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ABSTRACT

A case study is presented of the cold surge over East Asia during 9-13 December 1978, using nine vertical
levels of Winter MONEX data. The surge event is manifested by a rapid meridional mass flow in the lower
troposphere from the midlatitudes (~30°N) to the equator within three days. During the period studied, the
lower tropospheric circulation dramatically changed in extent and intensity. With the onset of the surge event,
the main divergent maximum began shifting from the South China Sea to southeast China. At the same time,
the upper tropospheric circulation correspondingly changed in a reversed order from that of the lower troposphere,
and a direct vertical coupling between flows in the low and high troposphere was observed.

The time-averaged meridional mass circulation between 100 and 126°E reveals a two-cell structure; the
southern cell is located between the northern South China Sea and the equator, and the northern cell between
midlatitudes and the northern South China Sea. Analysis of sensible heat transport indicates that the southern
cell is associated with warm air in the south and cold air in the north; thus it resembles a thermally-direct
local meridional circulation. Moisture transport analysis shows that the moisture source is found in the southern
branch of this cell, and the sink in the northern branch. Conversely, the northern cell is thermally indirect.

The time-mean zonal mass circulation between 32°N and 4°S is marked by two cells, linked by subsidence
near the longitudes of the South China Sea. The eastern cell is accompanied by heat and moisture sources
while the western cell is associated with heat and moisture sinks.

1. Introduction

During the northern winter, the mean meridional
circulation over East Asia is the dominant system in
the global atmosphere. It is characterized by ascending
warm air over the Indonesian “maritime continent”
and descending cold continental air over south China
and the adjacent northern South China Sea (Ramage,
1971). One of the most intriguing aspects of this system
is a succession of northeasterly cold surges associated
with outbursts of the Siberian high over China. Even
near the equatorial South China Sea, the effect of a
cold surge is felt, being manifested by strengthened
northerly or northeasterly winds, although the con-
comitant temperature signature may not be present
due to the rather quick modification of the surge by
the underlying warm sea water.

Daily changes in the planetary-scale circulation due
to cold surge activity have been studied in detail, based
on 200 mb wind data, by Chang and Lau (1980, 1982).
They demonstrated that the increase in cold air ad-

! This work was performed while both authors were affiliated with
the University of Wisconsin-Milwaukee, Milwaukee, WI 53201.
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vection over northern China is responsible for the en-
hancement of the East Asian local Hadley circulation
through increased sinking motion in northern mid-
latitudes. In response to the surge air, convective ac-
tivity in low latitudes is enhanced, causing the local
Hadley circulation to reach its maximum intensity.

- The data collected during the Winter Monsoon Ex-
periment (WMONEX) in 1978-79 have enabled more
extensive investigations of winter circulation than ever
before. More recently, the interactions between the
large-scale (Hadley type) and synoptic-scale (cold surge
type) circulations have been investigated through the
application of eigenvector analysis to sea-level pressure
and surface temperature (Chu and Sikdar, 1983). It is
hypothesized that the outburst of cold air in southeast
China follows the maximum intensity of the local
Hadley circulation by one or two days. The cold air
advection southward then feeds back to strengthen the
meridional overturning three or four days later.

During December 1978 there were a few surges and
their intensities were weak to moderate (Sadler, 1979).
The surge reported on 10 December in Hong Kong
is perhaps the most interesting because of its moderate
strength. This paper presents an analysis of the structure
and time variations of regional circulation accompa-
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nying this surge event, using nine vertical levels (1000-
150 mb) of gridded data collected during WMONEX.
The period of analysis is 9-13 December.

In its long trajectory southward, the cold surge carries
large quantities of mass in the lower troposphere. For
this reason, an examination of mass flow in association
with propagation of the surge from midlatitudes to the
tropics is fundamental to our understanding of the
meridional circulation. Since the cold surge is char-
acterized by a cold and dry air mass, it is also of interest
to monitor the heat and moisture exchanges accom-
panying its propagation. Accordingly, the aims of this
paper are: 1) to investigate the variations of the ki-
nematic features of the winter troposphere during the
surge period; 2) to evaluate quantitatively the mass
flow and to depict schematically the mass circulation;
and 3) to determine sensible heat and moisture trans-
ports in connection with the mass circulation.

2. Data and computational procedures

The University of Wisconsin gridded upper air data
set based mainly on FGGE level II-b data over the
WMONEX domain is used. This data set contains
nine mandatory levels (1000-150 mb), twice per day,
covering the period 8-30 December 1978 with a res-
olution of 2° latitude-longitude. The parameters in-
clude east-west (1) and north-south (v) wind com-
ponents, relative vorticity, horizontal divergence, tem-
perature and moisture, and the domain extends
between 36°N-8°S and 96°-130°E (Fig. 1). The ed-
iting of level II-b data involves several steps. First, data
from each station within the domain are tabulated in
time-height format, values beyond physically unrea-
sonable limits being excluded. Second, horizontal fields
of wind, temperature and specific humidity are hand-
analyzed at each level, again with inconsistent data
being deleted. As a final step, FGGE level III-b data
are added along the boundaries of the domain. The
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Fi1G. 1. Map showing the locations of the two areas where
the net heat and moisture transports are computed.
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merged data sets are then gridded using an objective
analysis scheme described in Barnes (1973). For details
on the editing of this data set, see Mower ez al. (1983).

Using the Helmholtz theorem, the horizontal wind
vector V can be decomposed into the sum of divergent
(V) and rotational (V,) wind components such that

V=V, +V,=Vx+kXWVy, (1)

where  is the velocity potential, ¢ the streamfunction,
and k the unit vector in the vertical direction. These
two components are defined separately as

k-VXV=vy, (2)
V.V =V, 3)

where V2 is the Laplacian operator. Using the computed
divergence and the vertical component of the vorticity
from the data set, Eqs. (2) and (3) are solved for the
¥ and x fields using the direct method of the discrete
Poisson equation (Dorr, 1970). We have used mass-
adjusted divergence fields such that the vertical mass
fluxes at 1000 and 100 mb vanish. Inasmuch as the
study domain is regional, an appropriate boundary
condition for y is required. Boundary values of x are
set to zero and the streamfunction is obtained using
the method of version III suggested by Hawkins and
Rosenthal (1965). Since the boundary condition for
x is assumed to be zero along the periphery, the fol-
lowing calculations are performed using the entire do-
main except for the outer two boundaries. It is rec-
ognized that this imposed boundary condition may
give gradients of the x-fields somewhat different than
those derived from the global domain. This is the in-
herent shortcoming of the regional-scale domain used
in this study. -

From Eq. (1), the zonal (u,) and meridional (v, )
components of the divergent wind V, are, respectively,

u, = dx/ox,” v, = dx/0y.

Thus, the intensity of meridional circulation, 7, as-
sociated with the divergent wind is

1 X1+Lx

=Z_x Xi

where X, is the starting longitude and L, the length
of a zonal extension. The zonal extent of the /,,, integral
is 100-126°E, and I,, is calculated at six latitudinal
bands centered at 29, 24, 18, 12 and 6°N, and the
equator. Each band consists of a 10° latitudinal span,
except for the extreme northern band where only 8°
of latitude are used due to the constraint in our study
domain. Likewise, the intensity of zonal circulation,
I, is

I, v, dx, 4)

y1+Ly

1
I.= Z— uxdys (5)

y Y1

where y, is the starting latitude and L, the length of
a meridional extension. The meridional extent of the
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I, integral is 32°N-4°S, and I, is calculated at four
longitudinal bands centered at 104, 110, 116 and
122°E. Again, the 10° longitudinal bands are used.

With the computed I,, and I, we define the verti-
cally-integrated mass flux F of the divergent wind from
levels P, to P, as

P2

Fn==| Indp, (6)
P1
1 P2

Fz = _f Izdp, (7)
gJp

where the subscripts 7 and z represent the meridional
and zonal components, respectively.

In a way similar to the mass flux computation, the
vertically-integrated sensible heat () and moisture
(M) transports associated with the divergent wind are

1 P2
H,=- T,.dp,

(8)
g Jp
1 P2
H,=- T.dp, 9
g Jp
1 P
My = [ Wodp (10)
g Jp
P2
Mz = - Wzdp, (l 1)
Py
where
1 X1+Lx
T =— f v, T'dx,
Lx X1 x .
1 yi+Ly
T,=— f u, T'dy,
LJ, "%
l X14+Lx
Wy, =— f v, q'dx,
Lx X1 xq .
1 My
R L,
L), uq'dy
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Deviations from area mean temperature and mixing
ratio are denoted by 7" and ¢', respectively.

3. Mean x and ¢ fields

The time-mean velocity potential fields, x, during
the period 9-13 December 1978 at 850, 500 and 200
mb, for the domain bounded by 34°N-6°S, 98-128°E,
are presented in Fig. 2. At 850 mb (Fig. 2a), the flow
spilling from Indochina to both the equatorial “mar-
itime continent” and northern midlatitudes is appar-
ent. (The flow direction is defined here from negative
to positive x.) A weak east-west circulation is also
depicted in Fig. 2a. At 500 mb (Fig. 2b), the pattern
is different from that at low levels. The divergent out-
flow from Celebes toward southeast China and Taiwan
is conspicuous. The x field at 200 mb (Fig. 2c) is
approximately inverse to that shown at 850 mb, sug-
gesting a vertically coupled cell. A strong, divergent
outflow centered over Borneo at the upper level (Fig.
2c¢), together with the low-level inflow over the equa-
torial region (Fig. 2a), indicates a pronounced rising
motion over the equator. Conversely, a sinking motion
over Indochina is implied by Figs. 2a and c. However,
it should be kept in mind that the strongest tropical
outflow at 200 mb during WMONEZX is observed over
the equatorial central Pacific (Sumi and Murakami,
1981; Lau et al., 1983). Thus, the rising motion over
Borneo and sinking motion over Indochina do not
necessarily imply a connected and closed overturning
process. The sinking motion over Indochina contrasts
with previous studies in which strong subsidence was
observed over central China (Krishnamurti et al., 1973,
Murakami and Unninayar, 1977). This difference may
result from the short sampling period (five days) of
this study versus the long-term observations of previous
studies. _

Figure 3 shows the time-mean streamfunction ¢ at
850, 500 and 200 mb. The low-level pattern (Fig. 3a)
is marked by the presence of an anticyclonic circulation
over south China and a cyclonic circulation (in the
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FIG. 2. Time-mean velocity potential (10° m? s™') during 9-13 December 1978. Interval is 5 units.
(a) 850 mb, (b) 500 mb and (c) 200 mb.
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F1G. 3. Mean sireamfunction during 9-13 December 1978. (a) 850 mb, (b) 500 mb and (c) 200 mb.

Northern Hemisphere sense) along the equator. The
northeasterlies over a large portion of the South China
Sea are evident. Streamfunctions at the middle and
upper levels (Figs. 3b and c¢) reveal that midlatitude

westerlies are separated from the low-latitude easterlies -

by the subtropical high pressure which extends out of
the analysis domain near 15°N. At 200 mb,.a strong
north-south streamline gradient is found around 20-
30°N, reflecting the existence of the upper-level west-
erly jet.

4. Temporal variation of x field

In this section the discussion is focused on the time
variations of the x field at 850 and 200 mb, because
flow changes are most prominent at these two levels.
At 0000 (all lines GMT) 9 December (Fig. 4a), the
most distinct features are that the low-level divergent
southerlies and northerlies emanating from the diver-
gent center over the South China Sea move toward
central China and Celebes, respectively. Twelve hours
later at 1200 9 December, the convergence area in-
dicated by the positive x maximum in southeast China
appears to be located farther eastward and is moderately
intensified (Fig. 4b), and the divergence area over the
South China Sea tends to be shifted farther inland to
Indochina. The convergence area over Celebes also is
intensified. At 0000 10 December, in contrast to the
preceding day when only one divergent center is ob-
served, two divergence maxima are noted, one in
southeast China and the other in the South China Sea
(Fig. 4c). The former maximum appears to be related

to a cold surge event reported in Hong Kong (Sadler,

1979). The convergence area over southeast China in

Fig. 4b is now located over the East China Sea. This

eastward displacement coincides with that of the trav-
eling synoptic systems over southeast China docu-
mented in Chu and Sikdar (1983). By 1200 10 De-
cember (Fig. 4d), the divergent center over southeast
China has become established and much of the di-
vergent northerly flow goes into the South China Sea

and the equatorial region. It is interesting to note that
this pattern is nearly a reversal of that observed on 9
December, except over Celebes where the convergence
area remains. This probably indicates the effect of the
cold surge on the modulation of regional circulation.
On 11 December, the fields are dominated by the di-
vergent center along the southeast China coast (Figs.
4e-f), and the eastward propagation of this center in
midlatitudes is still appreciable. By 0000 12 December,
the divergent maximum is centered over the South
China Sea (Fig. 4g), and the feature becomes similar
to that in Fig. 4a. Twelve hours later at 1200 12 De-
cember (Fig. 4h), the divergent maximum over the
South China Sea has become well developed.
Throughout the next 24 hours (Figs. 4i-j) the divergent
maximum has diminished considerably while the con-
vergent maximum over the equatorial region has sig-
nificantly increased, implying the enhancement of as-
cending motion over the equator.

~ Figure 5 illustrates the time variations of x fields at
200 mb. In general, they are approximately reversed
from those at 850 mb (Fig. 4). At 0000 9 December,
flow is directed from both midlatitudes and the equator
toward the South China Sea (Fig. 5a). At 1200 9 De-
cember, the upper-level divergent center over southeast
China is located further eastward (Fig. 5b), consonant
with the displacement of the convergence area at low
levels (Fig. 4b). Together with the features presented
in Figs. 4a, 4b, 5a and 5b, we note that the lower-level
convergence area and upper-level divergent center are
coincident, suggesting a vertical coupling which extends
deeply throughout the troposphere. In Fig. 5S¢, the east-
ward displacement of the divergent maximum in mid-
latitudes continues to be evident. By 1200 10 Decem-
ber, the most remarkable feature at the upper level is
the broadening of the convergence area (Fig. 5d) cov-
ering south China and much of Indochina. The di-
vergent maximum over east Borneo and Taiwan has
become organized. Throughout the next 72 hours, the
upper-level convergent maximum over Hainan and
north Vietnam has been maintained (Figs. Se-j), with
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a maximum intensity at about 0000 12 December (Fig.
5g). The divergent maximum over the equator remains
in sight and slowly reaches its maximum intensity at
1200 13 December (Fig. 5j), indicating an enhanced
rising motion along the equator.

5. Mass, sensible heat and moisture transports
a. Mass flux

To investigate quantitatively the mass fluxes accom-
panying the northeasterly cold surge event, the tem-
poral variations of I,, have been plotted at all nine
vertical levels during the entire analysis period (not
shown). Based on these plots, meridional mass fluxes
are integrated vertically at three layers using Eq. (6).
The thicknesses of these three layers are somewhat
arbitrary. The lower layer is determined from the sur-
face (1000 mb) upward to the level where mass flux
changes sign. A typical example is given in Fig. 6.
Similarly, the upper layer is determined from the top
(150 mb) downward to the level of sign change. The
remaining layers are assigned as the middle layer. In
general, the lower layer is confined below 700 mb, and
the upper layer is somewhere between 150 and 400
mb. Sometimes, due to the deep vertical layers in both
the lower and upper troposphere, the middle layer can-
not be identified. Even if the middle layer can be dis-
cerned, the positive and negative mass flows within
that layer tend to offset each other and make the ver-
tically integrated values small. For this reason, the dis-
cussion is limited to the lower and upper layers.

Figure 7 illustrates the temporal variations of the
vertically-integrated mass flows associated with the
meridional component of the divergent wind, F,,, in
the lower layer during 9-13 December. The profile
indicates that a southward flow is rendered effective
by the presence of the cold surge across the entire
domain, i.e., starting at 1200 9 December near 30°N
and ending at 1200 12 December near the equator.
This rapid southward mass flow in the lower layer,
accomplished within three days from midlatitudes to
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FIG. 6. Vertical profile of meridional mass flow (m s™')
at 1200 GMT 9 December 1978.
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the equator, agrees well with the results of Chu and
Sikdar (1983). The magnitude of this maximum equa-
torward flow is ~4.3 X 10° kg s™' near 30°N and 13
X 10° kg s™! at the equator between 100-126°E. An-
other noteworthy phenomenon shown by Fig. 7 is that
during the entire period the time-averaged mass flow
is poleward near 30°N, while equatorward flow prevails
over the area south of 18°N. This suggests that mean
meridional mass divergence occurs somewhere near
the latitudes of the northern South China Sea, which
is consistent with the x analysis presented in Fig. 2.

The vertically-integrated meridional mass flow in
the upper layer is also shown in Fig. 7. At 1200 9
December, a strong poleward flux is dominant near
30°N while a strong equatorward flux is observed in
the lower level. Concurrent with the establishment of
the equatorward mass flow in the lower layer at 1200
10 December, a strong upper-level poleward flux occurs
at 24 and 18°N. The time-averaged flux in the upper
level indicates that the equatorward mass flow is con-
spicuous to the north of 18°N while poleward flow is
evident in the region south of 12°N.

A synthesis of the mean meridional mass flow in
the lower and upper layers (Fig. 7) reveals a vertical
circulation consisting of two cells whose descending
branch is in the South China Sea and whose ascending
branches are in the equatorial region and midlatitudes
(Fig. 8a). The position of the descending branch is in
agreement with the result of a recent study by Lau et
al. (1983). Their analysis indicated a convergence of
the 200 mb meridional component of the divergent
wind over the latitudes of northern Indochina, from
the composites of 11 cases of cold surges during the
Winter MONEX period. It is noted that the sinking
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F1G. 8. (a) Schematic diagram showing the time-averaged meridional mass circulation and the accompanying
heat and moisture transports. The mass circulation is denoted by solid curves, except near midlatitudes
where the double broken line indicates uncertainty in the position of the rising branch. At low levels, mass
flow (solid arrow), sensible heat transport (broken arrow), and moisture transport (dotted arrow) are denoted
in order. Lengths of arrows are scaled according to their magnitudes. HC and HD denote areas of obvious
heat convergence and divergence, respectively. MC and MD are areas of obvious moisture convergence
and divergence, respectively. At upper levels, only mass flow and heat transport are shown. (b) As in (a),
except for time-averaged zonal mass circulation and the associated heat and moisture transports.

branch in this study tends to tilt slightly equatorward
with height. This sinking branch connecting the south-
ern and northern cells reflects the dominance of the
subtropical high pressure of the North Pacific, which
extends frequently into the South China Sea. The po-
sition of this high pressure is depicted clearly in Chang
et al. (1981) and also in Fig. 3. The upward motion
in midlatitudes is inferred from mass continuity due
to the equatorward (poleward) flow in the upper (lower)
troposphere, together with the downward motion in
the northern South China Sea. Another area of strong
rising motion is found over the equatorial trough zone
-where convective activity is expected to be strong.
The vertically-integrated mass flow associated with
the zonal component of the divergent wind, F., is
determined using Eq. (7). Figure 9 shows the temporal
variations of F, in the lower and upper troposphere.

In the lower layer, eastward mass flow is observed at
1200 9 December near 104°E, and then it changes to
a westward direction until 1200 13 December. Similar
variations can also be found in the areas farther east-
ward to about 116°E. During the entire period the
variations of F, near 122°E tend to fluctuate inversely
with those near 104°E. Since the westward and east-
ward flows predominate in the western and eastern
portions, respectively, the time-averaged flow exhibits
a low-level mass divergence in the study domain. The
variations of the zonal mass flow in the upper layer
are approximately inverse to those in the lower layer,
and the time-averaged profile would thus be favorable

. for an upper-level mass convergence.

The mean zonal mass flow exhibits a two-cell struc-
ture, i.e., the eastern and western cells are connected
by a sinking branch near the longitudes of the South
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FIG. 9. Vertically-integrated zonal mass flow (10* kg m™' s7') in
the lower troposphere (solid line) and upper troposphere (broken
line) during 9-13 December 1978.

China Sea (Fig. 8b). The axis of this sinking branch
tilts westward with increasing height. Again, this sinking
arm may be a result of large-scale subsidence in the
subtropical high pressure region. Due to the limited
east—west area involved in this study, the rising motion
could not be depicted in this analysis. Therefore, the
zonal cells should not be interpreted in terms of closed
circulation cells.

b. Sensible heat transport

In connection with the mass flow, it is of interest
to examine the character of heat transport associated
with the mass circulation displayed in Fig. 8. The com-
putation for this is carried out for the term 7'V, not
T'V',, where the prime denotes the deviation of tem-
perature from the spatial average at any level.

Figure 10, derived from Eq. (8), shows the vertically
integrated meridional heat transfer H,, in the lower
troposphere. At 1200 9 December, a large positive heat
transfer is observed near 30°N. Since the northerly
component of the divergent wind (v, < 0) predominates
at this time (Fig. 7), a negative temperature deviation
(T" < 0) resulting from the cold surge is required for
the positive heat transport. This positive heat transport
can be discerned in an area farther southward to 18°N,
where the maximum positive values change succes-
sively in space and time. Considering only the merid-
ional heat transport effect at 1200 9 December, the
low-level air between 29 and 24°N experiences a tem-
perature decrease of about 3.4°C per day due to the
cold air advection. Another noteworthy feature in Fig.
10 is the general prevalence of negative heat transport
in the region south of 12°N. Since northerlies prevail
in low latitudes (Fig. 7), a positive temperature devia-
tion would account for this negative heat transport.
Near the equator, the large heat transport observed
between 1200 11 December and 1200 12 December
is particularly conspicuous. This is the time when the
low-level southward mass flow reaches its maximum
(Fig. 7).
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FI1G. 10. Vertically-integrated lower-layer meridional sensible heat
transport (10° K kg s™' m™') during 9-13 December 1978.

Sensible heat transport in upper levels displays a
large negative value from 1200 9 December to 0000
10 December near 30°N (Fig. 11). Since poleward mass
flow (v, > 0) prevails (Fig. 7), the negative temperature
deviation (T" < 0) is thus required for this negative
value. This phenomenon, together with the low-level
features in Fig. 10, demonstrates that strong cooling,
resulting from the surge event, is present in the entire
tropospheric column near southeast China. Near the
equator, the transport of heat is in general directed
poleward, with the strongest transfer occurring between
1200 11 December and 1200 12 December. This pos-
itive heat transport is due to the product of the return
flow (v, > 0) in the southern cell (Fig. 8a) and the
positive temperature deviation. More importantly, a
comparison with Figs. 10 and 11 indicates that strong
tropospheric warming takes place in low latitudes fol-
lowing the surge event in south China (~30°N), with
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F1G. 11. As in Fig. 10, lower-layer but for the upper troposphere.
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a time lag of about two days. This warming has been
maintained for 24 hours. It is conceivable that the
enhanced ascending motion in the equatorial region,
induced by the surge event, would carry considerable
heat upward through convection, warming the upper
troposphere. Of course, the effect of latent heat release
on the warming is not considered in this study but
may be important.

The time-mean meridional heat transport H,, in the
lower and upper levels is also shown in Fig. 8a. This
diagram illustrates a significant low-level heat transport
out of the latitudes of the South China Sea (24-6°N),
and transport into the latitudinal belts 29-24°N and
6°N-0°. The cooling due to the outward transport of
heat in the South China Sea and nearby Indochina
may be partly compensated by the adiabatic warming
resulting from the subsidence (Fig. 8a). In the upper
level, warming occurs over the entire domain, due to
the net gain of the heat transport. With respect to the
mean meridional mass circulation, the southern cell
is characterized by a thermally direct circulation with
warm air in low latitudes and cold air near the northern
South China Sea. Conversely, the northern cell resem-
bles a thermally-indirect circulation with ascending
motion in midlatitudes and descending motion in the
northern South China Sea.

The time-averaged zonal heat transport in the lower
and upper layer is also presented in Fig. 8b. Low-level
net heat loss (cooling) occurs between 104 and 110°E,
and a net heat gain (warming) occurs between 116
and 122°E. An upper-level net heat gain (warming) is
found between 104 and 110°E, with small variations
elsewhere. This is consistent with the mean zonal mass
flow in which upper mass convergence is noted in the
longitudes of Indochina.

Combining the meridional and zonal heat contri-
butions, it is possible to estimate the magnitudes of
the net heat gain or loss in the lower and upper tro-
posphere. For this purpose we selected two areas rep-
resentative of the Indochina—-northern South China
Sea region, and the equator (Fig. 1). Our calculation
shows that warming prevails more in the lower tro-
posphere, with values of approximately 0.4 K day™

in the equatorial region. In the region representative -

of Indochina-northern South China Sea, the low-level
cooling is ~0.2 K day™'.

¢. Moisture transport

It is also interesting to examine the moisture source
and sink regions in relation to.the mass circulation
depicted in Fig. 8. In a way similar to the heat transport,
the computation for moisture transfer is performed
for the term ¢'V,. Since the specific humidity is con-
centrated in the lower portions of the troposphere,
only the low-level moisture transport is examined.

Figure 12 shows the vertically-integrated meridional
moisture transfer M,,, whose configuration is broadly
similar to the heat transport (Fig. 10), although the
variations of moisture transport are smaller. Concur-
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FiG. 12. Vertically-integrated lower-layer meridional moisture
transport (kg s~' m™') during 9-13 December 1978.

rent with the appearance of the cold surge at 1200 9
December in midlatitudes, the meridional moisture -
transport has positive values, because the northerlies
(v, < 0) tend to be dry (¢’ < 0). This positive moisture
transport is discerned farther southward to 18°N, as
is the case with the heat transport (Fig. 10). In the
tropics, the transport by the moist equatorial northerlies
is predominantly negative. The large moisture gain
during the period 1200 11 December to 1200 12 De-
cember is most pronounced; this is about two to three
days after the surge occurred in midlatitudes.

The profile of the time-averaged meridional moisture
transport (Fig. 8a) implies that the latitudinal distri-
bution of the moisture sink is roughly between 24 and
6°N, while moisture sources are at higher and lower
latitudes. This parallels the heat transport profile in
which a low-level heat sink is observed in the Indo-
china-South China Sea region and low-level heat
sources are revealed near the equator and in mid-
latitudes. The time-mean zonal moisture transport (Fig.
8b) indicates that the dominant moisture sink is con-
fined to the longitudes of Indochina, and that the
moisture source is found in the longitudes of east Bor-
neo and the Philippines (116-122°E).

For the boxes chosen (Fig. 1), the Indochina-north-
ern South China Sea region shows a moisture loss at
a rate of 0.08 g kg~! day™’, while the equatorial region
experiences a moisture gain of 0.25 g kg™' day™.

6. Summary and conclusions

An analysis has been carried out using Winter MO-
NEX data to study the regional circulation over East
Asia during the period 9-13 December 1978 when a
moderate cold surge occurred. The temporal variations
of the regional circulation are discussed in a time se-
quence of 12-hour intervals. Prior to the occurrence
of the surge in midlatitudes, the low-level divergent
flow is directed outward from the South China Sea to
south China and the equator. When the cold surge
occurs along the south China coast, the main low-level
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divergent center has shifted to the coast of southeast
China and the mass appears to be spilled out from
this center toward the equatorial regions. This distri-
bution maintains itself for about a day. After this pe-
riod, there is a tendency for flow to return to the pre-
surge conditions, with the divergent center located over
the South China Sea, and an enhanced low-level con-
vergence in the equatorial region. The corresponding
upper-level circulation tends to vary in a reversed order
from that of the low-level motion, implying a sub-
stantial vertical coupling. However, due to the limited
domain used in this study, the rising and sinking air
should not be viewed as a simple, closed overturning
system.

The cold surge is effective in transporting low-level
mass from midlatitudes to the equator within a short
time period (~ three days). Temporal variations of
temperature and moisture indicate that the surge effect
is most pronounced in the region north of 18°N. At
the equator, substantial low-level warming and mois-
tening occur two or three days after the surge event
in midlatitudes.

The time-averaged meridional mass flow at six lat-
itudinal bands indicates that the regional circulation
is dominated by two cells (see Fig. 8a). The southern
cell is located between the northern South China Sea
and the equator, and the northern cell covers northern
midlatitudes and the northern South China Sea. For
the southern cell, sensible heat and moisture transport
analyses reveal that the heat and water-vapor conver-
gence and divergence occur around the equator and
northern South China Sea, respectively. Thus, this cell,
with ascending warm, moist air in the south and de-
scending cold, dry air in the north, has the character
of a thermally-direct circulation. By contrast, the
northern cell is a thermally-indirect circulation.

The time-mean zonal mass circulation also reveals
a two-cell structure, connected by subsidence in the
longitudes of the South China Sea. The eastern cell is
characterized by a heat and moisture source in the
lower layers while the west cell is marked by low-level
cooling, a moisture sink, and upper-level warming,.

In order to estimate quantitatively the net heat (and
moisture) gain or loss, one area in the northern South
China Sea and another near the equator were selected
(see Fig. 1). The northern South China Sea experiences
a low-level cooling and drying, and a small upper-level
warming. The equatorial region also shows a small
upper-level warming, but a low-level warming and
moistening,.

The two-cell meridional and zonal circulations are
linked by a sinking branch, which defines the northern
and western boundary of the subtropical high pressure
in the North Pacific. This high separates midlatitude
westerlies from tropical easterlies. The pulsations of
the midlatitude anticyclone in which the cold surge is
embedded appear to interact with the subtropical high
pressure system. The massive build-up of the midlati-
tude anticyclone results in the outburst of cold air in
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southeast China. When this occurs, the subtropical
high retreats. The interactions of these two systems
are best illustrated in a recent study by Lau er al
(1983) from a composite of 11 cases of cold surges
over a larger Winter MONEX area. They noted that
after a cold surge the 850 mb streamfunction is dom-
inated by two cells, one over East Asia and the other
over the eastern North Pacific. The North Pacific cell
tends to shift correspondingly eastward when the mid-
latitude anticyclone over the east China coast moves
eastward.
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