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ABSTRACT

Based on the 1961—1955 atmospheric apparent heat source / sink and the 1961-1990 snow—cover days
and depth over the Qinghai—Xizang Plateau (QXP) and the 1961 —1995 reanalysis data of NCEP/ NCAR
and the 1975-1994 OLR data, this paper discusses the interannual variability of the heat regime and its rela-
tion to atmospheric circulation. I is shown that the interannual variability is pronounced, with maximal va-
riability in spring and autumn, and the variability is heterogeneous horizontally, In the years with the weak
(or strong) winter cold source, the deep trough over East Asia is to the east (or west) of its normal, which
corresponds to strong {or weak) winter monsoon in East Asia. In the years with the strong {or weak) sum-
mer heat source, there exists an anomalous cyclone {or anticyclone) in the middle and lower troposphere
over the QXP and its neighborhood and anomalous southwest (or northeast) winds over the Yangtze River
valley of China, corresponding to strong (ot weak) summer monsoon in East Asia, The summer heat source
of the QXP is related to the intensity and position of the South Agia high. The QXP snow cover condition of
April has a close relation to the heating intensity of summer, There is a remarkable negative correlation be-
tween the summer heat source of the QXP and the convection over the southeastern QXF, the Bay of
Bengal, the Indo—China Peninsula, the southeastern Asia, the southwest part of China and the lower reaches
of the Yangtze River and in the area from the Yellow Sea of China to the Sca of Japan.
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1. Introduction

The Asian monsoon is greatly influenced by the thermal contrast between the Indian
ocean and the Asian continent including the large—scale prominence such as the QXP. Fiohn
(1957) indicated that the seasonal variation of elevated heating from the QXP surface and
antli—phase relationship between north—south temperature and pressure gradients to the south
of 35°N play a role in inducing the changes of the East Asian circulation and the Indian mon-
soon onset, Yeh and Zhang (1974) examined-the effects of the QXP thermal function and its
induced convection on the maintenance of the South Asia high. Chen et al. (1991) showed
that during the break of Indian monsoon, an upper—air anticyclone often emerges over the
middle QXP and more rainfall occurs in the south of the QXP. Using monthly data during
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July 1972—August 1973, Li et al. (1982) studied atmospheric heat sources in the years of
strong and weak summer Indian monscon. They discovered that in the year of the strong
monsoon, the atmosphere has a strong center in the Bay of Bengal and a heat sink in the
QXP. In the year of the weak monsoon, a strong heating center is still in the Bay, but a
sub—maximal center is in the QXP. Through investigating the structure of the atmospheric
heat source and the energy budget over the QXP in the summer of 1979, Chen et al. {1985) in-
dicated that the heat source occurs mainly in the period with much rainfall and the heat sink,
except over the eastern QXP, happens during the break of the monsoon, Huang (1985) inves-
tigated the effect of the QXP anomalous heat source on atmospheric circulation of the North-
ern Hemisphere, Yanai et al, {1992) pointed out that the sensible heat flux and radiation cool-
ing over the QXP are responsible for the maintenance of the horizontal temperature gradients
that make a large scale thermally—driven vertical circulation to be maintained over the pla-
teau, Using the 1983—1992 data of sounding stations of China, Luo and Zhu (1995) calculated
the heat conditions of the eastern QXP during summer half—year and discussed the relation
between the heat source and the rainfall of China. They discovered that when the heat source
of the QXP intensifies, the rainfall increases in the upper reaches of the Yangtse River and the
Huaihe River valley and decreases in the southeast of China. Li and Yanai {1996) calculated
the 1979-1992 atmospheric heat and moisture source / sink of the QXP and analyzed the
interannual variation of the Asian summer monsoon related to land—sea thermal contrast.

This paper discusses the interannual variability of the QXP atmospheric heat
source / sink and its relation to atmospheric circulation, snow cover and OLR.

2. Computational method and data

The heat soursce / sink for a given air column is defined as
<Q,>=Fy+ R+ Hy , ()

net

where F,, is the surface sensible heat flux, R,,, the atmospheric net radiation, and H,; the
precipitation—released latent heat, < Q, > s called the heat (or cold) source when it is >0
(or <0),

Following Zhao and Chen (2000a,b) and Zhao (1999}, we compute the < Q> monthly
averages of the QXP during 1961-1995, The QXP in this study is the area with > 3000 m
topographic height except for that west of 90°E, north of 33°N. The used data also include the
1961—1990 monthly snow cover depth and days from the 148 stations (figure omitted) over
the QXP and its vicinity, 1961-1995 monthly reanalysis of NCEP/ NCAR with 2.5°%
2.5° resolution, and 1975—1994 monthly OLR with 2.5° x 2.5° resolution (1978 and 1988 data

are missing).
3. Features of < Q, > interannual variability over the QXP

The deviation coefficient is applied in showing the monthly < Q, > variability, The
coefficient is defined as follows:

C,,=—]_— i:x-ﬂz,
IxI¥ n 2

::I-—-
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Fig. 1. C,, (%) of the monthly QXP < @, > during 1961—1995 (dotted lins shows the QXP with
300 m beight, the same below),

in which x, is a time sequence {i=1, 2,=+-, n) and all other notations are usual in a meteoro-
logical context, By the use of 1961~1995 monthly mean < @, > data we calculate the devia-
tion coefficient C, for each month. Figure 1 shows the C_ distributions for January, April,
July, and October, In January (Fig. 1a) the C value exceeds 10% almost all over the QXP
and even 30% in the scuthwest part of the QXP, the middle and the Bayan Har and
A Nyémagén Mountains of the eastern QXP and the eastern Kunlun Mountains. Its maxi-
mum of about 80% occurs in the eastern Kunlun Mountains and the minimum of 7%
emerges at 31°N, 97°E. In April (Fig. 1b) the values of the QXP exceed 50% in general. The
value above 75% covers the regions from the Tangula Mountains to the mountains of western
Sichuan and in the northeastern QXP. A relatively low—value area goes along the Himalayas,
In comparisen with April, the €, value of summer is somewhat smaller. In July (Fig. Ic)
the C,, value is larger than 30% practically all over the QXP, particularly larger than 75% in
the western QXP, and also exceeds 50% in the valleys of the Yarlung Zangbo River and the
Qaidam basin. The value begins to increase again in October (Fig, 14). Further examination
(figures omitted) also shows that the < Q| > variability is quite large in other months. Thus,
the interannual variability of the QXP < @, > is large and heterogeneous horizontally.

4. Flow fields in the years of strong and weak winter cold source

4.1 Compasite winter cold source

From the 1961—1995 temporal variation of < Q> averaged over the QXP (figures
omitted) we select six years separately with a strong and weak winter cold source as follows,

The years of a weak cold source; 1961, 1962, 1964, 1983, 1986, 1989,

The years of a strong cold source: 1966, 1967, 1969, 1970, 1977, 1994,
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Fig. 2, Composite anomalous < Q, > in the six ycars with a weak and strong winter ¢old source,
Units: Wm™,

Figure 2 shows the distribution of the composite < @, > anomalies in the six years
separately with a strong and weak winter cold source. One can see that in the years of the
weak cold source (Fig. 2a) practically all the QXP is under the control of positive anomalies
except for the Qilian Mountains of the northeastern QXP covered by pronounced negative
anomalies, The < Q> values above 20 W m* occur mainly in the southwestern QXP and
some of the Tanggula and Bayan Har Mountains, around Lhasa (at 29.7°N, 91.1°E) and
Damxuag (at 30.5°N, 91.1°E), particularly in Shiquanhe (at 32°N and 79°E) and Tuotuo
Heyan (at 34°N, 92°E) where the anomalies exceed 50 W m™ In the strong case the compo-
site distribution (Fig. 2b) shows a roughly opposite situation to the weak one, In the strong
years negative anomalies cover the QXP except for Lhazé (at 29.1°N, 87,6°E) and Golmud (at
36.4°N, 94°E), with the minimums below —60 W m™ appearing in the Himalayas, some parts
of the Tanggula and Bayan Har Mountains,

4.2 Composite circulation

Figure 3 shows the composite anomalous wind fields at 850, 500 and 200 hPa in the six
years of a weak and a strong cold source of winter. In the weak case, at 850 hPa (Fig. 3a) an
anomalous cyclone is south of the QXP, with its center being in the north of the Indian penin-
sula, while an anomalous anticyclone is northeast of the QXP, with its center being near Lake
Baikal. Meanwhile, anomalous west winds prevail in the region from the Arabian Sea to the
east of the South China Sea. The east or northeast winds prevail over the region from the
mainland of China to Japan, which corresponds to the strong winter monsoon in East Asia.
The 500 hPa pattern (Fig. 3b) has rough similarity to the 850 hPa one. A quite strong anoma-
lous cyclone appears at 500 hPa over the QXP, with its two centers being separately in the
west and east of the QXP. At 200 hPa (Fig. 3¢), the cyclone is still seen and there are two
anomalous wavetrains separately in the extratropics and subtropics of the Northern Hemi-
sphere, Three anomalous anticyclonic centers of the extratropical wavetrain appear near Lake
Baikal and in the northeastern QXP and between the west of North America and west Europe
in turn, Its three cyclonic centers emerge in the Urals and the east of North America and the
mid—eastern Pacific in turn. The subtropical wavetrain has the phase opposite to the above
one. In the years of strong winter cold source, at 850 hPa (Fig, 3d} an anomalous anticyclone
is located to the south of the QXP and a weak anomalous cyclone emerges southeast of the
QXP. A large—scale anomalous cyclone covers the area from the northeastern QXP to the
extratropical western Pacific, with its two centers separately appearing to the east of Lake
Baikal and in the Pacific west of the Aleutians. Anomalous south winds appear over the
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Fig. 3. Composite anomalous streamline at 850, 500 and 200 hPa in the six years separalely with a
strong and weak winter cold source (The shaded area is the QXP; dashed tine is isotach, Unit;
m/s).

mainland of China and anomalous west winds prevail over the region from the north of
China to Aleutians, which corresponds to the weak winter monsoon in East Asia. The 500
hPa features (Fig. 3e} are quite analogous Lo those at 850 hPa. In the meantime, a wavetrain
also occurs over the extratropics at 200 hPa (Fig. 3f) and has the phase opposite to
extratropical one in the years of a weak cold source,

5. Flow fields in the years of strong and weak summer heat source

5.1 Composite summer heat source

Similar to that of winter, we select the years separately with a strong and weak summer
heat source as follows,

The years of strong heat source: 1962, 1974, 1980, 1984, 1987 and 1993,

The years of weak heat source; 1967, 1972, 1975, 1977, 1978 and 1986,

Figure 4 shows the distribution of the composite < | > anomalies in the six years
separately with a strong and weak summer heat source, It is seen that in the years of the
summer strong heat source (Fig. 4a} the < @, > values above 20 W m™? emerge in the east-
ern QXP south of 35°N, with their central values appearing around Nyingchi (at 29.6°N,
945°E) and Litang (at 30°N, 100.2°E). The anomalies over the southwestern QXP are
unremarkable. In the years of the weak heat source (Fig. 4b), except Xainza (at 30.9°N,



No. 1 Zhao Ping and Chen Longxun 111

(a) Strong heat source

40N

35N

30N

25N

80E  85E  90F  95E  100E  105E

(b) Weak heat source

40N

3I6N

30N

25N

80E BBE  90F  9BE 100E 105E

Fig. 4. Composite anomalous < | > in the six years separately with a weak and strong summer
heat source, Units: W m ™.

88.6°E) and Lhazé (at 29,1°N, 87,6°E) having noticeable positive anomalies, the QXP is dom-
inated by negalive anomalies. Sog county (at 31,9°N, 93 8°E) has the minimum of =71 W
m™2 and the anomalies over the western QXP also are unremarkable,

5.2 Composite circulation

The anomalous wind fields are given at different levels separately for a strong and weak
QXP heat source in Fig. 5. It is seen from Fig, 5 that in the strong case, an 850 hPa (Fig, 5a)
anomalous cyclone surrounds the plateau and anomalous southwest winds prevail over the
region from the Indo—China Peninsula to the mainland of China, corresponding to stronger
southwest winds there (namely strong summer monsoon), which is helpful to the transporta-
tion of moisture there. An anomalous cyclone and anticyclone separately emerge over the
subtropical central Pacific and the eastern Pacific, These features are also seen at the 500 hPa
level (Fig. 5b). Over the area from Iran via the plateau to the Bohai Sea of China at 500 hPa
thete is an anomalous cyclone that still surrounds the plateau in general. From the 100 hPa
level the anomalous circulation over the QXP begins to differ from the lower—level counter-
parts and to 70—50 hPa the circulation becomes opposite to that of lower levels. At 50 hPa
{Fig. 5c) the QXP is under the impact of a large—scale anomalous anticyclone centered
northwest of the QXP, a pattern that is also seen at 70 hPa (figure omitted). Therefore, a
strong summer QXP heat source over Lhe plateau is associated with a strong South Asia high
at 70 and 50 hPa that is located to the west of its normal. In the years of the weak heat source,
at the 850 hPa (Fig. 5d) level, on the whole, there is an anomalous anticyclone encircling the
plateau and an anomalous anticyclone in the middle latitudes of the Pacific west of the
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Fig. 5. Composite anomalous streamline at 850, 500 and 50 hPa in the six years separately witha
strong and weak surnmer heat source (The shaded areas is the QXP; dashed line is isptach, Unit:
m/ s).

dateline. Anomalous northeast winds appear over the mainland of China, which corresponds
to weak southwest winds, namely weak summer monsoon, This is in contrast to that in the
strong case. The features at 850 hPa in the weak case are also displayed at 500 hPa (Fig. 5e)
except that an anomalous anticyclone over the QXP is centered northeast of the plateau and
an anomalous cyclone is even more pronounced in the subtropical eastern Pacific. The 50 hPa
features (Fig. 5f) in a weak case greatly differ from those of a strong heal source, particularly
in the middle of the QXP and the extratropics north of the plateau where the anomalous
winds are opposite to the strong case, To the northeast of the QXP is an anomalous anticy-
clone that favours the South Asia high to lie east of its normal,

Additionally, in the years with a strong heat source, at 50 hPa (Fig. 5f) there is a
wavetrain consisting of three anomalous anticyclones and as many anomalous cyclones in the
Northern Hemisphere. Of these anticyclones, one stretches from the Iranian highland via the
QXP to the Japanese islands with its centers separately around the Iranian highland and
Vladivostok; the other two are centered separately in the extratropical eastern Pacific and
northeastern Canada, The three anomalous cyclonic centers are separately situated in the
midlatitude of the western Pacific, the western coasts of North America and northwestern
Europe. A 50 hPa anomalous easterly is also seen throughout low latitudes globally, with



No. 1 Zhao Ping and Chen Longxun 113

anomalous east winds above 2 m s~ appearing in the middle of Africa and the equatorial In-
dian Ocean and around the equator of South America. In the weak case, anomalous west
winds stretch from Africa to the equatorial eastern Pacific, with no noticeable wavetrain
emerging in the extratropics of the Northern Hemisphere,

From the above analysis, one can see that in the years of a strong (or weak} heat source
of the QXP, there is an anomalous cyclone (or anticyclone) in the middle and lower
troposphere over the QXP and its adjacent areas, strong (or weak) southwest winds over the
mainland of China and an anomalous anticyclone (or cyclone) in the subtropical eastern Paci-
fic; a low—level anomalous anticyclone (or cyclone) covers the region from the South China
Sea to the western Pacific; the middle and lower reaches of the Yangtze River is under the ef-
fect of anomalous southwest (or northeast) winds that can transport more (or less) moisture
to there and cause more (or less) rainfall, which corresponds to the strong (or weak) summer
monsoon in East Asia. A strong (or weak) equatorial easterly takes place in the stratosphere.
The intensity of the QXP summer heat source has close relation to the intensity and position
of South Asia high. The effect of the heat source on the high is not so remarkable at 100 hPa
as at 70 and 50 hPa,

6. Relation between the QX P heat source and snow

We separately calculate the correlation coefficient between the monthly anomalous
< @, > values and snow depth/ days over the QXP during 19611990, The results show
that the < @, > values of spring, autumn and winter are in weak correlation with the pre-
vious snow cover depth / days. But the < @, > of summer is correlated remarkably with the
snow day and depth of April (Table 1), their correlation coefficients are separately —0.55 and
(.49, passing test at 99% significance level, Further examination shows that the negative
correlation between the spring QXP depth / days and summer QXP latent heat of condensa-
tion exceeds —0.60 that passes test at 99.9% significance level. Because the latent heat is a
main contributor of the QXP < @, >, the abundant snowfall of April melts in subsequent
months, resulting in the weak QXP heat source and a weaker QXP monsoon that causes less
summer rainfall and weaker summer < &, > over the QXP. In addition, the analysis shows
{figures omitted) that there is no remarkable correlation between the summer heat source and
previous atmospheric circulation. We also compute correlation coefficients between the
monthly heat source of the QXP and Eurasian snow cover from NOAA satellite observations
for 1967—1990. The correlation is unremarkable except the positive correlation (only passing
test at 90% significance level) between the Eurasian snow cover of March / April and the
QXP svmmer heat source,

Table 1. Correlation coefficients of the QXP summer <J; > to snow cover depth (SCD) and snow cover days
(SCDs) of the QXP

1 F M A M ) ] A S 0 N D

SCDs —0.11 -024 —001 —055% —013 —0.17 020 —007 -012 =015 015 0.26
SCD 0.07 —0.23 —0.3%% 049k 014 002 001 0.03 009 -004 004 013

Note that the negative correlation denoted by ¥ (or #) passes test at 95% (or 99%) significance leve,

As a result, the anomaly of atmospheric circulation in winter firstly affects spring snow
conditions of the QXP probably and then affects the heat source of summer there, A stronger
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{or weaker) summer heat source of the QXP follows the greater {or shallower) snow depth
and more {or less) snow days of April over the QXP.

7. Relationof < Q, > to OLR

Figure 6 shows the distribution of correlation coefficients between the QXP summer heat
source and the summer QLR during 1975—-1994 (the 1978 and 1988 observations were not in-
cluded in default of data), The negative correlation passing test at 95% significance level is
seen in the southeastern QXP, the Bay of Bengal, the Indo—China Peninsula, the southeastern
Asia, the southwest part of China and the lower reaches of the Yangtze River, Their central
values pass test at 99% significance level. The negative correlation also emerges in the area
from the Yellow Sea of China to the Sea of Japan, with its central values passing test at 99%
significance level, Additionally, we notice that the European continent displays remarkable
negative correlation (passing test at 95% significance level), with its maximums passing test at
99% significance level, which is probably related to energy transportation by the wavetrain of
the extratropics of the Northern Hemisphere that has been discussed in Section 5, Very weak
correlativity between the < @, > and OLR is seen in the western Pacific “ warm pool” (in
0°-20°N, 130°N-160°E),

8. Summary and discussion

Using the monthly QXP atmospheric heat sources / sinks, snow cover depth/ days,
OLR and NCEP/ NCAR reanalysis data, this paper investigates the relationship of the QXP
heat regime to Asian monsoons and the QXP snow cover, We arrive at the following conclu-
sions,

(1) The QXP < Q, > has remarkable interannual variability for each month, especially
in spring and autumn, The variability is heterogeneous horizontally, In winter the < @, >

78N

60E 80E 100E 120E 140E 160E

Fig. 6. Correlation coefficients {x 100) between summer QXP <@, > and OLR during
1975—1994 (Thick dotted line is the QXP; the shaded areas pass test at 95% significance level).
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difference between the years of a strong and a weak cold source lies largely in the
southwestern QXP and the Tanggula and Bayan Har Mountains of the eastern QXP, In
summer the difference between the years of a strong and weak heat source accurs mainly in
the easiern QXP. This feature is likely related to the complicated terrain and conditions of the
underlying surface as well as the changeable circulation systems there.

(2) The QXP weak (or strong) cold source corresponds to a low—level anomalous cyclone
(or anticyclone) south of the QXP and around Lake Baikal and over the Urals, This pattern is
related to the East Asian deep trough lying to the east (or west) of normal, which causes win-
ter cold air to go southward east (or west) of 105°E and anomalous north (or south) winds to
the east of the QXP and south (or north) winds to the north of the QXP, corresponding to
strong (or weak) winter monsoon in East Asia, not favoring (or favoring) the movement of
cold air into the QXP and producing the warm (or cool) temperature there. Thus, the winter
monsoon anomaly in East Asia is associated with the intensity of winter cold source over the
QXP,

(3} In the years of a strong (or weak) heat source of the QXP, there is an anomalous cy-
clone (or anticyclone) in the middle and lower troposphere over the QXP and its adjacent are-
as, and strong (or weak) southwest winds over the mainland of China, corresponding to
strong {or weak) summer monsoon in East Asia and more (or less) precipitation in the
Yangtze River valleys, Strong (or weak) equatorial east winds take place in the stratosphere.
The intensity of summer heat source is also related to the intensity and position of South Asia
high, but the effect of the heat source on the high is more remarkable at 70 and 50 hPa.

(4) The QXP snow cover of April is in remarkable correlation with the < @, > intensity
of subsequent summer. The more (or less) snow cover days and greater (or shallower) depth
in April are followed by a weak (or strong} heal source of summer, The anomaly of winter
atmospheric circulation probably affects the summer QXP heat source by means of spring
snow conditions there, -

(5) The summer heat source of the QXP has temarkable negative correlation with the
convection over the southeastern QXP, the Bay of Bengal, the Indo—China Peninsula and the
southeastern Asia. This is due to the fact that the latent heat of precipitation is a main con-
tributor fo the summer heat source of the QXP so that the negative correlation is remarkable.
The negative correlation also emerges in the southwest part of China and the lower reaches of
the Yangtze River and in the area from the Huang Sea of China to the Sea of Japan, which is
probably telated to the frequent eastward movement of the low—value systems produced ovet
the QXP. Very weak correlativity between the < 0, > and OLR is seen in the western Paci-
fic “ warm pool”.
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