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Abstract

An integrated index which can be used to indicate the advance of subtropical summer monsoon in East Asia has been

proposed in this paper. The index was combined by three variables including precipitation, wind and pseudo-equivalent potential tempera-
ture. The northernmost summer monsoon location (NSML) was identified by using this index annually. It was found that the NSML ex-
perienced an interdecadal shift in the period 1977—1979 based on the annual index analysis from 1961 to 2001. A comparison of the
NSML with other four summer monsoon indices has also been made. The result showed that the NSML could well represent the interan-
nual and interdecadal variability of summer monsoon precipitation in North China (beyond 35°N), while other four indices could well indi-
cate the precipitation anomalies of East Asian summer monsoon along the Yangtze River valley (around 30°N).

Keywords: subtropical summer monsoon, northernmost location, Index, interdecadal variability, East Asia.

It is well known that the climate of monsoon has
a wide coverage for about one fourth in the world land
and a huge impact on nearly one third of the world
population as well as an impact on local culture, reli-
gion, and economy. China is located within the fa-
mous region of East Asian monsoon. In eastern Chi-
na, drought or flood is directly linked to the intensity
and location (advance and retreat) of the East Asian
summer monsoon annually.

In previous studies, the work "] was focused on
the region of southern China, such as South China
and Jiang-Huai River valley because the subtropical
summer monsoon can directly affect these regions an-
nually. In northern China, however, similar studies
were relatively few because it is located in the arid or
semi-arid regions and along or near the northernmost
location of East Asian summer monsoon. Climatologi-
cally, the long-term mean annual precipitation in
northern China is so small but the interannual vari-
ability of summer rainfall is larger. This large vari-
ability of summer rainfall from interannual and inter-
decadal scales in northern China is directly associated
with the intensity and advance of East Asian summer

. {3,
monsoon. Some studiest>* showed that many natural

disasters, specially the occurrence of flood or drought

events, are related to the variation of the northern-
most summer monsoon location (NSML).

In general, there are two types of definition on
the NSML. The first is based on the air mass’s fea-
ture from both temperature and moisture. The
NSML is the result of the interaction between the
warm-moist air mass of summer monsoon from the
tropical low latitude and cold-dry air mass of westerly

flow from the mid-high latitude. In the 1940s, Tu

and Huang[S] proposed a combined variable, based on

a fact that the wet bulb potential temperature of the
warm-moist air mass is higher than that of the cold-
dry air mass, to identify the advance and retreat of
the subtropical summer monscon in eastern China.
The basic idea illustrated the fact that the NSML is a
crossing section of warm-wet air mass and cold-dry air
mass when they meet each other in eastern China.
Shi et al.!® applied the pentad-mean pseudo-equiva-
lent potential temperature at the 850 hPa level in
summer (June, July, August, September) as a vari-
able for the period 1971-—1981 to judge the influence
of summer monsoon. He confirmed that the 4,
isotherm of 332 K is the critical value to find that the
climatological northernmost latitude of summer mon-
soon in North China is located at around 40°N. Tang
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et al. ! chose the @, isotherms of 344 K—348 K at
the 1000 hPa level and 336 K—340 K at the 850 hPa
level as indices of the advance and retreat of the sub-
tropical summer monsoon. Considering the higher
temperature and moisture in the subtropical monsoon

air mass, Zhu et al. (8] suggested that it would be bet-
ter to use the isodrosotherm instead of the isotherm,
such as the 14C isodrosotherm at the 850 hPa level.
By using the pentad mean NCEP reanalysis data from

1983 to 1996, Wang et al. 9] proposed a new defini-
tion of summer monscon advance, including the in-
tensity of the southwest wind and temperature-mois-

ture conditions. By using the Wang et al.’s defini-

[9], Wu et al. [10] found that there was an inter-

tion
decadal transition for the northernmost location of
East Asian summer monsoon in China according to
the analysis of the last 50-year NCEP pentad mean

data.

The second type of the NSML definition is
mainly based on the advance of precipitation. The
rainy season in eastern China generally begins with
the onset of the summer monsoon in the South China
Sea and ends with its withdrawal. The major seasonal
rain belt over East Asia moves from low to middle and
high latitudes as the summer monsoon develops and
advances northward. Thereafter the summer mon-
soon retreats southward rapidly, thus leading to the
end of the rainy season in summer in eastern China.
Each year, there should be the northernmost limit of
this seasonal rainfall if a criterion of rainfall is given
first. The rainfall criterion or index is widely used in
the study of monsoon onset and its intensity. Synthe-
sized indices to determine the NSML in China have
been carried out by Gao et al. using the data in the
195011, They identified the northernmost limit of
East Asian summer monsoon where the highest fre-
quency of the polar front activity occurred, the mean
trough of the sea level pressure, the largest pentad
rainfall belt, and the maximum dry-wet transition
zone from summer to winter seasons. Finally, they
drew a line that the climatological mean line of the
NSML is basically at the north of 40°N and its lati-
tude gradually extends northeastward to the S0°N at
the 120°E longitude. Tao and Chen'"! concluded a
marching sketch of East Asia summer monsoon sea-
sonally on the basis of previous studies and it was im-

(i2] using satellite observa-

proved by Lau and Yang
tion. Wang and Lin'"! regarded the rainfall as an in-

dex to study the onset, marching and withdrawing of

Asian-Northwest Pacific summer monsoon and clearly
revealed the integrated feature of summer monsoon in
these regions.

Reviewing the study process, most of indices and
conceptional models about the advance and withdraw-
al of East Asian summer monsoon have been defined
through air mass and precipitation. The compositive

and exhaustive study began from Wu et al. (10) " A ge-
ries of study shows that the advance and withdrawal
of summer monsoon can be well illustrated through
air mass, but the NSML is not very accurate only by
air mass®> 1. The physical meaning of the relation-
ship between the location of summer monsoon ad-
vance and summer rainfall in North China is very
clear. Warm and damp air coming from Indian Ocean
and South China Sea to North China results in the in-
crease of summer rainfall when summer monsoon
reaches North China. On the contrary, when the ad-
vance northward of summer monsoon is slow or its
strength is weaker, the summer rainfall will decrease

in North China. Recently, Wu et al. " found that
the correlation between summer rainfall in North Chi-
na and the limit location of summer monsoon defined
by wind and 8, fields was very low. The difference
between monsoon rainfall and non-monsoon rainfall is
difficult to identify when only considering the rainfall
in some regions such as in South China, lower reaches
of Yangtze River and Northeast China. This can
largely influence the definition of the advance and
withdrawal of summer monsoon as well as the deter-

mination of the NSML.

Through those analyses mentioned above, this
paper defines a new criterion by synthesizing both air
mass and rainfall, hoping this can better reflect the
advance and withdrawal of summer monsoon as well
as accurately identify the NSML. In this paper, we
focus on the applicability of the new criterion in the
longitude scale from 110°E to 120°E. The NSML and
four indices of summer monsoon are chosen to identify
and compare their capacity in indicating the summer
rainfall regionally in interannual scales.

1 Data and method

In this study, two data sets were used. The first
is the pentad-mean data including wind and pseudo-e-
quivalent potential temperature calculated by using
the daily NCEP-NCAR reanalysis data with a spatial
resolution of 2. 5° X 2.5° for the period of 1961—
2001. The second data is the original precipitation
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data including 726 stations provided from China Me-
teorological Administration. The data actually used in
the study are dealt with interpolation with a spatial

resolution of 1° X 1° in the period of 1961—2001"**'.
The main methods included correlation and compari-
son analyses as well as the running ¢-test.

2 Seasonal advance of summer monsoon

Through repeating experiments, we finally con-
firmed a new criterion to describe the advance and
withdrawal of summer monsoon as well as to deter-
mine the NSML. To reach this description, three
conditions should be satisfied at the same time includ-
ing (i) southwest wind averaged for five-day mean at
the 850 hPa level, i.e., U>0 m/s and V>0 m/s;
(ii) 6,335 K averaged for five-day mean at the 850

hPa level; and (jii) precipitation P=>4 mm+d ' aver-
aged for five-day mean. By using this compositive cri-
terion, the advance and withdrawal of summer mon-
soon can be well described in South China and lower
reaches of the Yangtze River while the NSML can be
well identified in North China.

According to the new criterion, Fig.1 presents
the climatic normal advance process of East Asian
summer monsoon averaged for the 41 years from 1961
to 2001. In Fig.1, the summer monsoon first reaches
South China (around 25°N) at the 27. 5th pentad,
then lower reaches of the Yangtze River (30°N) at
the 33th pentad, the lower reaches of the Yellow
River (35°N) at the 37th pentad, and North China
(beyond 40°N) at the 39th pentad. Finally, it reach-
es the northernmost location (41.6°N) at the 42th
pentad and stays there for about three pentads. Its
southward retreat starts from the 45th pentad. From
South China to lower reaches of the Yellow River the
advance keeps the same speed and retreat is rapid. In
the advance northward process, four stages are associ-
ated with the rainfall periods in South China, lower
reaches of the Yangtze River, the Yellow River, and
North China, respectively. It was noted that two
curves of 335 K @ isotherm and 4 mm+d ™' precipi-
tation isoline have a cross point at the 39th pentad.
Before the pentad, the 335 K 4, isotherm is always

lower than the 4 mm+d " isoline. In northern China
(north of 35°N), two curves have a same tendency
with pentads basically.
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Fig. 1. The climatic normal advance process of East Asian sum-
mer monsoon averaged for the 41 years from 1961 to 2001. The re-
gions covered by left-downward diagonal denote west wind, the re-
gions covered by right-downward diagonal denote south wind, so

the regions covered by reticulation pattern denote southwest wind;
thick solid lines denote the 335 K 6 isotherm; thin solid lines de-

note the 4 mm+d~" precipitation isoline; and thin dashed lines de-

note the 5 mm-d ™! isoline.

3 Interannual and interdecadal variability of
the NSML

The yearly zonal-mean latitudes averaged from
110°E to 120°E for the NSML were calculated based
on the new criterion and are shown in Fig.2. In the
total 41 years, the annual deviation was changed from
a decade to another. A relatively small interannual
variability was observed in the 1970s while large in-
terannual variability appeared in the 1980s and
1990s. In the total 41 years, nine years with the lati-
tude of the NSML were lower than 40°N and concen-
trated mostly after 1979. The northernmost latitude
of the NSML was observed in 1963 (44°N) and the
southernmost latitude of the NSML found in 1999
(33°N). The running t-test method has been used to
identify its interdecadal shift. Its result shown in
Fig.3 indicates that an interdecadal shift of its north-
ernmost location happening in a 2 to 3-year period
(1977—1979) was detected with the 99% signifi-
cance level. Abnormal years of the NSML have been
chosen out according to the criterion with the value

that should be greater or equal to a standard deviation
50°N
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Fig. 2. The yearly zonal-mean latitudes averaged from 110°E to
120°E for the NSML.
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from the series. During the 41 years, seven years af-
ter 1979 with the lower latitudes and five years with
higher latitudes were detected out. Two years with
the southernmost latitudes were observed in 1979 and
1999, respectively.
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Fig. 3. Running ¢-test from the yearly series in Fig. 2. The

dashed lines denote the 99% significance level.

According to the interdecadal shift of the
NSML, two periods of 1961—1979 and 1980—2001
were separated to show their advance processes (Fig.
4). For the period of 1961—1979 (Fig. 4(a)), the
southwest wind was prevailing, the controlling range
was wider, and the lasting period was longer than the
period 1980—2001 (Fig. 4(b)). For the daily-mean
4 mm precipitation, it appeared around 27°N from
the 13th to the 14th pentads in the first period that
was later than the second period around at the 9th
pentad. For the 335 K 6, isotherm, it originally ap-
peared around 24°N at the 27th pentad in the first pe-
riod and was later for almost four pentads than the

Latitude

Latitude

Fig. 4. Same as in Fig. 1 except of two periods. (a) The first
period 1961—1979 and (b) the second period 1980—2001.

second period. In the first period, the daily-mean 4
mm precipitation and the 335 K 4, isotherm reached
a higher latitude than that in the second period. A
comparison could be clearly observed that the speed of
advance northward in the first period was faster than
the second period. Another feature was also found
that staying pentads were longer in the first period
than that in the second period when these isolines
reached their northernmost locations.

4 Comparison of various monsoon indices

There are various indices for indicating summer
monsoon’ s intensity in East Asia or eastern China.
The basic features of summer monsoon in eastern Chi-
na, such as summer precipitation in the basin of the
Yangtze River can be well indicated by these indices.
However, our results indicated that these indices are
difficult to depict the precipitation feature in North
China. In order to describe possible differences, in
the following we give the comparison result of precip-
itation with various indices.

4.1 HY index

According to the conceptual model of East-Asia-
Pacific (EAP) from an atmospheric teleconnection,
Huang and Yan!!*! propounded a circulation index
that can be used to indicate the monsoon intensity in
East Asia. We refer to this index as HY index. Its
definition is written as

HYI = Nor (- 0.25Z, (20°N, 125°E)
+0.50Z, (40°N, 125°E)

~0.25Z, (60°N, 125°E))

where, Z' = Z — Z, Z denotes the geopotential
height at the 500 hPa level for the summer and Z is
its climatic mean height, Z: =Z’ sind5°/sing, ¢ de-
notes latitude. Nor ( X ) indicates the standardized
X . The relationship describes that if the HY index is
higher, the summer monsoon in that year will be
stronger.

4.2 ZH index

There is an opposite relationship from their in-
tensity variation between the tropical convergence
zone (tropical monsoon trough) and subtropical con-
vergence zone (Meiyu trough) in East Asian summer
monsoon system. According to this circulation char-

acter, Zhang et al. (18 Jefined the difference of zonal
wind anomaly at the 850 hPa level from the regions of
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tropical monsoon trough and the Meiyu trough. This
index (ZHI) is written as
ZHI = uggy,p,(10°N—20°N, 100°E—150°E)
~ ugso hpa(25"N—35°N, 100°E—150°E)
The larger ZHI is associated with the stronger sum-
mer monsoon.

4.3 SU index

Monsoon is atmospheric circulation phenomena
mainly caused by the seasonal thermal difference be-
tween sea and land. The unsymmetrical sea-land
heating induced by solar radiation is the main reason

why monsoon shows the geographical difference. Sun

et al. 17! applied the difference of the ground temper-

ature ( Tgc) and the surface sea temperature
(SSTgrnwp) in four regions to construct a monsoon
thermal index. The longitudinal difference was con-
structed by the ground temperature ( Tgc) in the re-
gion of East Asia monsoon (27°N—35°N, =105°E)
and the surface sea temperature ( SSTgpywp) in the
region of the subtropical northwest Pacific Ocean
(15°N—30°N, 120°E—150°E). The meridional dif-
ference came from the ground temperature (T's) in
the region of South China (<X27°N, ==105°E) and
the surface sea temperature (SST ) in the region of
the South China Sea (5°N—18°N, 105°E—120°E).
This index (SUI) is expressed as

SUI = (Tgc — SSTgrawp) X 4/5

+ (Tg — SST) x 1/5

The larger SUI is associated with the stronger sum-
mer monsoon.

4.4 GU index

Zonal difference of summer sea-level pressure

(SSP) was used by Guo et al. "™ 1o represent the in-
tensity of summer monsoon. The detailed definition is
the sum of the summer SSP difference between two
longitudes 110° E and 160° E with the condition
P 106—160ES — 5 hPa and those points of 10-degree
latitude interval from 10°N to 50°N. Considering the
fact that land pressure is low and sea pressure is high
in summer, the larger GU index is associated with
the weaker summer monsoon. For conveniently com-
paring with other indices, the GU index is multiplied
by —~1.

The relationships among these five indices in-
cluding four summer monsoon indices and the NSML
index are listed in Table 1. The remarkable correla-

tions can be found from those indices of HYI, ZHI
and SUI. The correlation coefficient between HYI
and ZHI is 0. 51 and the correlation coefficient be-
tween HYI and SUI is 0. 68, reaching the 99% sig-
nificance level. There is litter correlation between
SUI and GUI. These high linear correlations indicate
that there are internal and cooperative variations from
those fields of sea-level pressure, geopotential height,
lower layer wind and temperature. Correlations be-
tween GUI and the NSML as well as between SUI
and the NSML are 0.4 and 0.37, reaching the 99%
and 95% significance levels, respectively.

Table 1. Correlations from four monsoon indices and latitude
series of the NSML
Index HYI ZHI  SUI  GUI NSML
HYI 1.00 0.51° 0.68° 0.48Y  0.34%
ZHI 1.00  0.40° 0.11 0.06
sul 1.00  0.47°  0.37°
GUI 1.00 0.40%
NSML 1.00

Notes: a) and b) reach 99% and 95% significance levels,
respectively

Table 2 lists those anomalous years when one
standard deviation should be reached for these five in-
dices. Remarkable differences can be observed from
these anomalous years of various indices indicated,
such as the stronger monsoon years 1972, 1978, and
1994 as well as those weaker monsoon years 1980,
1983, and 1991. A possible relation should be a
weaker monsoon in intensity associating to a relatively
south location of the NSML. There were four years
defined by SUI and three years defined by GUI in the
weak monsoon years matching the situation that the
NSML in North China is abnormally located in south-
ern part, and only one year for SUI and two years for
GUI in the strong monsoon years matching the situa-
tion that the NSML in North China is abnormally sit-
uated in northern part. According to the definition,
1969 is the year that the NSML in North China is ab-
normally located in northern part, but for HYI this
year is the weak monsoon year. As a result, the
NSML is not always abnormally in northern part in
the strong summer monsoon years, and vice versa .
As a good summer monsoon index, it must have a
clear physical description, and can well express the
integrated feature and explain the abnormities of air
temperature and precipitation in summer. The defini-
tion of the NSML has been used to describe the inter-
face of two kinds of air mass, which not only reflects
the advance process from low latitude to mid-high lat-
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itude, but also confirms the northernmost location,
then directly represents flood or drought condition in
North China. Difference can be understood that sum-

mer monsoon indices need to well indicate the princi-
Table 2.

ple character of summer monsoon in East Asia, but
the NSML should be a good indicator to indicate the
marginal character of summer monsoon.

Strong and weak monsoon years derived from four monsoon indices and latitude series of the NSML

Index Strong summer monsoon year

Weak summer monsoon year

HYI 1961,1972, 1975, 1978, 1994, 1997

ZHI 1967,1972, 1974, 1978, 1981, 1984, 1985, 1986, 1994, 1997

SUI 1961, 1964, 1966, 1967,1971, 1978
GUI 1961, 1962, 1963, 1964, 1966

NSML  1963,1964, 1969, 1990, 1994

1969, (1980}, 1983, [1986], (1987, 1991, 1992, 1993
[1980], 1983, 1995, 1998

[1980], 1982, [1983], [1987], 1989, 1993,
[1980], [1986], 1991, 1996,

,1984, [1986], [1987], [1997], [1999], 2000

Notes: The underlined denote the strong monsoon years matching the situation that the NSML in North China is abnormally lo-
cated in northern part. The framed denote the weak monsoon years matching the situation that NSML in North China is abnormally

located in Southern part.
5 Monsoon indices and summer precipitation

In application, monsoon index should well reflect
regional precipitation variability. This section ana-
lyzes the correlation between these four indices
(HYI, ZHI, SUI and GUI) and summer rainfall
over eastern China. Their distributions of correlation
are given in Fig. 5(a)—(d), respectively. A feature
is found that the correlation pattern is like the positive
and negative signs “ +-+” crossing in eastern China
from south to north. It means that in the strong
(weak) monsoon year above (below) normal rainfall
is located in South China and North China while the
below (above) normal rainfall appears along the
Yangtze River. Although there are some differences
in correlation distributions between various summer
monsoon indices and summer rainfall, they have a
common feature that the region where the highest
correlation lays is located in the Yangtze River valley.
The highest correlation is found from the SUI and
summer precipitation. In Fig. 5(d), the first three
indices have no significant correlation with summer
precipitation in North China. The index GUI is cal-
culated on the basis of the sea-level pressure difference
between sea and land so that this definition could
partly reflect the advance of summer monsoon. The
fact shows that positive and significant correlation be-
tween the index GUI and summer precipitation covers
the region over 110°E—120°E, 35"N—40°N, reach-
ing the 95% significance level. It is easy to under-
stand that the summer monsoon indices depict well
the main body feature of summer monsoon, centering
along the 30°N in the Yangtze River valley. Each
year summer monsoon must march to the Yangtze
River valley (the east of 110°E and the south of 35°

N) with various intensity variations but it cannot con-
firm whether the different conditions of summer mon-
soon meet in anywhere of North China. That is the
reason why the NSML as an index can well express
the summer rainfall in North China.

After testing the correlation coefficient distribu-
tions of summer rainfall over eastern China with vari-
ous indices, the relationships between the summer
rainfall in eastern China with the NSML should also
be given. Fig. 6 shows the correlation distributions
between the NSML and precipitation in June, July,
August, and two months (July, August). In June, a
pattern “ + - +” of correlation is noted but there is no
significant distribution. The reason is that in June the
summer monsoon has not reached northern China. In
July (Fig. 6(b)), a region of significant correlation
is found in North China, marking the relationship be-
tween the NSML and monsoon rainfall and expressing
whether it was active in northern China. In late July
or early August of some years the strong monsoon
rainfall can be observed in North China. This correla-
tion can also be found from Fig. 6(c) with a higher
center in North China. Combining July and August,
the correlation coefficient in North China has in-
creased from 0.5 t0 0.6 (Fig. 6(d)).

Results show that the higher correlation which
passes the degree of confidence test is concentrated in
the marginal region of summer monsoon. The physi-
cal meaning of the relationship between the location of
summer monsoon advance and summer rainfall in
North China is very clear. Warm and damp air com-
ing from low-latitude oceans to North China results in
increase of the summer rainfall when summer mon-
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soon reaches North China. On the contrary, when
the advance northward of summer monsoon is slow or
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its strength is weaker, the summer rainfall will de-
crease in North China.
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The correlation coefficient distributions of summer rainfall over eastern China with various indices (a) HYI, (b) ZHI, (¢) SUI

and (d) GUI. The shaded regions from light to dark represent the 95%, 99%, and 99.9% significance levels, respectively.

6 Conclusions and discussion

(1) An integrated index which can be used to in-
dicate the advance of subtropical summer monsoon in
East Asia has been proposed in this paper. The index
was combined by three variables including precipita-
tion, wind and pseudo-equivalent potential tempera-
ture. The northernmost summer monsoon location
was identified by using this index annually and it can
be used to indicate the rainfall anomaly in North China.

(2) There was a significant interannual variabili-
ty of the NSML in the last 41 years. The northern-
most latitude of the NSML happened in 1963 (44°N)
and the southernmost latitude occurred in 1999 (33°

N). A significant interdecadal shift of the NSML is
also noted in the period 1977—1979 from the NSML
series. During the last 41 years, most events with its
advances to the southern part of its ordinary location
appeared after 1979 for seven years.

(3) A comparison of the NSML with other four
summer monsoon indices indicates that the NSML
could well represent the interannual and interdecadal
variability of summer monsoon precipitation in North
China (beyond 35°N), while other four indices could
well indicate the precipitation anomalies of East Asian
summer monsoon along the Yangtze River valley

(around 30°N).
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The correlation coefficient distribution between the NSML and summer rainfall over eastern China for (a) June, (b) July, (c)

August, and (d) July + August. The shaded regions from light to dark represent the 95%, 99%, and 99.9% significance levels, respec-

tively.

According to the above-mentioned analysis, the
significance in determining the northernmost location
of East Asian summer monsoon is a fact that the ad-
vance process and location change decide the precipi-
tation distribution in eastern China, especially in
North China. It is well known that many factors can
influence the location, including westerly flow and
the Qinghai-Tibet Plateau. The study on the location
variability is more complicated, especially for the rea-
son and effect of the significant interdecadal variabili-
ty, which need to be deeply investigated in the fu-
ture.
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