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1. Introduction

Even in the desert in the interior of the
Eurasian Continent, heavy rainfall sometimes occurs
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Abstract

The variability of the hydrological cycle for arid/semi-arid regions is important, because desertification
is occurring in these regions. Even in the arid/semi-arid regions in the interior of the Eurasian Conti-
nent, heavy precipitation sometimes occurs. However, the relationship between water vapor transport and
precipitation has not been clarified yet.

In this study, water vapor transport and flux divergence in the arid interior region of the Eurasian
Continent were investigated using the objective re-analysis data provided by the European Centre for
Medium range Weather Forecast (ECMWF) for a five-year period (1980-1984). Through the analysis of
the vertically integrated water vapor transporting mean summer fields, it is clarified that Mongolia and the
northern part of China receive water vapor from the northwest. One of the water sources for these regions
is located over, and to the west of Western Siberia. In the lower troposphere, most of the water vapor
is transported to the Taklimakan Desert from the northwest along the eastern periphery of the Tianshan
Mountains in the mean summer state.

The daily summer water vapor flux fields around the Taklimakan Desert for a five-year period were
analyzed in relation to precipitation there. The Taklimakan Desert is one of the most arid regions in the
Eurasian Inner Continent.  Here, the daily mean water vapor flux patterns are classified using cluster
analysis. The 460 maps prepared during the investigation are first classified into eight general patterns.
Precipitation and atmospheric circulation patterns compositted by these clusters are then compared. Over
90 % of the total cases resemble the summer mean water vapor flux pattern, and northwesterly moisture
flows prevail.

We found that the southerly water vapor flows, which pass over the Tibetan Plateau and along the
eastern periphery of the Plateau in the lower level, are related to heavy precipitation over the Taklimakan
Desert. The simultaneous existence of a southwestward extending trough located to the north of this
region, and the ridge located in Central Asia, is peculiar to the atmospheric circulation pattern of these
cases. Although such situations appeared in up to 10 % of the total cases, they tend to occur mostly in
the wet years (1981, 1984), and account for about half of the precipitation in those wet years.
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{Yoshino, 1991). How is the water vapor provided to
produce such rainfall events? The variation of the
precipitation amount over there is likely to be in-
fluenced by both monsoon circulation and the mid-
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These studies have shown three major routes of wa-
ter vapor transport over Asia during the summer
monsoon season: 1) Southwesterly flow through In-
dia and China, 2} Southeasterly flow around the
western edge of the Pacific High, and 3) Northwest-
erly flow from Siberia. The arid and semi-arid re-
gions over China and Mongolia are likely to be di-
rectly influenced by both flow 1), which is related
to South and East Asian summer monsoons, and
flow 3), which is related to mid-latitude westerlies,
in summertime.

However, due to a lack of aerological data over
the arid and semi-arid regions, few studies have
dealt with water vapor transport in these areas, and
they yielded very ambiguous results. Zhang and
Deng (1987) summarized the precipitation and its
related phenomena over Xinjiang Province. Kato et
al. (1992) and Kato (1993) investigated the land-
surface processes and water cycles around the arid
regions of China during the 1985 warm season. Kato
(1995) summarized the recent studies of the large
to middle-scale phenomena over Northwest China.
Though these studies dealt with water vapor trans-
port as case studies, a statistical approach has not
yet been done. Thus it is necessary to analyze water
vapor transport statistically to understand the rela-
tionship between precipitation, moisture transport
and the atmospheric circulation pattern.

Recently, Kitoh et al. (1993) described the sum-
mertime moisture flux climatology over Northwest
China by using the objective analysis data provided
by the National Meteorological Center {NMC, the
present name is National Centers for Environmental
Prediction (NCEP)). They clarified the main differ-
ence of mean moisture circulation between the Tak-
limakan and Gobi Deserts. However, the moisture
transportation field related to precipitation has not
been studied. Yatagai and Yasunari (1993) inves-
tigated the relationship between precipitation and
water vapor transport around the arid and semi-
arid regions of China, by using the objective analy-
sis data of the European Centre for Medium Range
Weather Forecast (ECMWF). However, dynamic
characteristics relating to each precipitation event
have not been clarified, and interannual variability
was not investigated.

Since the First Global Atmospheric Research Pro-
gramme {GARP) Global Experiment (FGGE) year,
1979, objective analysis has been performed to
provide data yielding initial values for numerical
weather forecasting, based on optimization of ob-
servational data by using the Numerical Weather
Prediction (NWP) Model (Bengtsson et al., 1982).
These products were affected by changes in the
NWP model as well as other modifications of the
four-dimensional data assimilation (4DDA) scheme.
To reduce these effects, re-analysis efforts have re-
cently been made, and the re-analysis data set has
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recently become available. It uses a frozen state-of-
the-art analysis and forecast system and performs
data assimilation using past data to the present. It
is thus very useful for researches on climate change,
although the change of input data should be mon-
itored closely. In this study, we use the ECMWF
re-analysis data to discuss the interannual variabil-
ity of the water vapor flux field.

The purpose of this study is to clarify the inter-
relationships between water vapor transport, atmo-
spheric circulation and heavy precipitation over the
arid and semi-arid regions of China and Mongolia.
To better understand the relationship between wa-
ter circulation and climatic change, water vapor flux
is an interesting physical quantity because it is re-
flected in the atmospheric circulation pattern and
is closely related to precipitation phenomena. As
mentioned above, there have been many case stud-
ies about the relationship between precipitation and
atmospheric circulation fields. However there is lit-
tle precipitation over arid regions, and it occurs spo-
radically. As a result, a statistical approach of water
circulation based on precipitation over a large-scale
arid region may be limited. In this study, water va-
por flux patterns are classified, then they are com-
pared with precipitation and atmospheric circula-
tion patterns.

The controlling factor and mechanisms of pre-
cipitation variability may differ from area to area.
In this study, we particularly focus on the Takli-
makan Desert and a part of the Gobi Desert, which
are located at the center of the widely distributed
dry regions in the interior of the Eurasian Conti-
nent. The interannual variability of summer pre-
cipitation there shows a regionality. Namely, time
series of precipitation of the stations in those areas
show high positive correlation each other (Yatagai
and Yasunari, 1995).

The focused area is one of the driest region in the
interior of the Eurasian Continent. In most parts
of Mongolia and North and Northwest China, ex-
cept for the north of the Tianshan Mountains, more
than 50 % of the annual total precipitation occurs in
summer. To the north of the Tibetan Plateau and
in most parts of Mongolia, summer precipitation ac-
counts for more than 70 % of the annual precipita-
tion (Yatagal and Yasunari, 1995).

The names of major geographical regions used in
this study can be seen in the Appendix of Yatagai
and Yasunari (1995).

2. Data and analysis method

The objective re-analysis data produced by the
ECMWF 4DDA system were used for the period
from 1980 to 1984. The temporal resolution is four
times a day (00, 06, 12 and 18 UTC), and the hori-
zontal resolution is 2.5° x 2.5° (longitude/latitude)
grids. The original horizontal resolution of the NWP

NACSI| S-El ectronic Library

Service



Met eorol ogi cal

Society of Japan

October 1998

model used at ECMWEF to make this dataset was
T106. The data used here are the geopotential
height (z), zonal and meridional winds (V(u,v)),
temperature (T), and relative humidity (Rh) at sev-
enteen standard pressure levels {1000, 925, 850, 775,
700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50,
30 and 10 hPa} on each grid point.

The precipitable water (W) and vertically inte-
grated horizontal flux vector of water vapor (Q) were
calculated by:

1 Ps
W = —/ qdP
g J10 hPa

and

L 1 [P -
G=3 [ avar
g J10 hPa

where ¢, g, and Ps represent specific humidity, ac-
celeration due to gravity and pressure at ground
surface, respectively. Specific humidity is calcu-
lated from the temperature and relative humidity
by Goff-Gratch’s equation (Goff and Gratch, 1946).
The determination of Ps was adopted in the method
of Oki et al. (1995}, and vertically integrated water
vapor flux was computed. Since g is very small in the
upper troposphere through the stratosphere, water
vapor flux over 10 hPa can be neglected. Over and
leeward of the Tibetan Plateau, ¢ and the water va-
por flux of the upper troposphere are not negligible.
Q corresponds to the total water vapor flux. Areal
(2.5° x 2.5°) mean water vapor flux divergence or
convergence is computed using Gauss’s theorem,

/diu@dsz/@-ﬁdl,
S r

where S is the area surrounded by the adjacent four
grid points. I' is the boundary of the region, 7 is the
outward unit normal vector, and dl is the element
of length along the boundary.

The liquid water and its flux divergence in the
atmosphere can be neglected except over coastal up-
welling regions (e.g., Bryan and Oort, 1984). Thus
the balance equation for atmospheric water is

w -
W GG =E-P,

where F is the evaporation from the surface and P
is the precipitation amount falling on the surface.
If the time tendency of W (the first term) is very
small, divergence (convergence) of Q corresponds to
the source (sink) regions.

In this study, the vertically integrated water vapor
flux for the lower troposphere is also defined as

- 1 P .
Gy =1 / Vip.
g J700 hPa

These quantities were computed for every 6-hour pe-

(1)

(2)

(3)
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riod. Daily, monthly and seasonal (June, July, Au-
gust, hereafter denoted as JJA) mean values were
then obtained.

Precipitation amount data used in this study
were derived from global daily summary (GDS)
datasets compiled by the National Oceanic and At-
mospheric Administration/National Climatic Data
Center (NOAA/NCDC). The data used for this
dataset were initially received over the Global
Telecommunications System (GTS) by the NMC,
then archived at the NCDC.

3. Mean water vapor flux and its divergence
field

The vertically integrated summer mean water va-
por flux is shown in Fig. 1 for (a) the whole layer
and (b) the lower troposphere. The shaded region
in Fig. 1a represents convergence. A northwesterly
flow prevails over the arid and semi-arid regions in
the interior of the Eurasian Continent {40-50°N /60—
110°E). It converges with the southerly flow around
35°N/110°E. The overall feature shows that the wa-
ter vapor flowing to the arid and semi-arid regions of
China and Mongolia comes from the north or north-
west direction. Therefore, one of the water sources
to the arid and semi-arid regions may be located
over, and to the west of Western Siberia. The central
part of the Taklimakan Desert shows water vapor
flux divergence, whereas the eastern foot of Pamir
shows convergence. A weak convergence is spread
over most parts of the Tibetan Plateau, and the
eastern part of Taklimakan Desert. In the lower tro-
posphere, water from the north seems to flow around
the east of the Tianshan Mountains and converge
there, and then flow over the Taklimakan Desert.
Water vapor flux is not clear over North China.

The overall flux patterns are very similar to those
computed from the ECMWF operational dataset
(Yatagai and Yasunari, 1993) and from NMC (Kitoh
et al., 1993). However, the patterns of divergence
and convergence shown here are somewhat different
from those in the previous studies. Some conver-
gence is apparent over Western Siberia in Fig. la
(40-70°N/60-90°E), but was not seen in the previ-
ous results. The unrealistically strong divergence,
which appeared over open seas and the Taklimakan
Desert using the ECMWF operational dataset in the
early 1980s, is not seen in Fig. la.

Figure 2 shows the five-year mean water vapor
budget around the Taklimakan Desert for summer
(JJA). Parts of the Tibetan Plateau and Tianshan
Mountains are involved in this box. The four numer-
als in italics indicate the total water vapor transport
that crosses each boundary of the box. The num-
ber in the box denotes the net budget in the box.
A positive number represents convergence {income).
The rate of time change of precipitable water may
be neglected since this figure shows the long-term
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Fig. 1. Mean summer (JJA) water vapor transport calculated in a) the whole layer and b) the lower
troposphere (up to 700.hPa). Water vapor flux divergence and convergence (shaded) are also shown
in the upper panel. The Tibetan Plateau (contour of 3,000 m height) is represented by a thick full
line. The thin full line in a) indicates divergence, while the thin dashed line shows convergence.
Contour interval of divergence and convergence is 50mm/month.

mean. Water vapor comes in from the north, west
and south, and goes out to the east. The northerly
inflow is the largest among the three boundaries.
The water vapor budget in this box indicates a weak
convergence (1.5 x 102 kg/day).

4. Water vapor flux related to heavy precip-
itation

In this study, we focus on the relationship between

the large-scale water vapor flux pattern associated
with large-scale atmospheric circulation, and precip-
itation variability. Since spatial and temporal pre-
cipitation variability is very large in the arid region,
the regionality of precipitation should be considered
for this purpose. Yatagai and Yasunari (1995) have
shown that the summer precipitation in stations of
the Taklimakan Desert exhibits a rather coherent
interannual variation compared to other stations in
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The budget of mean summer wa-

ter vapor flux around the Taklimakan
Desert. Numbers in Italics indicate to-
tal inflow (or outflow) that crosses each
boundary of the box. The number in

the box denotes the net budget in the
box. Unit is 10'? kg/day. The net bud-
get value 1.5 x 10'? kg/day corresponds
to 0.7 mm/day, since the area of the box
is 2.2 x 10" km®.
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Fig. 3. Geographical distribution of the
daily precipitation stations in Takli-
makan Desert.

the widely-distributed arid and semi-arid regions in
the interior of the Eurasian Continent. Therefore,
we define the areal mean precipitation of 11 stations
in the Taklimakan Desert as the “Taklimakan pre-
cipitation.” The location of the 11 stations is shown
in Fig. 3.

Figure 4 indicates the daily Taklimakan precipi-
tation for 1980-1984 in summertime. The daily and
seasonal mean Taklimakan precipitation of these five
years are 0.3 mm and 30 mm, respectively. Here, we
define a daily Taklimakan precipitation exceeding
3 mm as “heavy precipitation.” Heavy precipitation
for a few days contributes most of the monthly or
seasonal precipitation. During the five years, heavy
precipitation was observed on 11 days, and 1981 was
a very wet year, especially in July and August. The
sum of the 11 days precipitation occupies about 30 %
of total precipitation for the 5-years’ summer.

The composite water vapor flux pattern for the
11 days of heavy precipitation is shown in Fig. 5.
It is interesting that a strong southerly flux is seen
over the Tibetan Plateau in Fig. 5a. Around the

803
1980 158
; 5 Eu.u.“..“nn-ununu -" !,’“ FRUTTERTIN A
£47 ‘ j'
E21 - ;
A ! ; i
q Q3 : ; 3
0 0 20 30 10 20 30 10 20 30
June July August
. 1981 56.9
T4 - 48 :
\./1 T
a JJJ-L v
0 10 20 30 10 20 30 10 20 30
June July August

@ A 3 - :
20 30 10 20 30 10 20 30
June July August
1983 . 22.4
E3 3 i
SR L b - ‘ 3
I 1o| 20 30
June July August
1984 229

3

W‘WMT

10 20 30

20 30
August

10
July

Fig. 4. Time series of Taklimakan precipita-
tion for the summer of 1980-1984. Units
are mm/day. Tick marks indicate the
days of heavy Taklimakan precipitation.
The numbers at the upper right of each
graph indicate the total summer precip-
itation of each year.

Loess Plateau (103°N/40°E), most of the southerly
water vapor in the lower level seems to flow into
the desert from the east (Fig. 5b). Since the Ti-
betan Plateau exceeds 700 hPa in height, water va-
por flux there is not computed in Fig. 5b. In Fig. 5a,
a large southwesterly flux appears over the Tibetan
Plateau and Gobi Desert, and it converges over Gobi
and around 90°E/39°N. To the north of this re-
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Fig. 5. Composite of water vapor flux pattern for the days of heavy Taklimakan precipitation (11 cases)
for a) total water vapor flux. Shaded area indicates water vapor flux convergence. b) Same as a),

but for the lower troposphere (up to 700 hPa).

gion (45-60°N/60-80°E), a large northerly flux is
apparent. These patterns differ from those of the
mean fields (Figs. la and 1b), especially over the
Gobi Desert (around 42°N/100°E). The southwest-
erly flow over Tibet, which may bring moisture over
or from the south of the Tibetan Plateau, may have
not been pointed out yet. In Fig. 5b, a southerly
flow from the south turns around the northeast of
the Plateau. This feature of lower level flow seems
to be related with the previous studies (e.g., Yatagai
and Yasunari, 1993). Details will be discussed in
Section 6.

Comparing Fig. 5a with Fig. 5b, interesting fea-

tures about the vertical structure can be pointed
out. (1) Over Gobi Desert (105°E/40°N), a con-
spicuous difference is seen between the water vapor
flux and convergence pattern. For the total moisture
field, moisture flows northeastward, but at a lower
level flux field, moisture flows westward and con-
verges there. (2) East of the Tianshan Mountains
(88°E/45°N}, the moisture flow from the northwest
to the Taklimakan Desert seems to be the same in
Figs. 5a and 5b. Around 90°E/39°N, northwest-
erly flux and upper level moisture from the Ti-
betan Plateau seem to converge at the northern
foot of the Tibetan Plateau. (3) Furthermore, the
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Fig. 6. Distribution of daily precipitation
composite for the days of heavy Takli-
makan precipitation.

easterly moisture in the lower troposphere around
100°E/40°N may be related with the convergence
around 90°E/39°N. This difference of the vertical
structure of moisture convergence should be studied
in the future.

Figure 6 shows the composite precipitation for 11
cases of heavy Taklimakan precipitation. Heavy pre-
cipitation observed at 89°E/39°N (10.8 mm/day)
and 98°E/40°N (8.6 mm/day) corresponds to con-
vergence, especially in the lower level at the northern
foot of the Tibetan Plateau.

5. Variability of water vapor transport and
precipitation over and around the Takli-
makan Desert

In the previous sections, the water vapor trans-
port pattern of the seasonal mean state and the
composite of heavy rain cases have been presented.
Relatively few days of precipitation may contribute
to most of the seasonal precipitation in the arid and
semi-arid regions. The atmospheric circulation and
water vapor transport patterns related to the pre-
cipitation event seem to differ from case to case
in such arid and semi-arid regions, because both
southerly monsoon and westerly circulations may in-
fluence these regions. Therefore, to understand the
relationship between water vapor transport patterns
and precipitation, it is necessary to analyze daily
water vapor flux patterns corresponding to daily
precipitation. Since large-scale water vapor flux re-
flects global and synoptic circulation fields, analysis
of the flux patterns may also manifest some impor-
tant relationships between atmospheric circulation
fields and heavy precipitation. »

Daily total water vapor flux patterns around the
Taklimakan Desert were classified using cluster anal-
ysis. The classified patterns were then compared
with the precipitation distribution and the atmo-
spheric circulation fields.

We preferred cluster analysis to other multivariate
analysis (e.g. Empirical Orthogonal Function analy-
sis) in classification because this method can extract
relatively minor (rare case) patterns. Characteris-
tics of classification patterns and their relationship
to precipitation, atmospheric circulation fields, and
their interannual variability are then described.

90°E

Fig. 7. The grid points where the water va-
por flux is classified by cluster analysis.

i A AL(5D)
(354)[ A2(202)

B U7

C(6)
D @

—+——EQo
N S

: F
—L 5

GQ2

HQ1
T T T
115 110 105 100 95 90

1
'
1
1
|
i
i

Distance

Fig. 8. Dendrogram represents the process
of linkage of clusters. Letters denote the
cluster types, and numerals in parenthe-
sis are the number of cases for each clus-
ter.

5.1 Classification method

The classification procedure using cluster analy-
sis is described as follows. First, daily water vapor
flux patterns for summer (JJA) days were computed
for 1980~-1984, as described in Section 2. In this
study, total water vapor flux (Q(QU, QV)) fields in
the area shown in Fig. 7 are classified. A total of 460
patterns were classified by cluster analysis using the
group average method, which is an agglomerative hi-
erarchical technique defining all pairs of individuals
in the two groups (Everitt, 1993).

Dgp, the distance between water vapor flux pat-
terns ‘a’ and ‘b,’ is defined by the following equation:

N
Dy = 3 3 V(@i ~ QU + (@Ver — QViV%,

) (6)

where 7 represents each grid point of concern as
shown in Fig. 7 and N denotes the number of grid
points (N = 126). The zonal flux at grid ‘i’ on the
pattern ‘a’ is given by QU,,, while that for pattern
‘b’ is represented by QUy;. QV,; and QVj; mean the
same as QU,; and QUy;, but for the meridional flux.
This equation is basically the same as the previous
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Fig. 9. The composite maps of water vapor flux patterns for clusters a) A, b) B, ¢) C, d) D, e)E, ) F,
g) G and h) H. Shaded areas indicate convergence of water vapor flux.

NACSI| S-El ectronic Library

80 100 120°

Service



Met eorol ogi cal

Society of Japan

October 1998

A. Yatagai and T. Yasunari

Table 1. The number of occurrence for each cluster in each year and month.

Cluster 1980 1981 1982 1983 1984 | June July Aug. | Sum
A 80 60 76 70 68 117 121 116 354
B 11 9 8 12 7 23 5 19 47
C 0 4 0 5 7 0 11 5 16
D 0 1 0 3 0 0 1 3 4
B 0 8 2 0 0 0 6 4 10
F 0 5 0 0 0 0 3 2 5
G 1 0 6 2 3 3 4 5 12
H 0 5 0 0 6 7 4 0 11
Al 29 17 38 36 32 39 70 43 152
A2 51 43 38 34 36 78 51 73 202

work applied to the wind field (e.g., Tagami, 1982;
Suzuki and Kawamura, 1987).

The individual water vapor flux patterns are
linked with each other in clusters through the fol-
lowing procedure (Suzuki, 1990).

1. The distances between all the pairs of patterns
(clusters) are calculated according to the defi-
nition in Eq. (6).

2. The pair of clusters that has the smallest dis-
tance is linked first and a new cluster is estab-
lished.

3. The distance between the new cluster and other
clusters is re-calculated according to the same
definition.

Procedures 2 and 3 are repeated until the number
of clusters decreases to one.

5.2 Classified water vapor fluz patterns

The result of cluster analysis is displayed in Fig.
8 as a dendrogram. The vertical lines denote the hi-
erarchy of clusters, and the horizontal lines indicate
the distances at which a pair of clusters is linked.
The classification is first performed at a distance
of 95 in this dendrogram, and subsequently eight
types of water vapor flux patterns are objectively
deduced. The critical distance, which divides clus-
ters, was synthetically defined based upon the num-
ber of cluster types and each composite pattern. It
is noteworthy that a cluster consisting of a small
number of cases can not be neglected because very
rare and abnormal circulation may sometimes be re-
sponsible for heavy precipitation in this arid region
as suggested in Section 4.

Cluster A includes 354 cases and accounts for
77 % of total cases as shown in Fig. 8. Therefore,
cluster A is subdivided to two sub-clusters Al and
A2 by the distance. The former includes 152 cases,
while the latter has 202 cases.

The composite maps of water vapor flux for each
cluster pattern (A-H) are presented in Figs. 9a—9h.

Two major moisture flows, related with westerly and
monsoon circulations, can be seen in all the patterns.
Cluster A has the largest number of cases as shown
in Table 1. The composite water vapor flux pattern
(Fig. 9a) resembles the seasonal mean flux pattern
shown in Fig. la. It should be pointed out that in
Figs. 9e and 9g, strong moisture flux from the south
over the Tibetan Plateau appears.

The numbers of occurrence of each cluster in
each year and month are shown in Table 1. The
Taklimakan precipitation for each cluster pattern is
shown in Fig. 10. This figure shows that the aver-
age precipitation amounts of clusters E, G and H
are very large compared to the others.

The 11 heavy precipitation cases discussed in the
previous section are classified clusters Al, A2, B, E,
G and H. Details are shown in Table 2. This table
shows that five cases of heavy precipitation are in-
cluded in Al, A2 and B, which do not show much
precipitation on average. Nearly half of the heavy
precipitation cases are included in A and B, which
somewhat resemble the pattern for the mean state.
These results indicate that the relationship between
the water vapor transporting field and precipitation
is not so simple. However, we can say that the clus-
ters related with the strong moisture from the south
such as clusters E, G and H are related to heavy
precipitation. Interestingly, appearance of classified
clusters related to heavy precipitation seems to differ
from year to year. Clusters G and H occur in 1981
and 1984, whereas A1, A2 and B occur in 1980, 1982,
1983 and only one case (August 22) in 1981. The
heaviest case, July 5, 1981 is included in H. Thus,
features of year-to-year difference of occurrences of
water vapor flux cluster patterns may be affected by
the differences of seasonal mean atmospheric circu-
lation pattern.

Figure 11 shows composites of precipitation pat-
terns of the cluster a) A, b) E, ¢} G and d} H. All
stations in Fig. 1la show little composite precipi-
tation. Heavy precipitation areas, which appear in
E, G, and H, are different among one another. De-
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Mean Tak!imakan Precipitation (mm/day)
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Fig. 10. Daily Taklimakan precipitation
for each cluster. The dashed line de-
notes the mean of daily precipitation
(0.3 mm/day).

tails are discussed with the atmospheric circulation
patterns.

In order to examine the contribution of precipita-
tion caused by each cluster, precipitation explained
by each cluster is presented in Fig. 12b. For com-
parison, number of days classified for each cluster
is presented in Fig. 12a, which is substantially the
same as Table 1. As mentioned before, 1981 was a
very wet year. It is clear that precipitation in the
summer of 1981 was characterized basically by the
patterns of the remarkable southerly flux over the
Tibetan Plateau, corresponding to clusters E, F and
H. In 1980, 1982 and 1983, the rate of precipitation
related to cluster A is relatively high, while clusters
E, F, G and H for 1981 and 1984 contribute about
half of the total precipitation. It is also notewor-
thy that in some years (e.g., 1980 and 1983) these
clusters seldom appear.

Here we discuss each cluster in terms of compos-
ite flux patterns of lower layer and associated at-
mospheric circulation. The composite Q, Q ., and
geopotential height maps for each cluster are con-
structed by averaging the cases of each cluster. Fig-
ures 13a and 13b show composites of water vapor
flux of the cluster Al for a) total flux and b) lower
level, respectively. Figures 13c and 13d represent the
same as Figs. 13a and 13b but for A2. Compositted
total water vapor flux patterns (Figs. 13a and 13c)
overlap with the composite of 500 hPa height, while
those of lower flux patterns (Figs. 13b and 13d) over-
lap with 850 hPa height fields. Major differences of
the flux pattern between these two figures are noted
around North China. Over North China, the north-
ward flux of Al is stronger than A2, which may be

Vol. 76, No. 5

Table 2. The days of heavy precipitation cases and their
classified clusters. The fourth column indicates Tak-
limakan Precipitation (unit is millimeters).

Year Month Day | Precip. | Cluster
1980 August 26 3.1 A2
1981 July 5 8.6 H
1981 July 30 3.2 E
1981 July 31 3.6 E
1981 August 4 4.1 E
1981  August 22 3.8 Al
1982  August 27 3.8 Al
1982  August 28 4.2 Al
1983  August 4 4.0 B
1984 July 9 31 G
1984 July 10 3.8 G

related to seasonal change, since Al appears more
frequently in July than other months, while A2 ap-
pears less in July. This feature is consistent with the
previous works (e.g., Lau et al.,, 1988) which show
moisture from the south generally penetrates into
the northernmost part of the Chinese Plain in July.
Atmospheric circulation patterns (500 hPa geopo-
tential height) corresponding to clusters Al and A2
are also presented in Fig. 13. A broad trough exists
around 80°E-100°E for cluster Al, while for A2,
a weak ridge is located over this region. A high-
pressure system appears over Central Asia in the
850 hPa height of cluster Al, while it does not ap-
pear in that of A2. Focussing on Figs. 13a and 13b,
vertical inclination of a trough is seen around Mon-
golia. Namely, in Fig. 13b, a weak trough at 850 hPa
height is seen around 95°E-110°E, which seems to
be related with the upper level (500 hPa height)
westward trough mentioned above. These patterns
seem to show a developing baroclinic wave, which
may relate to some precipitation events.

Average daily precipitation of cluster Al (0.3 mm)
exceeds that of A2 (0.2 mm). This result, that aver-
aged precipitation of Al exceeds that of A2, seems
to consistent with the trough around Mongolia in
the composite atmospheric circulation patterns of
A1l mentioned above.

For clusters B and C, moisture flux to the Tak-
limakan Desert is related with the westerly flow,
not with the monsoon flow. The atmospheric cir-
culation pattern (Fig. 14) composited for cluster B
shows that troughs exist at around 50°N/60°E and
37°N/110°E. The atmospheric circulation pattern
for cluster C (not shown) is similar to that of B, but
no trough exists around 60°E. Composite flux pat-
tern of cluster D (Fig. 9d) has a complicated struc-
ture. Anticyclonic circulation appears over the Ti-
betan Plateau. This cluster only includes four cases
and this pattern seldom brings rain to the desert.
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Fig. 11. Composite maps of precipitation of each station for cluster a) A, b) E, ¢) G and d) H.
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Fig. 12. a) Number of classified clusters for each year. b) Contribution of precipitation caused by each

cluster to each year’s total summer precipitation.

Strong water vapor flux from the south is found
over the Tibetan Plateau and Gobi Desert in cluster
E (Fig. 9e). Figure 15 depicts a composite height
for 500 hPa overlapped with total moisture flux,
and a composite height for 850 hPa with a lower
layer moisture flux composite for cluster E. A low-
pressure system {40°N/100°E) over the eastern part
of the desert at 850 hPa level is associated with
the northwestward or westward flux around the low-
pressure system. The relationship between the east-
erly and the precipitation around the southeastern
part of Taklimkan Desert has already been pointed
out (Zhang and Deng, 1987; Yatagai and Yasunari,
1993). The easterly and precipitation may be re-
lated with this low pressure system. In the pre-
cipitation pattern related with cluster E (Fig. 11b),
relatively strong precipitation is observed around
the low-pressure system. This low-pressure system
seems to be coupled with the upper deep trough

extending from NNE to SSW around 80°E. In this
pattern, the Taklimakan Desert is located in front of
the trough. Therefore, this circulation pattern may
cause heavy precipitation by providing unstable at-
mospheric conditions and moisture supply.

In the cluster F pattern (Fig. 9f), a westward flux
is dominant over Mongolia. A northward flux can be
seen over the eastern Taklimakan Desert. Compos-
ite water vapor flux patterns of cluster F overlapped
with circulation patterns are displayed in Fig. 16. A
strong northwestward flux, which is carried by anti-
cyclonic circulation situated in the middle part of
China, is seen over the Tibetan Plateau. At the
lower level (not shown), moisture comes from the
east. This circulation and moisture transport pat-
tern seems to be very exceptional.

Clusters G and H also represent southerly mois-
ture flux related to the southerly flow over the Ti-
betan Plateau, and they resemble each other. Figure
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Fig. 13. Composite maps of atmospheric circulation fields for a) 500 hPa geopotential height and the
total water vapor flux pattern of Al. Shaded area indicates convergence. Contour interval is 50 gpm,
b) for 850 hPa geopotential height with the lower level water vapor flux pattern of Al. Contour
interval is 20 gpm. Black area is Tibetan Plateau (above 3,000 m). c¢) The same as a) but for cluster

A2. d) The same as b) but for cluster A2.

Fig. 14. Same as Fig. 10a but for cluster B.

17 presents the circulation patterns of cluster G for
a) 500 hPa and b) 850 hPa. A large anti-cyclonic
circulation appears over Central Asia. This high-
pressure system and ridge are also seen in the com-
posite pattern of cluster H in Fig. 18 (lower level
not shown). A trough is located along 100°E, ex-
tending further to western Tibet, in cluster G. A
trough also appears along 75°E, and a weak ridge

and a high-pressure system (850 hPa) exist around
100°E. In Fig. 18, a strong convergence zone is seen
around 100°E ~/35°N, and may be related with a
Mei-yu front. At the lower level composite of clus-
ter G, a westward moisture flux associated with the
low pressure around 100°E/40°N is seen. This is
basically the same circulation pattern in the lower
layer as in cluster E. Interestingly, cluster E primar-
ily appeared in 1981, while cluster G did not (Table
1). Further, cluster H contains the cases of 1981
and 1984 and the heaviest precipitation case is in-
cluded in this cluster. The composite precipitation
pattern of G and H (Figs. 11c and 11d) show that
much rainfall is observed around 40°N/90°E. This
is a little difference from that of cluster E (Fig. 11b)
which shows relatively little rainfall.

5.8 Water vapor budget

To examine the water vapor source for precipi-
tation in the Taklimakan Desert, the water vapor
budgets of clusters A, B, E and G are computed as
shown in Fig. 19. The budget of cluster A resembles
that of the seasonal mean (Fig. 2). For cluster B,
northwesterly flux flow brings much moisture to the
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Fig. 15. Composite maps of atmospheric
circulation fields, a) for 500 hPa geopo-
tential height of cluster E with the water
vapor flux pattern of E. Shaded area in-
dicates convergence. Contour interval is
50 gpm. b) Composite maps for 850 hPa
geopotential height of cluster E with the
lower level water vapor flux pattern of
E. Contour interval is 20 gpm.

Fig. 16. Same as Fig. 10a but for cluster F.

desert, and it outflows to the eastward and south-
ward. As a net balance, this box region shows a
very weak convergence for this cluster. The budget
of cluster C (not shown) depicts a similar structure
to that of B, but this box region shows a weak di-
vergence (—1.5 x 102 kg/day). This cluster only
shows total divergence, which is consistent with the
fact that this cluster is seldom related to heavy pre-
cipitation.

The budgets of clusters E and F resemble each

Fig. 18. Same as Fig. 10a but for cluster H.

other, but convergence of E (3.5 x 10!? kg/day) is
stronger than that of F (1.2 x 10'? kg/day). This
may be related to the fact shown in Fig. 10, which
indicates averaged precipitation of cluster F is much
less than that of E. A remarkably strong southerly
flow appears in Fig. 19c. The inflow from the south
side exceeds the outflow from the north side. Mois-
ture also enters from the west, while little outflow
is seen in the east. This very weak transport at the
east side is attributed to the vertical shear of mois-
ture flux there. Specifically, the upper level eastward
(northeastward) moisture flow and lower level east-
erly moisture flow canceled each other as shown in
Fig. 15.

Clusters G and H resemble each other, we show
only the budget of cluster G. Interestingly, most of
the moisture come from the south and converges

NACSI| S-El ectronic Library

Service



Met eorol ogi cal

Society of Japan

812 Journal of the Meteorological Society of Japan Vol. 76, No. 5
a)A x1012 kg/da b)B X1012 kgiday
ﬁ@.v %Mv
a5 o 45° a— o b
T <~ = T S~ 1>
1.7 -3.9 2.7 i 4.3
—— - N o , >
K . S \5‘ ~. - ‘7A
o7y }\1.3 < i"\km{* v
30" s . . .
LSS =) 2 Il SR BRSNS -
75° 90" 105° 75 90’ 105
A
c) E x10*12 kg/da d) G x10*12 kg/day
1 i P IO & i
45° (~f{\ 57 — 45° fh‘i o s /_)
2.5 0.2 0.7 M 3
] G
N = .= - .
< i\hs.s / 95 g kf.l ' /
% =) G SN W= V. -
75° 90° 105 75° 90" 105°
Fig. 19. The budget of water vapor flux around the Taklimakan Desert for clusters a) A, b) B, ¢) E and
d) G. Legends are the same as those of Fig. 2. Each net budget value corresponds to a) 0.8, b) 0.3,
c¢) 1.6 and d) 3.2 mm/day.
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- . . F, G and H). The northwesterly patterns account
P, - for 417 cases (90.7 %), and the southerly patterns,
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Fig. 20. The mean budget of water vapor
flux around the Taklimakan Desert for
the summer of 1981. Details are the
same as those of Fig. 2. The net value
corresponds to 1.2 mm/day.

very strongly. The box mean convergence of G
amounts to 7.0 x 1012 kg/day, which is the strongest
value of all the discussed clusters.

The southerly flux suggested in Figs. 19¢ and 19d
does not appear every year. Since this analysis clar-
ified that such cases occurred frequently in 1981,
the water vapor budget averaged for the 1981 sum-
mer is presented in Fig. 20 for comparison with Fig.
2. The larger inflow from the southern boundary
in 1981 would be largely due to the frequent ap-
pearance of the above mentioned situations. It is
clearly seen that, in 1981, inflow from the southern
boundary exceeded that of the 5-year mean, while
the northern boundary inflow is weaker.

appeared more frequently in wet years. In partic-
ular, 20 cases among the 38 cases of southerly flux
patterns appeared in 1981. Of the total five-year
Taklimakan precipitation, 74.3 % was related to the
northwesterly patterns, and 24.5 %, to the southerly
patterns. In 1981 and 1984, the percentage of the
latter reached nearly fifty percent.

It has been known that precipitation in the Tak-
limakan Desert is mainly associated with distur-
bances embedded in the mid-latitude westerly cir-
culation {(Zhang and Deng, 1987). Recent obser-
vational studies of precipitation in the easternmost
part of the Taklimakan Desert have also pointed out
that the precipitation there occurs under unstable
atmospheric conditions related to westerly distur-
bances (Itano, 1997, 1998). The study concerning
the relationship between the interannual variation
of summer precipitation of the Taklimakan Desert
and atmospheric circulation also pointed out that
the wet year for the desert is related to the west-
erly trough extending around 90°E and the ridge
around Central Asia (Yatagai and Yasunari, 1995).
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The present study has proved to be consistent with
those studies. The atmospheric circulation patterns
associated with the southerly flux pattern (Figs. 15,
16, 17 and 18) represent the combination of the
deep trough and ridge around Central Asia. Fur-
ther, the atmospheric circulation pattern associated
with cluster Al shows the trough extending to the
desert. Cluster Al contains more heavy precipita-
tion cases than A2, and average precipitation of Al
exceeds that of A2. These results are consistent with
the above studies.

The deep trough extending southwestward over
Central Asia is likely to provide a very favorable
condition for supplying moisture from the south over
the Tibetan Plateau into the mid-latitude arid and
semi-arid regions. This circulation is likely to ac-
company the low-pressure system in the lower tro-
posphere around the eastern part of the Taklimakan
Desert. As mentioned above, the existence of the
trough has also been regarded as a condition for pre-
cipitation. However, a strong southerly flux over the
Tibetan Plateau has not been noted before. Accord-
ing to Luo and Yanai (1983), the eastern Tibetan
Plateau acts as a “giant chimney” funneling wa-
ter vapor from the lower to the upper troposphere.
Therefore, if the trough and ridge are located in the
right place, moisture from the south may flow over
the arid region, which is located northward over the
Plateau.

Unfortunately, the method used here cannot solve
the problem of water origin, nor how much water
vapor coming from the south really falls as precipi-
tation. In the future, it would be worth examining
the relation of the southerly flux over the Plateau
and heavy precipitation in the desert.

It is notable that the southerly circulation pat-
tern does not occur so frequently, representing no
more than 20 % of the total cases with a large year-
to-year variability. However,this pattern is related
with heavy precipitation. An El Nifio/Southern Os-
cillation (ENSO) event occurred in 1982 and 1983.
Wang and Li (1990) and Yatagai and Yasunari
(1995) pointed out that the Loess Plateau has less
precipitation in the ENSO years and weak monsoon
years. However, the present study shows that the
precipitation over the Taklimkan Desert did not cre-
ate a special signal in 1982 and 1983 compared with
other years. Comparing Figs. 17a and 17b, the ap-
pearance of cluster E seems to be more important
than that of G and H. Further studies using longer
period dataset is necessary to understand the phys-
ical mechanism between global-scale climate change
and moisture transport around the arid region in the
interior of the Eurasian Continent.

7. Summary

Water vapor transport and its divergence or con-
vergence are examined over the interior of the

Eurasian Continent, particularly with respect to
precipitation events in the Taklimakan Desert,
where the mid-latitude westerly flow and southerly
monsoon flow penetrate and interact each other.
The water vapor flux is computed using the objec-
tive re-analysis data of ECMWF.

In the vertically integrated water vapor transport
fields, the northern parts of China and Mongolia
receive water vapor from the northwest in the sum-
mer mean field. One of the water vapor sources is
likely to be in Western Siberia, including the in-
land seas and large lakes. The Taklimakan Desert
also receives water vapor transported along the east-
ern periphery of the Tianshan Mountains from the
northwest in the lower troposphere.

Precipitation and associated atmospheric circula-
tion fields are examined based on daily data over
these arid and semi-arid regions, since episodic pre-
cipitation within a few days sometimes determines
the annual total amount. Therefore, the daily water
vapor flux field is analyzed with respect to precipi-
tation variability. Here, the daily mean water vapor
transport patterns are classified using cluster anal-
ysis.

The 460 cases (days) in the summer of five years
(1980-1984) are classified into eight clusters. The
total column water vapor flux, the lower level water
vapor flux (surface to 700 hPa), the regional precip-
itation, and the geopotential height at 850 hPa and
500 hPa are then composited for each cluster. Two
major categories of water vapor flux patterns have
been deduced. Northwesterly moisture flow domi-
nates in the three patterns, representing more than
90 % of the total cases, while strong southerly mois-
ture flux is apparent in four other patterns (8.3 %
of total cases). The former basically contributes to
the mean field.

The latter pattern is characterized by the strong
water vapor flux observed over the Tibetan Plateau.
Moisture from the south is also seen at the eastern
part of the Taklimakan Desert in the lower level,
flowing along the northeast periphery of the Plateau.
In this pattern, a northerly flux also appeared over
the Desert, but it seems to be weak compared to
the southerly flow. In this case, a deep trough ex-
tends from NNE to SSW around 80°E, and a high
pressure system exists to the west (i.e., over Central
Asia). Around the Taklimakan Desert, the 850 hPa
height is relatively low, which is responsible for the
lower level easterly flow bringing inuch water vapor
from the south. This type is associated with heavy
precipitation, mainly in the eastern part of Takli-
makan.

Finally, the interannual variability of occurrence
of these clusters and the total water vapor trans-
port are investigated, focusing on strong precipi-
tation and associated atmospheric circulation pat-
terns. The southerly flux pattern frequently oc-
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curred in the wet years. This pattern occurs with
an upper level trough to the north or northwest of
the Taklimakan Desert coupled with a ridge over
Central Asia. These southerly flux patterns are as-
sociated with heavy precipitation, which occur only
in the wet years. This immediately implies that the
water vapor flux coming over the Tibetan Plateau
is strongly related to intensive precipitation, which
determines the moisture budget around the desert
and its large interannual variability.
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