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ABSTRACT

Based on the NCEP/NCAR reanalysis data for the period of 1948-2004 and the monthly rainfall data
at 160 stations in China from 1951 to 2004, the relationships among the land-ocean temperature anomaly
difference in the mid-lower troposphere in spring (April-May), the mei-yu rainfall in the Yangtze River-
Huaihe River basin, and the activities of the South China Sea summer monsoon (SCSSM) are analyzed by
using correlation and composite analyses. Results show that a significant positive correlation exists between
mei-yu rainfall and air temperature in the middle latitudes above the western Pacific, while a significant
negative correlation is located to the southwest of the Baikal Lake. When the land-ocean thermal anomaly
difference is stronger in spring, the western Pacific subtropical high (WPSH) will be weaker and retreat
eastward in summer (June—July), and the SCSSM will be stronger and advance further north, resulting in
deficient moisture along the mei-yu front and below-normal precipitation in the mid and lower reaches of
the Yangtze River, and vice versa for the weaker difference case. The effects and relative importance of
the land and ocean anomalous heating on monsoon variability is also compared. It is found that the land
and ocean thermal anomalies are both closely related to the summer circulation and mei-yu rainfall and
SCSSM intensity, whereas the land heating anomaly is more important than ocean heating in changing the
land-ocean thermal contrast and hence the summer monsoon intensity.
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1. Introduction

As a major component of the global climate sys-
tem, the Asian summer monsoon (ASM) not only has
a remarkable impact on the Asian climate but also
plays a significant role in the global climate. It has
been pointed out that the South China Sea summer
monsoon (SCSSM) is an important part of the ASM
(Zhu et al., 1986) and has a crucial effect on the at-
mospheric general circulation and on climate change.
SCSSM not only influences the East Asia region but
also exerts a significant effect on the weather and cli-
mate over the downstream remote regions through the

teleconnection process (Li and Zhang, 1999; Wang and
Wu, 1997).

The monsoon system originates from the complex
interactions in the land-sea-air processes, so the fac-
tors for the monsoon and its variability are extremely
complicated. It is generally believed that the mon-
soon circulation results from the seasonal variation
of land-ocean thermal contrast (Kuo and Qian, 1982;
Murakami and Ding, 1982; Webster, 1987). However,
Zeng and Li (2002) pointed out that planetary thermal
convection is the primary driver forcing the monsoon
and the land-sea thermal contrast is the secondary
forcing. Although the opinions differ, any of them
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emphasizes the important impact of land-ocean ther-
mal difference on the monsoon activities. The relation
of the land-ocean heating contrast and the ASM has
been investigated by Li and Yanai (1996). It is con-
cluded in their paper that the onset of ASM is con-
current with the reversal of the meridional tempera-
ture gradient in the upper troposphere south of the
Tibetan Plateau, the intensity of ASM is clearly re-
lated to the strength of the temperature gradient due
to the land-ocean heating contrast, and the strength-
ened temperature gradient is favorable to a more in-
tense ASM. Chou (2003) examined the influence of the
Furasian continent, the Tibetan Plateau, and the sea
surface temperatures (SSTs) on determining the tro-
pospheric temperature gradient to study their linkage
with the intensity of the ASM by using an intermediate
atmospheric model with an idealized Afro-Eurasian
continent. Their conclusion is that higher prescribed
heating over land and colder tropical SST anomalies
strengthen the meridional temperature gradient and
therefore enhance the ASM circulation, which makes
the corresponding monsoon rainbelt extend northward
and northeastward.

As the thermal status over land is inhomogeneous
and has an obvious seasonal variation, many studies
emphasize the importance of the anomalous thermal
condition over land in changing the land-ocean tem-
perature gradient and consequently affecting the mon-
soon activities. Zhang and Qian (2002) analyzed the
temporal and spatial variations of surface air temper-
atures in the SCS monsoon region and the association
with the onset of the SCSSM and found that the varia-
tions of surface air temperatures might play a key role
in the onset and interannual variation of the SCSSM.
Qian et al. (2004) came to a conclusion that the land
thermal low pressure, due to the heating effect of the
mid-high latitudes continent, makes the mid-high lat-
itudes high pressure belt break, which introduces the
southwesterly air flow to the SCS area and thereby
makes the SCSSM begin. It is also pointed out in the
paper that the effect of the heating anomaly differ-
ence, namely the heating gradient between ocean and
land, may be much more effective on the onset date
and intensity of SCSSM than the heating anomaly of
ocean or land alone. Moreover, the thermal differences
between different regions throughout the continent are
studied in other papers. For example, Yan et al. (2005)
studied and found that the wintertime surface air tem-
perature anomaly over Northeast Asia contrasted well
with that over South Asia, and their difference was
closely associated with the interannual variation of the
ASM intensity.

In addition to the land heating anomaly, another
causative factor affecting monsoon activities is the
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ocean thermal situation. For example, ENSO, the
strongest signal on interannual scales, which has an
out-of-phase relation with the strength of the follow-
ing ASM, has been discussed in papers (Webster and
Yang, 1992; Li and Yanai, 1996; Yang and Lau, 1998;
Chou, 2003). Besides the planetary-scale thermal ef-
fect, the local SST anomaly may obviously affect the
monsoon activities too. Sun and Ma (1999) showed
that SSTs in the SCS and its adjacent area became
cooler during strong SCSSM years while warmer dur-
ing weak SCSSM years. Jiang and Qian (2002) used
a P-o regional climate model and found that positive
SST anomalies in the SCS in April and May would
lead to a strong SCSSM and vice versa. Huang et al.
(2005) analyzed the characteristics of the interannual
variations at onset and advance of the East Asian sum-
mer monsoon and their associations with the thermal
status of the western tropical Pacific. The conclusion
was drawn that when the western topical Pacific is
in a warmer state in spring, the onset of the SCSSM
will be earlier and the monsoon rainfall in the middle
and lower reaches of the Yangtze River will be below
normal.

From the studies mentioned above, it is apparent
that a consensus has not been reached on understand-
ing the factors for the SCSSM variability as to whether
it is due to the land heating anomaly or the ocean heat-
ing anomaly. Furthermore, most of the previous re-
search mainly focused on the Tibetan Plateau as an el-
evated heating source, while few of them concentrated
on the thermal effect from the mid-high latitude con-
tinent on the summer monsoon circulation. Therefore
it needs further examining. In this paper, we exam-
ine the thermal anomalies over mid-high latitude land
and that over the ocean in spring (April-May), and
discuss the impact of their difference on the activities
of SCSSM and mei-yu rainfall. In addition, the rela-
tive importance of the two is also compared.

2. Data and methods

The data employed in the present work are the
NCEP/NCAR reanalysis data (Kalnay et al., 1996) for
the period of 1948-2004 with a horizontal resolution of
2.5°x2.5°, including not only the monthly air temper-
ature and specific humidity but also the monthly and
pentad mean horizontal wind and geopotential height.
Also used are the monthly precipitation compiled for
160 stations in China from 1951 to 2004 by the Na-
tional Meteorological Information Centre of the China
Meteorological Administration (CMA).

The area and intensity indices of the western Pa-
cific subtropical high (WPSH) are defined according to
Chen et al. (2001): the area index is the total number
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of grid points at which the 500 hPa geopotential height
is equal to or greater than 586 dagpm in a domain of
10°-40°N, 110°-180°E. The accumulated difference of
500 hPa geopotential height minus 585 dagpm in the
same domain is referred as the intensity index of the
WPSH. The ridge latitude, the north border and the
western extension point of the WPSH, are taken from
the 74 circulation parameters obtained from the Cli-
mate Diagnostics and Prediction Division of the Na-
tional Climate Center of the CMA.

The mean precipitation of twelve key stations (in-
cluding Nanjing, Hefei, Shanghai, Hangzhou, An-
qing, Tunxi, Jiujiang, Wuhan, Zhongxiang, Yueyang,
Yichang, and Changde, after Wang et al., 1999) in the
middle and lower reaches of the Yangtze River in June—
July is taken as the mei-yu rainfall index. The mid-
lower tropospheric temperature (MLTT) mentioned
hereafter is the mean air temperature between 700 hPa
and 500 hPa in spring (April-May), as high correlation
regions are identified over both land and ocean during
this period. Correlation analysis and composite anal-
ysis from these data are used to find out the relations
among the time series.

3. Land-ocean thermal anomaly and its effect

3.1 Relation between mei-yu rainfall and the
maid-lower tropospheric temperature

The air temperature in mid-lower troposphere
(700-500 hPa) has a good association with that at
the surface and in the lower-troposphere. Therefore,
the difference between the MLTT over the ocean and
that over the land can represent the thermal differ-
ence between ocean and land. Besides, MLTT is less
influenced by the surface topography so that the mean
temperature between 700 hPa and 500 hPa is chosen
for analyzing the effect of land-ocean thermal anoma-
lies.

In order to show the linkage between MLTT in
April to May and mei-yu rainfall in the Yangtze River-
Huaihe River Basin, the correlation coefficient between
mei-yu rainfall index and the preceding MLTT are
plotted in Fig. 1; the shaded area is statistically sig-
nificant at the 0.01 significance level. The correla-
tion pattern clearly shows that the negative correlation
area is located in the mid-higher latitude region while
the area with positive correlation is located in the mid-
lower latitude region. There are two significant corre-
lation centers with opposite correlation coefficients in
the northwest-southeast direction: the negative one is
situated to the southwest region of the Baikal Lake
with a central value of —0.43, while the positive one
lies in the middle latitudes of the western Pacific with a
maximum coefficient of 0.37. This correlation pattern
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implies that when the preceding April-May air tem-
perature is lower (higher) over the mid-higher latitude
continent or higher (lower) over the ocean, the follow-
ing mei-yu rainfall in the Yangtze River and Huaihe
River basin will be above (below) normal.

3.2 Definition of index of the land-ocean ther-
mal anomaly difference

The above analysis indicates that the mei-yu rain-
fall has a close linkage with the preceding MLTT,
which shows that the rainfall correlation with the tem-
perature over mid-higher latitude continent is oppo-
site to that over mid-lower latitude ocean. The geo-
graphical distribution of the correlation indicates an
anomalous land-sea thermal contrast in an approx-
imately northwest-southeast direction in association
with the mei-yu rainfall variability. In order to under-
stand the influence of preceding land-ocean thermal
contrast on the activities of the SCSSM and mei-yu
rainfall, the two significant areas representing respec-
tively for the correlation centers are chosen as key re-
gions, i.e., 42.5°-52.5°N, 95°~105°E and 27.5°-32.5°N,
160°-170°E (see the rectangular A and B as shown in
Fig. 1). The index of land-ocean thermal anomaly
difference (IDX for short) is then defined after the
temperature anomalies for the layer of 700-500 hPa
have been averaged respectively in the two key areas
and normalized to calculate the standardized differ-
ence between the two regions. That is,

IDX = ([T14 = [T]5)"

where T is the MLTT averaged in April to May, | ];
(i = A, B) denotes spatial average in the key regions,
and “x” denotes the normalization.
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Fig. 1. The relationship between the mei-yu rainfall in-
dex in the middle and lower reaches of Yangtze River and
the temperature averaged for the mid-lower troposphere
in April to May. The regions exceeding the 0.01 signifi-
cance level are shaded. Rectangles A and B indicate key
areas respectively over the land and the ocean.
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Fig. 2. Interannual variation of the index of land-ocean
thermal anomaly difference (IDX, bar), the normalized
mei-yu rainfall index in the middle and lower reaches of
Yangtze River (PRE, solid line) and the SCS summer
monsoon index (MPV, dotted line).

Although regions A and B have their limited ar-
eas, it is evident from Fig. 1 that they coincide well
with the high correlations. As the monsoon is mainly
caused by the thermal contrast between ocean and
land, the main factor influencing the intensity of the
summer monsoon is the heating difference between
ocean and land (Qian et al., 2004). According to re-
sults based on multi-year data, the summertime ther-
mal pattern over the monsoon region is characterized
by higher temperatures over the continent compared
to that over the ocean (Sun et al., 2002). There are
heat lows over the former and high pressure over the
latter; the direction of the heating gradient is from
ocean to land while the direction of the pressure gra-
dient is reversed. Under such conditions, the ther-
mal anomaly over land or ocean will cause a pres-
sure gradient anomaly between land and ocean, and
consequently the anomaly of monsoon intensity. The
IDX is just a standardized measurement of the mag-
nitude of the heating anomaly difference between land
and ocean superposed on the large-scale mean land-sea
thermal contrast.

Figure 2 gives the time series of IDX (bar) for 1948
2004. Also shown are the mei-yu rainfall index in the
middle and lower reaches of the Yangtze River (PRE,
solid line) and the index of the SCSSM intensity in
June-July defined as the regional mean of the vertical
component of moisture potential vorticity over the re-
gion of 0°~10°N, 105°-120°E (MPYV, dotted line) (Yao
and Qian, 2001). It can be found that IDX differs re-
markably from one year to another, having a maximum
value of 2.57 in 1972 and a maximum negative value
of —2.80 in 1954. Besides the interannual variability,
it can be easily seen from a 5-point moving average
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of IDX (curve not shown) that it also has a feature
of interdecadal variation. During the 1950s, IDX was
mainly negative. In the following period from 1960s to
mid-1970s, a positive index was dominant. Since mid-
1970s, it has been in a relative stable period of nega-
tive values. Apparently, SCSSM has also experienced
a weakening trend since the 1970s (Wang, 2001; Wu
et al., 2005). For examining the climate effect of the
strong and weak land-ocean thermal anomaly differ-
ence, the years of IDX with absolute value larger than
one normalized deviation are selected. Thus, eleven
positive IDX years (1949, 1961, 1962, 1963, 1964, 1965,
1967, 1968, 1972, 1994, and 1997) and eight negative
IDX years (1953, 1954, 1979, 1980, 1991, 1995, 1999,
and 2003) are chosen respectively as the strong and
the weak difference years. It can also be seen from the
above anomalous years that a strong thermal anomaly
difference mainly occurred in the period from 1960
to the mid-1970s, while a weak difference appeared
mainly in the 1950s and after the mid-1970s. Com-
paring the curve of IDX with those of mei-yu rainfall
(PRE, solid line) and the SCSSM index (MPV, dotted
line), one can see that there exists a negative correla-
tion between PRE and IDX, and a positive correlation
between MPV and IDX. The correlation coefficient is
—0.549 for the former and 0.35 for the latter, which
will be discussed in more details later in the next sec-
tion.

3.3 Relationship between land-ocean thermal
anomaly difference and mei-yu rainfall

Figure 3 depicts the relation of IDX with the June—
July mean rainfall at 160 stations in China. The cor-
relation map clearly shows significant positive correla-
tion over South and Southwest China with the maxi-
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Fig. 3. The relationship between IDX and the precipita-
tion averaged from June to July. The regions exceeding
the 0.05 significance level are shaded.
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Fig. 4. Composite maps of the precipitation anomaly (mm) averaged from June to July
in East China for (a) the strong and (b) weak thermal anomaly difference years. Shading
indicates the area over the 0.05 significance level of the student’s ¢-test.

mum coefficient above 0.3, and significant negative
correlation in some parts of North and Northeast
China and in the middle and lower reaches of the
Yangtze River with the greatest coefficients exceed-
ing —0.5, at a statistical significance level much higher
than 0.05. This indicates that the June—July precip-
itation increases (decreases) in South China and de-
creases (increases) in the middle and lower reaches of
the Yangtze River and in North and Northeast China
when the thermal anomaly difference is strong (weak)
in April-May. The relation is the most significant in
the middle and lower reaches of the Yangtze River.
This result is consistent with what Fig. 2 shows if one
recalls that there is a negative correlation between IDX
and the mei-yu rainfall index (PRE, solid line as shown
in Fig. 2), and the correlation coefficient is —0.549, at
a significance level much higher than 0.01.

In order to further investigate the characteristics
of precipitation during a mei-yu season in the strong
and the weak IDX years, Fig. 4 shows the composite
maps in precipitation anomaly averaged from June to
July over East China respectively for the strong and
the weak IDX years. The shaded regions indicate that
the differences between the strong and weak IDX years
are significant at the 95% confidence level according to
the Student’s t-test. It shows that in the strong IDX
years (Fig. 4a) there are significant positive anomalies
over South China and significant negative anomalies in
the middle and lower reaches of the Yangtze River. In
the latter region, the precipitation is reduced by more
than 40 mm. On the contrary, in the weak IDX years,
it increases evidently in the middle and lower reaches
of the Yangtze River with a maximum anomaly ex-
ceeding 100 mm but reduced rainfall in South China
(Fig. 4b). The composite maps agree well with the

correlation results shown above. As the rainy season
in North China has not yet commenced in June and
July, the composite difference in North China is not
significant.

In summary, the thermal anomaly difference in
the mid-lower troposphere between land and ocean
in spring shows a close relation with precipitation
anomaly during the mei-yu season, especially that over
the Yangtze River valley. Therefore, the land and
ocean thermal anomaly difference may be used as one
of the indicators for the forecasting of mei-yu rainfall
in this region.

4. Climatic effect of land-ocean thermal
anomaly difference

4.1 Relationship between land-ocean ther-
mal anomaly difference and geopotential
height at 500 hPa

Figure 5 shows the correlation map of IDX with
June-July geopotential height at 500 hPa. It is obvi-
ous that IDX is inversely correlated to the geopoten-
tial height field except for the region from the Korean
Peninsula to the northwest Pacific Ocean where the
correlation coefficient is small. The most striking fea-
ture is that there exists an extensive area of a negative
correlation coefficient over the WPSH region with its
minimum value less than —0.55 at a significance level
much higher than 0.001.

The spatial distribution of the correlation coeffi-
cient suggests that the variation in thermal anomaly
difference between land and ocean may have consid-
erable influence on the large-scale circulation in the
following summer. The composite maps of the geopo-
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Fig. 5. The relationship between index of land-ocean
thermal anomaly difference and the geopotential height
at 500 hPa averaged from June to July. The regions ex-
ceeding the 0.01 significance level are shaded.

Fig. 6. Composite maps of the geopotential height at
500 hPa (gpm) averaged from June to July for (a) the
strong and (b) the weak thermal anomaly difference

years. Shaded area is for the significance level better
than 0.05 in the student’s t-test.

tential height at 500 hPa respectively for the strong
and the weak IDX years are drawn in Fig. 6. In the
strong IDX years, there are two relatively shallow long-
wave troughs along 75°E and 160°E. The correspond-
ing isolines are rather smooth over the mid-latitudes
of East Asia, suggesting that zonal circulation prevails
over this region, and WPSH is weaker and further east-
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ward (Fig. 6a). Different from the features shown in
Fig. 6a, Fig. 6b shows that the two relatively deep
troughs are over West Siberia and East Asia. The
corresponding meridional circulation is strengthened
and WPSH is stronger and extending further west-
ward in the weak IDX years. For instance, the WPSH
intensity in Fig. 6a has a value of 5870 gpm while
its intensity in Fig. 6b reaches 5890 gpm, about 20
gpm stronger. As for the westward extension, only
the 5850 gpm isoline can reach Taiwan in the strong
IDX years while the 5870 gpm isoline extends into the
mainland of China in the weak IDX years. The com-
posite anomalies (figures omitted) exhibit a “negative-
positive-negative” pattern in the order from north to
south over East Asian/western Pacific region in the
strong IDX years. This is favorable for the intensifica-
tion and further northward migration of the summer
monsoon, but unfavorable not only for the formation
and maintenance of the blocking high but also for the
southward intrusion of cold air from high latitudes.
This situation may reduce the monsoon rainfall over
the Yangtze River-Huaihe River basin. However, the
case is reversed in the weak IDX years for which there
is a “positive-negative-positive” north-south wave pat-
tern. In this situation, it is now unfavorable for the
northward migration of the monsoon but favorable for
the formation and persistence of the East Asia block-
ing high. This situation may easily make cold air come
down the Yangtze River valley to meet with the warm
and wet southwest flow, resulting in abundant precip-
itation over the region. The features of the anomalous
patterns respectively in the strong and the weak IDX
years are in good agreement with previous reports (e.g.
Sun et al., 2002; Zhou et al., 2003; Zhang et al., 2003).

The correlation and composite results both show a
close relation between the land-ocean thermal anomaly
difference and the WPSH activities. Table 1 shows
the relationship between IDX and various WPSH in-
dices. It can be found that IDX has better correla-
tions with the area index, the intensity index, and the
westward extending points of WPSH. Their correla-
tion coefficients are respectively —0.401, —0.443 and
0.376, at a significance level higher than 0.01. This
indicates that when the thermal anomaly difference
is larger in spring, WPSH in June—July is obviously
weaker in strength, smaller in area, and retreats east-
ward, and vice versa. It is also found that IDX is hard
to relate to the WPSH ridge latitude, only with weak
negative correlation to the WPSH north border, indi-
cating no obvious connection between the land-ocean
thermal anomaly difference and the north-south move-
ment of the WPSH. Zhou et al. (2003) attributed it to
the short-term variation in the longitudinal position of
the WPSH.
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Table 1. Correlation of the index of land-ocean thermal anomaly difference and various indices of the Western Pacific
Subtropical High (WPSH) averaged from June to July. Values in bold indicate statistical significance at the 0.01 level.

Parameters of WPSH Area Intensity

Correlation coefficients —0.401 —0.443
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4.2 Relationship between land-ocean thermal
anomaly difference and SCS summer
MONSoon

It has been found that the year-to-year variation of
the SCSSM has a close negative correlation with the
rainfall over the Yangtze River-Huaihe River basin in
summer (Li and Zhang, 1999; Sun and Ma, 1999; Wu
et al., 2003). We will now examine the linkage be-
tween land-ocean thermal anomaly difference and the
activities of the SCSSM, and the impact of the thermal
difference on the mei-yu rainfall. The MPYV is closely
correlated to IDX with a correlation coefficient of 0.35,
at a significance level higher than 0.01. This further
proves that strong land-ocean thermal anomaly dif-
ference is followed by an intensified SCSSM while a
weakened monsoon is corresponding to the weak IDX.

Figure 7 presents the composite maps of the June—
July geopotential height anomaly and the anomalous
wind vectors at 850 hPa and the vertically integrated
(from the surface through 300 hPa) moisture flux
anomaly respectively for the strong and weak IDX
years. In the case of the strong IDX (Fig. 7a),
the geopotential height anomalies are negative in al-
most the entire region except for the Northwest Pacific
Ocean. A weak anomalous cyclonic cell is located to
the east of Taiwan and a strong one is seen to the
southwest of the Baikal Lake. Meanwhile an anoma-
lous anticyclonic circulation is situated over the Ko-
rean Peninsula and an anomalous southerly wind pre-
vails over Okhotsk Sea. There is abnormal easterly

flow over the middle and lower reaches of the Yangtze
River while the area north of 30°N is dominated by
anomalous southwesterly flow. It can be found by
comparing with the climatological mean fields that
the westerly flow is weakened with moisture trans-
port notably reduced along the mei-yu front, and the
southwesterly flow is enhanced in North and North-
east China with moisture transport slightly increased.
The extensive westerly wind anomaly in the monsoon
trough (between 10°N and 20°N) indicates that the
SCSSM is strengthened. On the other hand, in the
weak IDX years (Fig. 7b), geopotential height anoma-
lies are mostly positive except for an elongated neg-
ative area from the Bohai Sea to the northwest Pa-
cific Ocean. The cyclonic circulation pattern to the
southwest of the Baikal Lake during the strong IDX
years is replaced by an anticyclonic one. Anomalous
northerly flow prevails over the Okhotsk Sea and it
turns to be northeasterly in North China and meets
the flow from southwest of the Baikal Lake, resulting
in northeasterly flow dominating over the region north
of the Yangtze River. The northeasterly flow then con-
verges with the recurved southwesterly flow from the
western part of the anticyclone east of Taiwan forming
an anomalous westerly flow around 30°N. The middle
and lower reaches of the Yangtze River is dominated
by this westerly flow. The anomalous moisture trans-
port extends from the middle and lower reaches of the
Yangtze River to the region east of Japan providing
the mei-yu front with sufficient water vapor. The ab-
normal easterly flow over the monsoon trough implies
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Fig. 8. (a) Time variations of the composite zonal wind anomalies at 850 hPa averaged in
SCS region and (b) the integrated anomalies (m s™', solid lines and dotted lines depict the
strong and the weak thermal anomaly difference years, respectively).

a weakened SCSSM. Comparing Fig. 7a and Fig. 7b,
it can be found that in the strong IDX years SCSSM
is stronger and reaches further northward resulting in
the reductions of moisture transport along the mei-yu
front and thereby the mei-yu rainfall. On the other
hand, in the weak IDX years, SCSSM is weakened
and migrates relatively southward resulting in more
moisture supply along the mei-yu front and the mei-
yu rainfall increases. The results above are consistent
with previous research.

Figure 8 shows time variations of the composite
zonal wind anomalies at 850 hPa and the integrated
anomalies in the SCS region (7.5°-20°N, 110°-120°E)
during Pentads 19-54. It is clear that there exist
obvious differences of zonal wind between the strong
and the weak IDX years. During the period between
late May and early August (Fig. 8a), the zonal wind
anomalies mainly have positive values in the strong
IDX years but negative values in the weak IDX years.
As shown more clearly from the integrated anomalies
(Fig. 8b), there is no notable difference between the
strong and the weak years before Pentad 26. How-
ever, after Pentad 28 the integrated anomaly becomes
increased, especially during Pentads 28-32 and 3643,
in the strong IDX years. To the contrary, it decreases
consistently in the weak IDX years. This contrast be-
comes less obvious after Pentad 44. This indicates that
the zonal wind over the SCS region, i.e., SCSSM is in-
tensified (weakened) in the strong (weak) IDX years.
The most obvious difference between the two mainly
occurs during Pentads 28-43, when the southwesterly
monsoon is prevailing over East Asia.

4.3 Relative importance of land and ocean
thermal effect

It could be better to simultaneously consider the
land thermal effects and the ocean effects on the in-
tensities of the summer monsoon and mei-yu rainfall,
since the variability of the land thermal status cannot

be simultaneously related to that of the ocean, and
the correlation between the mei-yu rainfall and IDX is
higher than that between the mei-yu rainfall and tem-
perature anomaly over either the land or the ocean.
A question we are interested in is which one is more
important, the land or the sea. We will try to answer
this question by comparing the relationship between
geopotential height and regional averaged air temper-
ature over land key area with that over ocean.

As shown by Sun et al. (2002), the main weather
systems influencing the summer precipitation over the
East Asia monsoon region are the subtropical high and
the cold air, and their variations in intensity are possi-
bly related to the land-ocean thermal difference. The
correlation coefficients between air temperature aver-
aged over land or ocean are key areas in April-May.
The June—July geopotential height as well as the wind
vector at 500 hPa were respectively calculated to in-
vestigate their impacts on the circulation at 500 hPa
(Fig. 9). From Fig. 9a, the land thermal anomaly
is inversely correlated to the geopotential height field
except for the region from the Korean Peninsula to the
northwest Pacific Ocean. Significant correlations are
located in the area to the west of the Okhotsk Sea and
in the western Pacific to the east of Taiwan. There
are cyclonic circulations in the two significant regions
and in the mid-west of Inner Mongolia, and southerly
flow dominates over East China north of 30°N. Figure
9b shows that the ocean thermal anomaly is positively
correlated to the geopotential height field except for
the region over the Japan Sea and significant correla-
tions are located in the extensive area of the western
Pacific south of 30°N. There are anti-cyclonic flows to
the west of Mongolia, in South China, and in the cen-
tral Pacific north of 30°N, while a cyclonic circulation
is located in the Japan Sea allowing East China north
of 30°N to be mainly affected by northerly flow. The
correlation coefficient distribution shows that higher
temperatures over land and lower temperatures over
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Fig. 9. The correlation maps of 500 hPa geopotential height (contours, the regions exceeding the
0.01 significance level are shaded) and wind vector (vectors) in June-July with regional mean air
temperature over (a) the land and (b) ocean key regions in April-May.

ocean are favorable to the intensification of southwest-
erly flow in East China. However, it is unfavorable
to the southward intrusion of the cold air; the cy-
clonic circulation east of the continent weakens the
WPSH. In contrast, lower temperatures over land and
higher temperatures over the ocean will weaken the
southwesterly monsoon over East China and favor the
southward invasion of the cold air; when the anti-
cyclonic circulation is predominant to the east of the
continent, it strengthens the WPSH and favors the
westward extension of the WPSH.

Comparing the significant correlation areas in Fig.
9a and Fig. 9b, we can see that the land thermal ef-
fect influences most obviously the circulation in both
the mid-lower latitudes region and the high latitudes
region whereas the ocean thermal effect mainly influ-
ences the circulation in the low latitudes. This im-
plies that the land and ocean thermal effects both
contribute to the WPSH variability. The relationships
between the WPSH indices and the land and ocean
temperature anomalies were respectively calculated. It
shows that the land thermal anomaly is significantly
positively correlated to the western extension point
of the WPSH (correlation coefficient of 0.394), and
the ocean thermal anomaly is significantly positively
correlated to the WPSH intensity and area (correla-
tion coefficients of 0.387 and 0.375, respectively). The
above results indicate that the land thermal effect con-
tributes to the mei-yu rainfall and the SCSSM inten-
sity by influencing the blocking high and the cold air
in the high latitudes region and by impacting on the
west-east movement of the WPSH, whereas the ocean
thermal effect maintains the area and intensity of the
WPSH. As land has a lower heat capacity than wa-
ter, the land temperature has larger seasonal variation
compared to the ocean, thus, it would largely change
the land-ocean thermal contrast (Li and Yanai, 1996;
Qian et al., 2004) and may play the triggering role in

the activities of the cold air and the summer precip-
itation. In addition, comparing the variability of the
land and ocean temperature anomalies can also reveal
the relative importance of the land and ocean thermal
effects to a certain extent. The standard deviations
of them are respectively 1.201 and 0.568, with a ratio
of approximately 2:1. Therefore, for the interannual
timescale, the land temperature varies much more re-
markably than the ocean.

Based on the above analysis, one can see that
land temperature varies more obviously than the ocean
temperature on both the seasonal and interannual
timescale and seems to link to the high latitude sys-
tems more strongly. Therefore, the land heating effect
might be more important to the mei-yu rainfall and
monsoon intensity variability than the ocean.

5. Concluding remarks

The associations among the spring MLTT, the
mei-yu rainfall over the Yangtze River valley, and
the SCSSM activities are investigated by use of the
NCAR/NCEP reanalysis data and the monthly ob-
servational rainfall data at 160 stations in China. The
mei-yu rainfall over the mid-lower Yangtze River basin
is significantly related to MLTT in spring, with posi-
tive high values over the middle latitude western Pa-
cific and negative ones over Western Mongolia. Such a
correlation pattern reflects the influences of the ther-
mal contrast between land and ocean on the mei-yu
activities. An index of land-ocean thermal anomaly
difference (IDX) is hence introduced to measure the
relative magnitude of the heating anomaly difference
between these two regions. It is found that IDX is sig-
nificantly positively correlated to the June—July pre-
cipitation over South China and significantly nega-
tively correlated to that over the mid-lower reaches of
the Yangtze River and part of Northern China. When



178 LAND-OCEAN THERMAL ANOMALY DIFFERENCE AND MEI-YU AND SCSSM

the thermal anomaly difference is strong (weak) in
spring, the precipitation decreases (increases) remark-
ably over the middle and lower reaches of the Yangtze
River while increases (decreases) notably over South
China. Since the correlation coefficient between IDX
and the mei-yu rainfall index is as high as —0.549, we
believe that the land-ocean thermal anomaly difference
in spring may play an indicative role in the forecasting
of the mei-yu rainfall over the Yangtze River-Huaihe
River basin.

Anomalies in the thermal status over land and
ocean in spring would cause a large-scale atmospheric
circulation abnormity. It is the processes of different
surface heating to air that have maintained this ab-
normal signal before summer, causing the circulation
anomaly in summer. A stronger land-ocean thermal
anomaly difference in spring is followed by a weakened
WPSH, strengthened summer monsoon, and a sum-
mer drought in the Yangtze River valley. On the other
hand, a weaker thermal anomaly difference may result
in a stronger and further westward extending WPSH,
and weaker summer monsoon, favorable for the cold air
intrusion and moisture transportation along the mei-
yu front, and plentiful precipitation over this region.

An anomaly in weather systems is determined by
the anomaly of the gradient of the pressure system,
including the effects of temperature and geopotential
height variability, it can be understood that the tem-
perature anomalies over land and ocean play an im-
portant role for the pressure systems. However, due
to the much more remarkable seasonal and interannual
variability in temperature, and closer relationship with
the weather systems in the high latitudes region, the
land heating anomaly may be more important than
that over the ocean to cause the heating gradient be-
tween land and sea, and consequently, the intensity of
summer monsoon.

It was pointed out that the NCEP-NCAR reanal-
ysis has large uncertainties over East Asia for inter-
decadal changes in sea level pressure (Yang et al., 2002;
Inoue and Matsumoto, 2004; Wu et al., 2005) and low-
troposphere geopotential heights and lower-level winds
(Wu et al., 2005). Because the strong IDX years cho-
sen in the composite analyses are mainly in the 1960s
to mid-1970s, and weak IDX years are mainly in the
1980s and 1990s, which are biased to different decades,
it is likely that the results of this study may overesti-
mate the differences seen over East Asia.
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