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[1] Fengyun-2C (FY-2C), launched in October 2004, is the first operational geostationary
meteorological satellite in China. It can provide 1-h interval cloudiness products with a
spatial resolution of 0.04° latitude x 0.04° longitude. The main characteristics of the
regional-scale clouds from a 2-year FY-2C data set (from July 2005 to June 2007) are
presented, including the spatial distribution and the annual and diurnal cycles of
cloudiness. The reliability of FY-2C cloud products over Southeast Asia is investigated
through comparisons to cloud cover from the International Satellite Cloud Climatology
Project, the Moderate Resolution Imaging Spectroradiometer on board Terra and Aqua
satellites, and conventional ground observations. It is shown that the FY-2C cloud
mask performs consistently with other cloud mask products over Southeast Asia. In the
boreal winter, the whole domain is dry with little cloudiness. More extensive cloudiness
can be observed over the Sichuan Basin, in the East China Sea and the South China
Sea, along the northwestern border of China, and around the ITCZ in the Southern
Hemisphere. In the boreal summer, the summer monsoon is the dominant system for the
studied domain, which is generally humid with extensive cloudiness, corresponding to
zones of strong convective activities. Results also reveal considerable discrepancies
among different cloud products over extended areas of north China and Mongolia.

The Sichuan Basin is another region of large discrepancies among the four cloud
products. Diurnal cycles of FY-2C cloudiness for the four seasons of a year are analyzed.
The diurnal range of cloudiness is generally larger over land than over ocean. Remarkable
diurnal variation is found over the Tibetan Plateau, the northern part of the Indian
Peninsula, and central Asia where there is generally less precipitation. The peaks of
diurnal cycle of cloudiness appear around local noon over the subtropical land, in the
morning over the Indian Peninsula, and in the afternoon near the equator.
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1. Introduction

[2] Clouds play a major role in controlling the Earth’s
energy and water cycles at both global and regional scales.
They have an enormous impact on the Earth’s weather and
climate, mainly through their interactions with radiation
[e.g., Liou, 1986; Ramanathan et al., 1989; Rossow and
Lacis, 1990; Stephens and Greenwald, 1991; Mokhov and
Schlesinger, 1994; Rossow and Zhang, 1995; Pavolonis
and Key, 2003; Stephens, 2005; Dong et al., 2006;
Stephens and Kummerow, 2007; Mace and Benson,
2008]. Clouds currently constitute a major challenge in
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understanding the past evolution of the climate and in
projecting future global climate change [Cox et al., 1987,
Cess et al., 1989; Arking, 1991; Intergovernmental Panel
on Climate Change, 1995; Hogan et al., 2001]. We have
only limited knowledge of cloud dynamics and quantita-
tive effects on atmospheric general circulation at both
global and regional scales. The effects of clouds from
different observational estimates or model specifications
[Weare, 2000; Hahn et al., 2001] have some diversity.
[3] Southeast Asia is one of the cloudiest regions in the
world [Klein and Hartmann, 1993]. Many works explore
the spatial distribution and seasonal cycle of clouds over
Southeast Asia [e.g., Y. Li et al., 2004; Wang et al., 2004]. A
few others have focused on interdecadal variation [Li et al.,
2005] and long-term trends of regional cloudiness [Kaiser,
1998, 2000; Endo and Yasunari, 2006; Qian et al., 2006;
Warren et al., 2007]. Kriiger and Grassl [2004], as well as
Warren et al. [2007], discussed the causes for this variation.
Wang et al. [2004] analyzed the effects of cloud-radiation
interactions in the evolution of the East Asian summer
monsoon. Li and Gu [2006] showed that the variation of
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Table 1. Characteristics of the Five-Channel Visible and Infrared
Spin Scan Radiometer on Board FY-2C Satellite®

Resolution at the Subsatellite
Point With One West-East

Channel Spectral Band (xm) Scanning (km)
VIS 0.55-0.90 1.25
IR1 10.30-11.30 5.00
IR2 11.50-12.50 5.00
IR3 35-4.0 5.00
WV 6.30-7.60 5.00

VIS, visible; IR, infrared.

cloudiness in eastern China is strongly related to regional
atmospheric circulation. Yu et al. [2004] demonstrated that
the abundant continental stratus generated on the lee side of
the Tibetan Plateau can produce extremely strong cloud
radiative forcing and exert a large influence on the local
energy balance and regional climate variation. They also
suggested that more research (both observation and model-
ing) must be accomplished to fully document and quantify
the effects of clouds on the regional climate of East Asia. In
addition, the diurnal cycle of clouds have been explored in
different ways on a global scale [Cairns, 1995; Bergman
and Salby, 1996] or regional scale [Wylie and Woolf, 2002],
but none of these studies aimed at Southeast Asia.

[4] Meteorological satellites are the most powerful plat-
forms for cloud detection. Geostationary satellites, in
particular, can provide an overview of cloud systems at
synoptic scales, which is very useful for weather monitor-
ing and for construction of long-term climatology. The
Fengyun-2 (FY-2) series geostationary meteorological sat-
ellites, operated by the China Meteorological Administra-
tion (CMA), are devoted to monitoring the environment and
to preventing meteorological disasters. They also provide
valuable data for exploring the climate of Southeast Asia
[Xu et al., 2002; Zhang et al., 2006; Lu et al., 2008]. FY-2C
is the first operational satellite of the FY-2 series. It was
launched in October 2004, and the derived cloud products
are available from June 2005. The purpose of the present
study is to investigate the behaviors of cloud cover over
Southeast Asia, as observed from FY-2C. The reliability of
FY-2C products is also examined through comparisons with
three other cloud data sets from the International Satellite
Cloud Climatology Project (ISCCP), Moderate Resolution
Imaging Spectroradiometer (MODIS), and conventional
ground observation (GO) derived from the archives of the
National Meteorological Center, CMA. Ground observation
data set and ISCCP have already been used widely in past
studies of clouds over Southeast Asia. In this work, main
attention will be on the characteristics of the regional cloud
distribution from FY-2C relative to other cloud products.
We also want to check whether FY-2C provides results
consistent with other estimates of cloud distribution in
Southeast Asia.

[5] Section 2 describes the cloud detection algorithms
used in FY-2C and gives a simple introduction to other
available cloud data sets. In section 3, regional cloud esti-
mates from FY-2C are compared to those from other cloud
climatologies. A few diagnostics are designed to highlight
the similarities and differences between FY-2C and each of
the other products, for a variety of seasonal conditions.
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Potential strengths and/or shortcomings of FY-2C are also
discussed. Conclusions are given in section 4.

2. Data Sources

[6] FY-2 series of geostationary meteorological satellites,
operated by the CMA, are devoted to cloud observation in
Southeast Asia. FY-2C is the first operational satellite in the
FY-2 series. Its geostationary orbit is located over the
equator at 105°E, which makes the effective observation
domain extend roughly from 60°N to 60°S and 60°E to
155°E. The major payload in FY-2C is a five-channel
Visible Infrared Spin Scan Radiometer (VISSR). Visible,
infrared and water vapor images of the Earth and its clouds
are derived from the VISSR [Xu et al., 2002; Lu et al.,
2008]. The characteristics of the VISSR instrument are
listed in Table 1. A complete 20° latitude x 20° longitude
scan covering the full Earth disk can be accomplished every
30 min by means of combining satellite spin motion (100 rpm
from west-east) and step action of the scan mirror (2500 steps
from north to south). It takes 25 min to record the picture,
2.5 min for the mirror retrace, and 2.5 min for VISSR
stabilization.

[7] FY-2C provides images with high time resolution
(48 observations per day in the season of high flooding
risk in China and 24 per day in other seasons) with a spatial
resolution of 0.04° latitude x 0.04° longitude. To detect
whether each pixel is cloudy or not, an algorithm [Yang et
al., 2008] similar to that of ISCCP [Rossow and Garder,
1993a] is used for satellite IR radiance data collected at
channel 1 (i.e., IR1 in Table 1) in FY-2C. The scheme
includes six steps:

[8] 1. On the basis of a vegetation map which is produced
from the latest available data by the U.S. Geological
Survey’s EROS (Earth Resources Observation Systems)
Data Center, the FY-2C effective observation domain,
roughly from 60°N to 60°S and 60°E to 155°E, is divided
into 20 latitudinal zones each 5.5° wide. Each zone is then
classified into different zones according to elevation above
mean sea level (zs): zs < 1000 m, 1000 m < zs < 2000 m,
2000 m < zs < 3000 m, 3000 m < zs < 4000 m and zs >
4000 m. Each zone is classified into four categories of
regions on the basis of surface type, including water bodies
and sea, ice, arid and semiarid land, and other land. The
cloud detection is done in these individual regions.

[o] 2. Variation in surface brightness temperature
(AT,,14) over 1-h interval can be estimated from the FY-
2C satellite IR1 channel radiance for the four categories of
surfaces at different times of day. The maximum (AT,75,)
of ATy, in artificially selected clear-sky pixels that are
roughly recognized by the human’s eyes and in different
seasons can be estimated. Here only the satellite observation
data in all the year of 2006 are used.

[10] 3. The cloudy pixels located at the boundaries of
moving clouds and rapidly developing clouds can be detected
if 1-h variation of surface brightness temperature AT, is
beyond the range of surface brightness temperature variation
ATy, for that surface category. The key assumption
behind this test is that clouds are generally characterized by
lower temperature than the underlying earth surface.

[11] 4. For any pixel in a given time ¢, its brightness
temperature (BT) is defined as BT,. Over a 15-day running
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Figure 1. Location of the selected ground observation
stations.

interval, spanning 7 days before and 7 days after time ¢, the
maximum of the brightness temperature in the former
7 days (BT;”5) and the maximum in the latter 7 days
(BT %) can be computed. Here the fundamental premise
is that each 7-day time period includes more than one clear-
sky day at each location. So, BT,2% and BTS5* can be,
separately, regarded as the surface brightness temperatures
in each 7-day time period.

[12] 5. Most pixels generally satisfy |BT,"5* — BT 75| <
10 K. The pixel is detected as a cloudy pixel when BT 55" —
BT, > ABT,,;, otherwise it is clear-sky. Here, the threshold
ABT,,;; is the sum of the minimum of the brightness
temperature biases in between clear-sky and cloudy pixels
and the FY-2C measurement error BT,,,,,. That is

ABTL‘;‘it = min (BT;T;X - BTI‘,cb) + BTervor ( 1 )

where BT, ., are the BT at all the cloudy pixels detected in
step 3. BT,,,,, is the FY-2C observation error, which was set
to 1.0 K for water bodies and ocean, 2.2 K for land, 2.5 K
for ice, and 2.5 K for desert.

[13] 6. If there exists |[BT"5* — BT 4| > 10 K, which
means that there is a large seasonal variation of surface
temperature, a cloudy pixel is detected only when BT, 75* —
BT, > |BT5* — BT™5|, otherwise it is a clear-sky pixel.

[14] All the pixels can be placed into the clear-sky or
cloudy category using the clear-sky background algorithm
described above. The present study selected a 2-year period
from July 2005 to June 2007. The studied area is
60°E~130°E, 10°S~50°N, involving the main Asian mon-
soon region. To facilitate data treatment, we first calculated
cloud cover in a regular grid of 2.5° latitude x 2.5° longitude
by considering the proportion of cloudy pixels. Daily values
are obtained through a simple average of all available
samples of each day. They are further processed to have
monthly mean data.

[15] Three data sets were used to evaluate the quality and
reliability of FY-2C cloud cover, namely, MODIS, ISCCP
and GO. MODIS [Salomonson et al., 1989; Barnes et al.,
1998, 2003] is one of the key instruments for the National
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Aeronautics and Space Administration’s (NASA) Earth
Observing System (EOS). The sensor has 36 spectral bands
with wavelengths ranging from 0.41 to 14.5 pm (20 reflective
solar bands from 0.41 to 2.1 um and 16 thermal emissive
bands with wavelengths above 3.7 pum). It is currently
operated on board the EOS/Terra and EOS/Aqua satellites,
launched in December 1999 and May 2002, respectively.
The Terra and Aqua satellites view Earth from Sun-
synchronous polar orbits at an altitude of 705 km. The
equator-crossing time of Terra is 1030 local time (descend-
ing node) while that of Aqua is 1330 local time (ascending
node). The MODIS cloud mask is generated twice daily, at
I-km and 250-m (at nadir) spatial resolutions; however, the
250-m cloud mask flags are based on the visible channel
data only. A complete description of the MODIS cloud
mask products is given by Ackerman et al. [1998] and
Menzel et al. [2008]. In this paper, we used the MODIS
level 3 daily products [Hubanks et al., 2008], which span a
24-h (0000 to 2400 UT) interval and summarize the globe at
1° resolution. The data sets from Terra and Aqua are used
together to minimize the effect of the diurnal cycle, through
averaging both for each day.

[16] The ISCCP [Rossow and Schiffer, 1999] is a major
international effort to study clouds from operational meteo-
rological satellites. Data were collected from the suite of
meteorological satellites operated by several nations, con-
sisting of five geostationary satellites (the Geostationary
Meteorological Satellite (GMS), the Geostationary Opera-
tional Environmental Satellite (GOES), Meteosat, and the
Indian National Satellite (INSAT)) and two polar-orbiting
satellites [the Advanced Very High Resolution Radiometer
(AVHRR) onboard two different National Oceanic and
Atmospheric Administration (NOAA) satellites]. The vali-
dation of ISCCP products is given by Rossow and Garder
[1993b]. Monthly cloud fractions in the ISCCP D2 product
at a 280-km resolution equal area map grid are used in this
work.

[17] We also use a ground observation data set (hereafter
GO) from the synoptic observer reports over Southeast Asia
and the western Pacific, archived at the National Meteoro-
logical Center, CMA. Cloud cover is estimated visually by
trained observers using general rules stipulated by World
Meteorological Organization [1975, 1987]. Monthly cloud
fraction was constructed from the original 6-hourly
weather observation reports. After removing a few sta-
tions, the records of which were incomplete or of poor
quality, 2217 stations (shown in Figure 1) were selected to
cover the target area of our work. These data were then
merged onto 2.5° latitude x 2.5° longitude cells to facilitate
quantitative comparisons with other data.

3. Results
3.1. Mean Cloudiness in Winter and Summer

[18] Spatial distributions of the mean total cloudiness from
FY-2C, ISCCP, MODIS, and Ground Observation averaged
for boreal winter (December, January and February) are
shown in Figure 2. All of the cloud data sets capture the
main features of the spatial distribution of cloud in South-
east Asia. We can easily observe an area of high values over
the western part of the maritime continent, with maxima
above 80%, corresponding to the wet season of this region
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Figure 2. Mean cloudiness of December-January-February for (a) FY-2C, (b) ISCCP, (c) MODIS, and
(d) GO. Contour interval is 10% sky cover, and colored areas show cloudiness greater than 60%.
Differences between FY-2C and (e) ISCCP, (f) MODIS, and (g) GO. Colored areas show differences

greater than 5% sky cover or less than —5%.

with abundant precipitation. Over the Yangtze River Valley,
high cloudiness clearly exists and reveals the influence of
the topography. The center is located to the east of the
Tibetan Plateau, i.e., over the Sichuan Basin. Satellite-based
data sets (Figures 2a—2c) clearly show that a region with
high cloudiness exists over the East China Sea, with values
larger than 80%, and extends to the coasts of the South
China Sea. These abundant cloud covers are related to
advection of cold continental air masses over much the
warmer sea surface, causing instabilities and even explosive
storms. Apart from the above mentioned regions, there also
exists an area of high cloudiness over central Asia. An area
with values larger than 70% can be observed over the Pamir
Mountains, which can be attributed to baroclinic instabil-

ities developed with the midlatitude jet stream. For all four
data sets, low cloudiness is found for a large region
extending from the Arabian Sea to the Indo-China Penin-
sula. The period of DJF is the dry season for this region,
with dry northeasterlies from the Asian continent. There are
two centers of low cloudiness, with the lowest amount
under 20%. One is located from the middle of the Indian
Peninsula to the northeast area of the Arabian Sea, and the
other in Myanmar. Low cloudiness is also found in the arid
areas in Mongolia and north China.

[19] Large regional discrepancies can, however, be found
among the four data sets. Figures 2e—2g present the differ-
ences between FY-2C and the three comparison data sets
(ISCCP, MODIS, and GO, respectively). Clouds from FY-2C
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Figure 3. Same as in Figure 2 but for the average of June-July-August.

are close to the ISCCP data. There are only small regions in
the western Pacific off the Asian coast where the cloud level
from FY-2C is about 10% smaller than that from ISCCP.
Compared to MODIS, a large discrepancy is found over the
whole western part of the maritime continent, the arid and
semiarid region in northwestern and northern China, and
southern China, where FY-2C underestimates clouds about
10%. Compared to the ground observations (Figure 2g), the
remarkable discrepancy is that the FY-2C cloudiness over
the Indian Peninsula, south of the Tibetan Plateau, and over
East Asia are about 20% to 30% smaller than the cloudiness
in GO. We can, however, note that, compared to the three
satellite-derived data sets, cloudiness in GO is generally
larger over land but much smaller over water. This is
certainly due to the lack of surface observation over seas.
[20] In the boreal summer, as shown in Figure 3, the
geographical pattern of the June-July-August (JJA) mean

cloudiness from FY-2C resembles that from the three other
data sets. All four data sets exhibit abundant cloudiness
larger than 70% in the tropics and subtropics in the Northern
Hemisphere (0—30°N). Compared to the boreal winter, the
main high cloudiness area shifted northward seasonally to
the region of 10—20°N during the boreal summer. There are
three separate maximum regions: over the southwest of the
Indian Peninsula, northeast of the Bay of Bengal, and west
of the Philippines. They are all centers of strong precipita-
tion (not shown). As shown in Figure 3a, there is a zone of
high cloudiness over central China. It also exists in other
data sets. A low-cloudiness area with less than 70%
cloudiness mainly covers central Asia (from the Iranian
Plateau to Outer Mongolia), around the Jawa Island in
Indonesia, and over the subtropical northwest Pacific east
to China. All three regions of low cloudiness, where there
are little precipitation in the boreal summer (not shown), are
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Table 2. Spatial Pattern Correlation Coefficients of the Annual
Mean Cloudiness for Each Two-Member Combination of the Four
Data Sets: FY-2C, ISCCP, MODIS, and Ground Observation

ISCCP MODIS Ground Observation
FY-2C 0.90 0.82 0.56
ISCCP - 0.90 0.72
MODIS — — 0.74

located in the three anticyclonic systems: the Iranian High,
the Australian High and the Northwest Pacific Subtropical
High. Over north China, a low-cloudiness zone is over the
Gobi Desert and the semiarid region.

[21] Figures 3e—3g show differences between FY-2C and
the three other data sets (ISCCP, MODIS, and GO, respec-
tively). Similar to the winter season, in the boreal summer
FY-2C is very close to ISCCP. As shown in Figure 3e, in
very cloudy regions (with cloudiness greater than 70% in

100
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3 &8 8 8
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Figure 3b), ISCCP estimates slightly more cloudiness than
FY-2C, with less than a 10% difference. Small negative
differences are mainly found over regions of smaller cloud-
iness (less than 70%). Compared to MODIS, the FY-2C
estimates about 10% less cloudiness over most areas in the
south of 30°N and estimates about 20% more cloudiness in
the north of 30°N. As shown in Figure 3g, the differences in
cloudiness between FY-2C and GO are almost limited to the
range of —10% to 10%. These differences in the boreal
summer (Figure 3g) are significantly smaller than those in
boreal winter (Figure 2g).

[22] To quantify the relative agreement among the four
data sets, we calculated the spatial pattern correlation
coefficients for every pair of data sets. The calculation is
applied to the mean annual cloudiness in the region from
60°E to 130°E and 10°S to 50°N. However, calculations
involving GO are realized at the irregular grid formed by the
surface stations. Results shown in Table 2 confirm the high

100

Fy2c

100

ISCCP

MODIs

Figure 4. Scatterplots of mean monthly cloudiness in (a) FY-2C versus ISCCP, (b) FY-2C versus
MODIS, (c¢) ISCCP versus MODIS, (d) FY-2C versus GO, (¢) ISCCP versus GO, and (f) MODIS versus
GO for the period from July 2005 to June 2007. Figures 4a—4c are between individually matched map
grid cells. Figures 4d—4f (involving GO) are based on surface stations with a preinterpolation of FY-2C,

ISCCP, and MODIS.
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Figure 5. Time-latitude diagrams of monthly mean cloudiness (% sky cover) averaged from 105°E to
115°E for (a) FY-2C, (b) ISCCP, (¢) MODIS, and (d) GO. Contour interval is 10%, and colored areas
show cloudiness levels greater than 60%. Differences between FY-2C and (e) ISCCP, (f) MODIS, and
(g) GO. Colored areas show differences greater than 5% or less than —5%.

consistency among the satellite-derived cloudiness and the
correlation coefficients range from 0.82 to 0.90. FY-2C has
a higher correlation with ISCCP than with MODIS. Corre-
lation coefficients involving GO are generally lower.

[23] Figure 4 shows scatter diagrams of monthly mean
cloudiness from July 2005 to June 2007 for each two-
member combination of FY-2C, ISCCP, MODIS and GO.
These diagrams are plotted at surface stations, which imply
an interpolation from grid points to individual surface
stations for the satellite-derived data sets. Some systematic
differences among the four data sets can be observed in
Figure 4. Compared to ISCCP and MODIS, FY-2C tends to
give larger values (Figures 4a and 4b) for cloudiness smaller

than 50%, but lower values for cloudiness greater than 80%.
Comparison between ISCCP and MODIS (Figure 4c) gives
a quite satisfactory result. Figures 4d—4f show diagrams
involving GO and each of the satellite data sets. The
consistency is generally weaker than that between two
satellite-derived data sets. When cloudiness is smaller than
40%, GO seems to estimate higher cloudiness than satellite
data do. The reason is probably that a low amount of cloud
cover is easily ignored by satellites, but still visible for
surface observers.

3.2. Temporal Variation of Cloudiness

[24] Our data sets cover 2 years from July 2005 to June
2007, which allows us to study seasonal variations as well
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Figure 6. Time-longitude diagrams of monthly mean cloudiness averaged for latitudes from 27.5°N to
32.5°N. Surface topography (m) is sketched at the bottom.

as differences between the two annual cycles. Figure 5
presents the Hovmdller diagrams of mean cloudiness,
averaged over the longitudes of 105°E to 115°E, as a
function of latitude and time. All four cloud data sets are
plotted in Figures 5a—5d. At a first glance, we can recog-
nize two bands of high cloudiness situated around the
equator and 30°N, and two bands of low cloudiness situated
at 15°N and 45°N. The two bands of high cloudiness
correspond to the ITCZ and the Yangtze River valley. The
two low-cloudiness bands correspond to the subtropical
anticyclonic zone and the semiarid area in north China.
Between 10°S and 15°N, we can clearly observe that centers

of maximum cloudiness follow the meridional shift of the
ITCZ with seasons, and the four data sets (especially the three
satellite-based ones) are very consistent. During the period
of May to October, the mean latitude of maximum cloud-
iness shifts from the equatorial sea area to the north
continental area, and then backs southward to the sea,
corresponding to the shift of the rain belt (not shown). We
can also see that cloudiness is generally less abundant in the
second annual cycle, from July 2006 to June 2007, than in
the first annual cycle, from July 2005 to June 2006. In the
subtropics of the Northern Hemisphere (around 15°N), low
cloudiness can be observed from October to April, but

8 of 15

5119017 SUOWILIOD dAIERID 3|qedt|dde au) Ag peuenob a1e saplle YO ‘38N J0 S9IN1 10) AfeiqiT8ulUO AB|1A UO (SUONIPUOD-PUE-SLLBY WD A3 1M Afe.q1 U |UO//SdIY) SUONIPUOD PUe SWS L 81 39S *[€202/90/20] U0 Arelqiauliuo Ao|Im ‘9oueid aueiyooD Aq ZzyTT0Ar8002/620T 0T/I0pwod &) im Akeiqiputuo sgndnBey/sdny woay papeojumod *2Ta ‘6002 ‘PZ02eISTe



D17207

40N

30N -

20N 1

10N 1

EQ

JIN ET AL.: COMPARISON OF FY-2C CLOUD TO OTHERS

D17207

(d) Fy2c & GO
"

40N 4/

30N 1

20N A

10N

EQ

70E 80E 90E 100E 110E 120E
(b) FY2C & MODIS
D NS — | ™ Y AL
O

40N -

30N -

20N 1

10N 1

EQ -

70E BOE 90E 100E 110E 120E

(e) ISCCP & GO

40N A

3ON 0.

20N 1

10N

EQ

70E 80E 90E 100E 110E 120E
(c) 1SCCP
K

40N -

30N -

20N

10N 1

EQ A

S i W

70E BOE 90E 100E 110E 120E
(f) MODIS & G

40N

30N A

20N 1

10N 1

EQ 1

70E 80E 90E 100E 110E 120E

70E 80E 90E 100E 110E 120E

Figure 7. Temporal correlation coefficients of cloudiness between (a) FY-2C versus ISCCP, (b) FY-2C
versus MODIS, (c¢) ISCCP versus MODIS, (d) FY-2C versus GO, (e) ISCCP versus GO, and (f) MODIS
versus GO for the period from July 2005 to June 2007. Contour interval is 0.1, and the colored areas
denote where the ¢ test is significant at the 95% confidence level.

interrupted by a period of high cloudiness around December.
This interruption is caused by the abundant cloudiness over
the Chinese coastal seas in boreal winter. Over the Yangtze
River valley at 30°N, high cloudiness persists for all
seasons, caused by the area’s particular topography and
regional atmospheric circulation. GO reveals some seasonal
variation with higher cloudiness in winter than in summer.
This variation does not seem to be captured well by satellite
observations, and ISCCP even presents an opposite seasonal
cycle. MODIS seems more successful with an instrument
more sensitive to low-level clouds. Around 45°N, GO and

ISCCP show high cloudiness in spring and low cloudiness
in autumn. FY-2C gives high cloudiness from September to
November and low cloudiness from December to March.
MODIS however gives high cloudiness from December to
March. It is currently difficult to give a relevant explanation
for these important dispersions among different data sets.
The complex atmospheric circulation, together with the
presence of dusts and snow cover in boreal winter, poses
a main challenge for cloud detection from space.

[25] Figures Se—5g show the differences between FY-2C
and ISCCP, MODIS, and GO, respectively. In the south of
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30°N, FY-2C is very close to ISCCP (Figure 5e). A small
zone of negative value is observed between 20°N and 30°N,
almost for the whole period. Large differences are mainly
observed in the north of 30°N and have strong seasonal
characteristics, with maximum positive values of about 25%
from September to next January. As shown in Figure 5f, the
FY-2C cloudiness is generally about 15% smaller than the
MODIS cloudiness south of 30°N. North of 30°N, the main
difference is again in seasonal variation: cloudiness in FY-2C
is about 25% higher than that in MODIS from April to
December, but slightly lower from January to March.
Compared to GO (Figure 5g), FY-2C gives lower cloudiness
between 15°N and 35°N, and the maximum difference
occurs from November to March. North of 40°N, the FY-
2C cloudiness is, however, larger than the GO cloudiness,
especially from September to November.

[26] To gain more insight into the seasonal variation of
cloud cover, we made another cross section following 30°N.
Figure 6 shows longitude-time Hovmodller diagrams of
mean cloud cover, averaged over the latitudes of 27.5°N
to 32.5°N. We also plot the surface altitude at the bottom to
show the influence of topography. The high-cloudiness zone
in the east seems to separate from the low-cloudiness zone
in the west at 103°E. FY-2C depicts clearly the high-
cloudiness band at 105°E in the Sichuan Basin. This band
is also present in other data sets. There is a clear seasonal
cycle in MODIS and GO, but FY-2C and ISCCP fail to
detect such a seasonal cycle. Midlevel cloud dominates the
Sichuan Basin in general [Yu ef al., 2004] and is very steady,
which causes difficulties for the cloud detection algorithms
used in FY-2C and ISCCP. Another high-cloudiness band is
at 125°E, over the East China Sea, with particularly strong
values in the boreal winter. This distribution is less visible
in GO, mainly because of the lack of observation stations
over the ocean. Over the Tibetan Plateau from 90°E to
100°E, high cloud cover is observed from February to
October and low cloud cover from November to January.
West of the Tibetan Plateau, the influence of the Indian
summer monsoon is clear, with high cloud cover from June
to August.

3.3. Consistency of Temporal Evolution Among
the Data Sets

[27] Figure 7 shows temporal correlation coefficients of
monthly mean cloudiness between every pair of FY-2C,
ISCCP, MODIS and GO. Satellite-derived data sets are
interpolated with a bilinear scheme to individual surface
stations when compared to GO (Figures 7d—7f).

[28] As shown in Figures 7a and 7b, high positive
correlations for FY-2C versus ISCCP and FY-2C versus
MODIS are obtained over large areas south of 30°N.
The colored areas of correlation coefficients (>0.4) are
where the Student’s ¢ test exceeds the 95% significance
level. The strongest correlation (>0.8) is over south Asia,
where relatively smaller correlation (<0.8) is over the
eastern equatorial Indian Ocean. Large positive correlations
(>0.4) also exists over the western middle to high latitudes
(60°E~75°E, 30°N~50°N). Negative or low positive cor-
relations (<0.4) are mainly over middle and high latitudes
(75°E~130°E, 30°N~50°N). Between FY-2C and ISCCP
(Figure 7a), there is a slight negative correlation over
northwestern China and southwestern Mongolia. Between
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Figure 8. Regionally averaged cloudiness as a function of
time from July 2005 to June 2007 for (a) region A (90°E~
110°E, 37.5°N~42.5°N) and (b) region B (105°E~115°E,
27.5°N~32.5°N).

FY-2C and MODIS, the negative correlation area is obvi-
ously enlarged and spreads the whole domain of western
China, northern Mongolia and northeastern China. The
strongest negative correlation is larger than 0.8. The corre-
lation between ISCCP and MODIS seems better than the
correlation between others, but a weak positive correlation
dominates in the same domain (Figure 7c), although small
and weak negative correlations exist over Mongolia.

[29] A comparison of cloud cover derived from FY-2C
with that from GO is displayed in Figure 7d. High corre-
lation areas (>0.4) are mainly over three regions: southern
Asia, southeastern Asia and the Pamir Mountains in western
China. However, FY-2C has a large area of low correlation
(<0.4) versus GO over northern China (Figure 7d). These
two data sets are even negatively correlated over southern
and eastern Mongolia, and the strongest negative value is
smaller than —0.4. We also note that different areas of
negative or low positive correlation features between GO
and each of the two other satellite data sets occur (Figures 7e
and 7f). The main low positive correlation is manifested
over two major areas for ISCCP (Figure 7¢): One is near the
Tianshan Mountains (about 42°N and from 80°E to 90°E),
and the other is over the Yangtze River valley. The cloud
cover obtained from MODIS has low correlation with that
from GO (Figure 7f), primarily over southern Mongolia.
The strongest negative value is smaller than 0.2 in the whole
studied area. In addition to the main part, the northern
Tibetan Plateau and the middle reach of the Yangtze River
are two other weak correlation regions.

[30] Two subareas within the study region are chosen
(Figure 8) to explore the low cloudiness consistency among
the four data sets. Region A (90°E~110°E, 37.5°N~42.5°N)
represents the arid and semiarid area in northwestern China,
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Figure 9. Cloud diurnal cycle range (% sky cover) for different seasons as depicted by (a—d) FY-2C
and (e—h) ISCCP. Contour interval is 10%, and colored areas show values larger than 10%.

and region B (105°E~115°E, 27.5°N~32.5°N) stands for
the Sichuan Basin and the middle reach of the Yangtze
River valley in China.

[31] As shown in Figure 8a, there are noticeable differ-
ences between FY-2C and other data sets over region A,

representing a significant antiphase. The maximum of
monthly mean cloudiness from FY-2C occurs in the period
from August to November, with the minimum from January
to March. However, the magnitude of cloudiness obtained
from MODIS is large between January and March and low
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from August to November, causing the considerable nega-
tive correlation between FY-2C and MODIS (Figure 7b).
The large differences over region A between different cloud
data sets are possibly due to two main causes. One comes
from the different cloud detection methods. The clear-sky
background algorithms utilized by FY-2C and ISCCP have
some difficulties in distinguishing certain types of clouds,
such as nocturnal low stratus and tiny cumulus, because
they lack sufficient contrast with surface radiance. The
nocturnal observation of cloudiness is generally poor. Both
Aqua and Terra MODIS instruments perform poorly under
certain circumstances. They can misrepresent snow covered
background as clouds, leading to a significant overestima-
tion of clouds [Z. Li et al., 2004; Jin et al., 2007]. As shown
in Figure 8a, cloudiness from MODIS is remarkably larger
in winter than in other seasons. The second cause comes
from different observation frequencies of the four cloud data
sets. Region A is an arid and semiarid zone with a larger
cloud diurnal variation (see section 3.4). It is difficult to
accurately estimate the daily mean cloud fraction just with a
few observations per day. Additionally, we should note that
performance of satellite observations generally depends on
variation of the solar zenith angle. For example, the Terra
MODIS passes by southeastern Asia around 1030 local time
every day and the Aqua MODIS around 1330 local time.

[32] Figure 8b depicts variation of cloud cover from the
four data sets in region B. For FY-2C, seasonal variation is
almost nonexistent, and the amount varies in a very small
range. In contrast, GO shows noticeable seasonal variations
in this region, with more clouds in winter and less in
summer. ISCCP and MODIS show features quite consistent
with FY-2C. Different cloud detection methods are the
main causes leading to the inconsistency across data sets.
Region B is a unique land region with lots of midlevel and
low-level clouds [Li et al., 2005]. There still remain large
uncertainties for satellites to detect midlevel and low-level
clouds [Weare, 2000]. In addition, the Sichuan Basin is a
region with a very high frequency of rainfall all over the
year. The clear-sky background algorithm used in FY-2C, as
well as the similar algorithm used in ISCCP, has a tendency
to mistakenly identify cloudy pixels as clear pixels if the
pixel has been persistently covered with cloud for a long
time. As shown in Figure 8b, ground-observed cloudiness is
evidently higher than that of all the three satellite products.
This difference could be attributed to the fact that surface
observation is much more sensitive to low cloud fraction
than satellite observation.

3.4. Diurnal Cycle

[33] FY-2C provides cloud cover at an interval of 1 h,
which allows us to investigate the diurnal cycle of clouds.
Figure 9 shows mean diurnal ranges of the FY-2C cloud
cover for winter (DJF), spring (MAM), summer (JJA) and
autumn (SON). The counterpart from the 3-h interval
cloudiness of ISCCP DI is also plotted in Figure 9 for
comparison. We can see that the diurnal cycle of cloudiness
is generally larger over land than over the ocean. The
diurnal range of cloudiness over the Indian Ocean and the
western Pacific is smaller than 10% sky cover. Large diurnal
variation is mainly observed over the Tibetan Plateau, the
northern part of the Indian Peninsula, and central Asia
during boreal spring (MAM) and summer (JJA), with a
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Figure 10. Surface topography (m) in Southeast Asia and
the selected locations marked by letters from A to O.

maximum variation larger than 40% sky cover. For winter
and autumn, the maximum diurnal range is also located over
the Tibetan Plateau, Indian Peninsula and Indo-China Pen-
insula, with maximum values about 20% sky cover. There is
a general agreement between FY-2C and ISCCP for the
diurnal variation in cloudiness, but FY-2C seems to sys-
tematically estimate lower variation in the diurnal cycle.

[34] To go further into the cloud diurnal cycle, we
selected 15 points (shown in Figure 10) along the latitudes
31.25°N, 16.25°N and 1.25°N, corresponding to the sub-
tropical, tropical, and equatorial regions, respectively.
Figure 11 gives the mean diurnal cycle of cloudiness for
the four seasons separately. The locations B (31.25°N and
88.75°E) and D (31.25°N and 113.75°E) give the largest
diurnal variation, in agreement with Figure 9. Again, it is
generally true that the diurnal cycle over land is larger than
that over the ocean. We can also observe that the peaks of
the diurnal cycle are around local noon over subtropical
land areas, in the morning over the Indian Peninsula, and in
the afternoon near the equator (e.g., points M and N in
Figure 11). Over the ocean, the diurnal variation of cloud-
iness is small, and it is difficult to precisely pinpoint the
diurnal peaks. The diurnal variations of cloudiness over
tropical and subtropical oceans are generally in agreement
with the analysis of Stubenrauch et al. [2006].

4. Conclusions

[35] FY-2C satellite was used for the first time to inves-
tigate cloud cover in southeastern Asia. The results of a
2-year preliminary climatology study support the argument
that the FY-2C cloud data set has generally a good perfor-
mance compared to other cloud mask products such as
ISCCP, MODIS and ground observations over southeastern
Asia. FY-2C can depict the spatial distributions of cloud
cover, characterized by a strong seasonal contrast. In DJF,
the winter monsoon makes the whole domain dry with low
cloud cover. Higher amounts of cloud can be observed over
the Sichuan Basin and the East and South China Seas.
Abundant cloud cover is also observed along the north-
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western border of China in relation to the midlatitude jet
stream instability. The ITCZ in the Southern Hemisphere is
accompanied by extensive cloud cover. In JJA, the summer
monsoon is the dominant system for the region of interest,
which is generally humid with high levels of clouds. Those
features are also exhibited by other cloud products (ISCCP,
MODIS, and ground observations).

[36] Over oceans and lands at high elevation, FY-2C,
MODIS and ISCCP show large differences from ground
observations. This is attributed to the fact that surface
observations are sparse over oceans and high lands. Over
large areas in central Asia and in north China, the large
discrepancies found among the four data sets are however
attributed to the inefficiency of satellite cloud detection
algorithms for these regions with both surface conditions
and atmospheric circulations very particular. Over most
areas of north China, cloud detection algorithms often
operate less well over arid areas with abundant dust and
higher surface albedo, and also over land covered by snow.
The Sichuan Basin is another region of large discrepancies
among the four cloud products, where abundant strongly
steady midlevel clouds pose difficulties for the cloud
detection algorithms used in FY-2C and ISCCP.

[37] The seasonal variation of cloudiness was analyzed
from a latitude-time cross section over the longitudes of
105°E to 115°E and a longitude-time diagram over the
latitudes of 27.5°N to 32.5°N. Large discrepancies between
FY-2C cloudiness and cloudiness from ISCCP, MODIS and
GO occur north of 30°N and over the Sichuan Basin. This
regional inconsistency of seasonal variation is also revealed
by the temporal correlation coefficients of monthly mean
cloudiness between each two of FY-2C, ISCCP, MODIS
and GO.

[38] The diurnal cycles of FY-2C cloudiness were ana-
lyzed for each season of the year. The diurnal range of
1-h interval cloudiness was generally larger over land than
over the ocean. Large diurnal variation with a maximum
larger than 40% was found mainly over the Tibetan Plateau,
the northern part of the Indian Peninsula, and central Asia.
These diurnal characteristics of FY-2C cloudiness generally
agree with those obtained from the 3-h interval ISCCP data.
But the diurnal range in FY-2C seems smaller than that in
ISCCP, despite the fact that FY-2C has a more frequent
sampling.

[39] FY-2 satellites (FY-2C, FY-2D and FY-2E) will
extend in the future and run in a continuous manner. Further
results for longer-term climatology and for a more quanti-
tative study on the diurnal cycle of cloud cover will be
reported in the future. Preliminary results on the diurnal
cycle of cloudiness deduced from FY-2C seem to confirm
many robust diurnal behaviors of precipitation observed in
this region [Yu et al., 2007; Zhou et al., 2008].
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