Rossow and Schiffer, 1999) as shown in
Table 1. Note that before 1992 there was no morning
data included in PATMOS-x, so the monthly averaged
cloud amounts are simply the average of the afternoon
satellite records before 1992. A comparison between
the data from only the afternoon satellite observations
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Fig. 1. (a) Topographic height and the analysis area (the black rectangle enclosed area). (b) Land covers in the analysis

area, from MODIS observations in 2005. The black and red rectangular areas indicate urban area and cropland area,
respectively, which are also mentioned in Fig. 6. NJ: Nanjing; CZ: Changzhou; WX: Wuxi; SZ: Suzhou; SH: Shanghai;

HZ: Hangzhou.



NO.3

Table 1. The cloud types defined by cloud-top

pressure

Cloud types
High-level cloud
Mid-level cloud
Low-level cloud

Cloud-top pressure
Less than 440 hPa
Between 440 and 680 hPa
Greater than 680 hPa

and both morning and afternoon observations dur-
ing 1992-2006 (Fig. 2) shows that the observations
from two satellites and one afternoon satellite consist
well on the variations of the annual mean data se-
ries, although there is a bias of 1%-3% sky cover in
cloud amount. Similar characteristics are also found
in four seasons (figure omitted). In order to consider
a longer observation series, the whole time series of
cloud amount (1982-2006) are examined and analyzed
in this paper, and the differences between the datasets
before and after 1992 are considered as an interven-
tion impact on the trend detection (Weatherhead et
al., 1998).
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The Clouds from AVHRR Extended (CLAVR-
x) algorithms are used to detect PATMOS-x clouds
(Pavolonis and Heidinger, 2004; Pavolonis et al., 2005;
Heidinger and Pavolonis, 2009). The global cloud
amounts from CLAVR-x agree well with other estab-
lished satellite-derived cloud climatologies (Thomas
et al., 2004), and have been widely used in cur-
rent research of cloud changes (Clement et al., 2009;
Tang et al., 2012). It should be noticed that there
are some limitations in passive remote sensing ob-
servations compared with the active remote sensing
(Kennedy et al., 2010; Xi et al., 2010). For the
CLVAR-x approaches that can estimate opaque clouds
well, there is difficulty in uniquely detecting thin cir-
rus and small clouds (not filling the sensor field of
view) (Nieman et al., 1993; Heidinger and Pavolo-
nis, 2009). However, the approaches can detect multi-
layered cloud only in situations where thin and high

clouds are situated over low, thick clouds (Pavolonis
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Fig. 2. Annual mean cloud amounts (% sky cover) of (a) total cloud, (b) high-level cloud, (c¢) mid-level cloud, and (d)

low-level cloud, from both morning and afternoon satellites retrievals (line with asterisks) and from only the afternoon

satellite retrievals (line with triangles).
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and Heidinger, 2004).
trends/tendencies of cloud amounts rather than the

This paper focuses on the

accurate cloud amount values when considering the
uncertainties in observation methods.

In this study, a linear regression analysis is per-
formed to analyze the variation in cloud. Tiao et al.
(1990) and Weatherhead et al. (1998) pointed out that
the precision of linear trend estimate is strongly influ-
enced by the autocorrelation of the noise and inter-
vention in the data series, such as when an instrument
is changed at a specific time. Given that there is a
permanent shift in the data series in 1992, we consider
a trend model as follows (Weatherhead et al., 1998).

Ytza—l—bXt—i—cUt—l—Nt,

wheret =1, 2, ---, T (T = 25 is the number of years);
Y; is the cloud amount series; X; = 1982, 1983, - - -,
2006; a is a constant term; b is the trend; cU; is a mean
level shift term accounting for the intervention impact
at the specific time ¢ = Ty (in this study Ty = 11,
corresponding to X; = 1992): U, =0 (t < Tp), Uy =1
(t > Tp). The noise term Ny is assumed as a first-order
autoregressive [AR(1)]: Ny = pNi_1 + &4, where p is
the autocorrelation coefficient and &; is the white noise
with mean zero and common variance. Regression co-
efficients a, b, and c are estimated by the method of
generalized least squares (GLS) and detailed processes
and corresponding discussions were presented well in
Weatherhead et al. (1998).

A commonly used criterion is adopted to test the
significance of trends: a real trend is indicated at the
95% confidence level when | Z;/UB > 2, where b is
the estimator of b and oy is the uncertainty of trend

estimate (standard deviation of b). It is found that
the trend estimate and its uncertainty are strongly in-
fluenced by the level shift term in the trend model.
The level shift term will not only increase the uncer-
tainty of the trend estimate but also modify its value:
b~ by — &(67(1 — 7)/T), where 7 = (Ty — 1)/T, é is
the estimator of ¢, and Z;O is the trend estimate in the
trend model without considering the level shift term (c
= 0). In addition, the confidence level (|I;/05|) is sub-
stantially reduced when including the level shift term
in the trend model.

Low-level clouds should be more sensitive to lo-

JOURNAL OF METEOROLOGICAL RESEARCH

VOL.28

cal land surface conditions than higher clouds. Thus,
we focus on the time-space distributions of the low-
level cloud amount in summer and try to examine if
land-surface heterogeneity has any influence on local
clouds.

3. Results

The monthly variations of cloud amounts are il-
lustrated in Fig. 3. The total cloud amount peaks
in June and then gradually decreases from summer
to winter with a minimum in December. High-level
clouds occur most frequently from March to October
and have a similar monthly variation with total clouds.
The mid-level cloud amount peaks during the winter
months and reaches a minimum in summer. The vari-
ation of low-level clouds is weak and the value from
August to October is slightly greater than the other
months.

Annual and seasonal changes of cloud amounts
averaged over the YRD are analyzed by using the
linear regression analysis (Fig. 4). Here, trends are
considered statistically significant when the confidence
interval is greater than 95%; otherwise, the tempo-
ral variations are considered as tendencies (Dong et
al., 2010). For the annual mean cloud amounts (Fig.
4a), the averages of total and high-, mid-, and low-
level cloud amounts during the studying period are
63%, 32%, 15%, and 19%, respectively. The an-
nual mean total clouds increased in the 1980s, peaked
in the 1990s, and then dramatically decreased in 2000,
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Fig. 3. Monthly mean cloud amounts during the period
19822006, averaged over the Yangtze River Delta.
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Fig. 4. Time series and linear trends of (a) annual and (b—e) seasonal mean cloud amount from 1982 to 2006, averaged

over the Yangtze River Delta. Thick lines indicate trends with significance at the 95% confidence level. (b) Spring:
March, April, and May (MAM); (c) Summer: June, July, and August (JJA); (d) Autumn: September, October, and
November (SON); (e¢) Winter: December, January, and February (DJF).

with a decreasing tendency for the past 25 years; and

this variation agrees well with the result of surface ob-

servations (Yuan and Tang, 2007). The annual mean

high-level cloud amount has a statistically significant

decreasing trend of —2.2% sky cover per decade, which

plays a major role in the decrease of the total cloud

amount. The annual mean mid-level clouds have the

lowest frequency of occurrence and are the least in-
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variant. The annual mean low-level cloud amount has
a unique increasing tendency of 0.8% sky cover per
decade.

Variations of seasonal mean cloud amounts are
illustrated in Figs. 4b—e. High-level clouds have de-
creasing tendencies throughout the year while the
low-level cloud amount in summer shows a continued
growth, with the increasing trend of 3.0% sky cover
per decade at the 95% confidence level (Fig. 4c).

The spatial distributions of linear trends in low-
level cloud amount during summer are shown in Fig.
5a. The low-level cloud amount increases over the en-
tire YRD and it is notable that the increasing trend
over and around most urban areas is higher with rela-
tive maxima centers emerging west of Shanghai (SH).
The lower trend values are located over Tai Lake with
a water area of 2500 km? and mountain areas covered
by forest (southwest of YRD). Meanwhile, this relative
growth directly results in a smaller decrease of total
cloud amount over most urban areas (Fig. 5b: from
SH to northwest of Changzhou (CZ)). Additionally,
the decrease extent of the high-level cloud amount is
smaller over the southwest of the YRD (figure omit-
ted) and therefore, the total cloud amount also has a
smaller decreasing tendency over the mountain areas
(Fig. 5b).

By further exploring the low-level cloudiness vari-

ations over different land covers, we compare the dif-

TR

117.5

VOL.28

ferences of low-level cloud amounts in summer between
urban agglomerations (black rectangular areas in Fig.
1b) and the adjacent rural areas including cropland
(red rectangular areas in Fig. 1b), Tai Lake, and for-
est, respectively (Fig. 6). Because the observation
resolution (0.5°) is greater than the size of most cities
in this area, and the urban land cover expanded dra-
matically in this analysis period, it is hard to obtain
observation data over a pure urban area. In our study,
the urban cover fraction over each PATMOS-x grid is
calculated with 1-km resolution MODIS land use data
(Fig. 1b), and the urban-dominant grids (which means
a grid with urban cover fraction greater than 50%) are
used to represent the trend for urban agglomerations.
As for the cropland area, it also includes some urban
land use, such as small-size towns or cities, and the
urban cover fraction over the selected cropland area
is less than 20% in our analysis. It is clearly evi-
dent that the low-level cloud amount increased over
urban agglomerations at a faster rate than that over
non-urban areas. The increasing rate over urban ag-
glomerations is much greater than those over bodies
of water and forest, and it is also greater than that
over the cropland area. The trend over the cropland
is close to that over the urban area. There may be
two potential reasons: 1) the urban-dominant grids
used in our analysis usually include cropland, and vice

versa; 2) the selected cropland areas are near urban

Al.t‘-:::-\ -
118.5 119.5 120.5 121.5°E

Fig. 5. Trends of summer mean (a) low-level and (b) total cloud amount for 1982-2006 (interval: 0.4% sky cover

per decade). The red contour lines indicate increasing trends and blue contour lines indicate decreasing trends. The
shaded areas indicate urban areas. NJ: Nanjing; CZ: Changzhou; WX: Wuxi; SZ: Suzhou; SH: Shanghai; HZ: Hangzhou.
Trends of low-level clouds are at the 95% confidence level for most of the study areas while trends of total clouds are not

significant for any areas.
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Fig. 6. Changes of low-level cloud amount in summer over
1b), (b) cropland (red rectangular areas in Fig. 1b), (¢) Tai

the 95% confidence level.

agglomerations (Fig. 1b) and the influence of urban-
ization has a regional-scale impact in this area, as
demonstrated by previous studies (e.g., Zhang N. et
al., 2010). Further studies with higher resolution ob-
servations and state-of-the-art numerical modeling are

needed for a better explanation on this phenomenon.
4. Discussion

The cloud process is very complex and impacted
by many factors such as moisture, cloud condensation
nuclei (CNN), and thermal excitation, especially when
considering the adequate water vapor supply from the
oceans and densely vegetated land cover in the YRD in
summer. The key factors of cloud processes are related
to CCN and thermal excitation. The CCN concen-
tration increases due to the air pollutant release over
urban area, and its impact on clouds is very uncer-
tain. A large number of studies based on observations

and models indicate that high concentrations of fine
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(a) urban agglomeration (black rectangular areas in Fig.
Lake, and (d) forest areas. Thick lines indicate trends at

aerosol particles could increase cloud coverage by in-
creasing the concentration of cloud droplets that not
only suppress rainfall in warm cloud but also augment
the cloud top albedo (Rosenfeld, 1999, 2000; Givati
and Rosenfeld, 2004; Teller and Levin, 2006; Khain et
al., 2008; Small et al., 2011). Other studies also find
that aerosols could reduce cloud cover as well: for ex-
ample, hydrophilic aerosols may enhance precipitation
in the ice phase and reduce the cloud cover (Lohmann,
2002); absorbing aerosols (black carbon) could heat
the atmosphere by absorbing solar radiation, which
results in reduced cloud formation and abbreviation
of cloud lifetime (Ackerman et al., 2000; Small et al.,
2011). All the previous studies show that the effects
of aerosols on cloud amount tend to be more on the
global scale rather than regional or urban scales.

The most probable mechanism of the low-level
cloud increasing over the YRD in summer is the
surface heating excitation, especially when this area

is currently undergoing rapid urbanization. Urban-
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induced modifications in natural clouds may well be
due to the following causes (Cotton and Pielke, 2007):
1) increases in anthropogenic aerosols effects; 2) the
urban thermal effect on low-level convection and cir-
culation; 3) increased low-level convergence downwind
of the urban area caused by greater surface rough-
ness; 4) changes of low-level atmospheric moisture con-
tent. In summer, the moisture is transported from the
East China Sea to the YRD under the prevailing wind
(southeast wind) and the strongest UHI effect also ap-
pears in summer over the YRD (Du et al., 2007; Zhang
K. X. et al., 2010), which may explain why the rela-
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tive growth of low-level cloudiness over urban areas is
more remarkable during summer.

Many observational studies have proved that the
apparent intensity increase of UHI over the YRD re-
flects the tendency of clusters of urban centers to form
a large regional heat island (Chen et al., 2006; Du et
al., 2007). Table 2 shows the heat island intensity of
three typical cities during summer. It is found that
the UHI intensity has dramatically increased since the
1990s over all the three cities, and the correlation coef-
ficient between the UHI intensity of Shanghai and the
low-level cloudiness over Shanghai is 0.57 (p = 0.003).

Table 2. The UHI intensity (°C) of Shanghai, Hangzhou, and Nanjing during summer

Shanghai Hangzhou Nanjing
(Zhang K. X. et al., 2010) (Li et al., 2009) (Qiu et al., 2008)
1980-1989 0.49 0.39 0.34
1990-1999 0.86 0.70 0.51
20002006 1.07 1.16 0.46 (2000-2005)

5. Conclusions

Variations of seasonal and annual mean cloud
amounts of different cloud types (including total cloud,
high-level cloud, mid-level cloud, and low-level cloud)
were examined and analyzed over the Yangtze River
Delta (YRD), China, for the period 1982-2006 by
using a linear regression analysis. For the monthly
variations, both total and high-level cloud amounts
peak in June and reach a minimum in December. In
contrast, mid-level clouds have a peak during winter
months and reach a minimum in summer while low-
The
annual averages of total, high-, mid-, and low-level
cloud amounts are 63%, 32%, 15%, and 19%, respec-

tively. A decrease tendency in annual mean total

level clouds vary weakly throughout the year.

cloud amount is found, which is mainly driven by the
decreases of high-level clouds throughout the year.
Mid-level cloud amounts occur least and remain in-
variant throughout the year, while the annual mean
low-level cloud increase is mainly caused by the sig-
nificantly increasing trend in low-level cloud amount
during the summer.

In particular, the spatial and temporal varia-

tions of total and low-level cloud amounts in sum-

mer were further analyzed. Trends in the low-level
cloud amount during summer have conspicuous local
differences: low-level cloud amount over urban ag-
glomeration areas rises much faster than that over
the adjacent non-urban areas. This relative growth
directly leads to a smaller decreasing tendency of the
total cloud amount as observed over most urban areas
(-0.4% sky cover per decade) than that over other
non-urban areas (—1.2% to —4% sky cover per decade).

In this study, we just provide the spatiotempo-
ral characteristics of cloud amount over the YRD, and
try to infer the possible urbanization thermal effect on
the low-level cloud. Given the complexity of the cloud
physical progresses, higher resolution observations and
numerical simulations will be needed to verify the ur-
banization effect on clouds, and further quantitative
research is warranted to detect more examples of these
effects.
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