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ABSTRACT

Analysis of observations from 1979 to 2002 shows that the seasonal transition from winter to spring in
East Asia is marked with a distinctive event—the onset of the south China spring rain (SCSR). In late
February, the reduced thermal contrast between ocean and land leads to weakening of the Asian winter
monsoon as well as the Siberian high and the Aleutian low. Meanwhile, convection over Australia and the
western Pacific Maritime Continent is suppressed on the passage of the dry phase of a Madden—Julian
oscillation (MJO). In conjunction with the seasonal march of monsoon circulation in the Indonesian—
Australian sector, this MJO passage weakens the local thermally direct cell in the East Asia—Australia
sector. This development is further accompanied by a series of adjustments in both the tropics and mid-
latitudes. These changes include attenuation of the planetary stationary wave, considerable weakening of
the westerly jet stream over much of the central Pacific adjacent to Japan, and reduction of baroclinicity
near the East Asian trough. The influence of concurrent local processes in midlatitudes on the SCSR onset
is also important. The weakened jet stream is associated with confinement of frontal activities to the coastal
regions of East Asia as well as with rapid expansion of the subtropical Pacific high from the eastern Pacific
to the western Pacific. A parallel analysis using output from an experiment with a GFDL-coupled GCM

shows that the above sequence of circulation changes is well simulated in that model.

1. Introduction

The East Asian sector (110°-130°E) is very sensitive
to seasonal transition—not only because it is situated
between the largest ocean and the largest continent, but
also because the atmospheric circulation over this re-
gion is strongly influenced by a Hadley circulation link-
ing the two hemispheres. Therefore, it is not surprising
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that the observed time-latitude distribution of the cli-
matologically averaged rain rate in this area exhibits
almost all essential features of the Asian—Pacific sum-
mer monsoon (LinHo and Wang 2002). What distin-
guishes the East Asian rainfall regime from other mon-
soon regimes is its stepwise evolution within the rainy
season. The annual cycle is clearly separated into a dry
phase and a wet phase (rainy season). The rainy season
can be further subdivided into five “natural” sub-
seasons: the south China spring rain (SCSR), the pre-
mei-yu period, the grand onset period, the monsoon
gyre period, and the autumn trough period. The devel-
opment from the pre-mei-yu period to the autumn
trough period has been extensively documented and
studied by many investigators (e.g., Cheang 1986; Ueda
et al. 1995; Wu and Wang 2001; LinHo and Wang 2002;
Wang et al. 2004; and references therein). However,
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FiG. 1. (a) Time-latitude distribution of the observed climatological rainfall rate (mm
day™!) over 110°-130°E based on 1979-2002 GPCP data at pentad resolution. “Natural”
subseasons of rainy season are indicated: (I) the SCSR, (II) the pre-mei-yu period, and (IIT)
the grand onset period. The boldface purple contour line corresponds to a rainfall rate of 5
mm day~'. (b) The corresponding distribution based on 20-yr output from the CM2Q control

run.

based on the accessible literature, we found that the
earliest part of the rainy season in East Asia, the SCSR,
has not been studied in comparable depth and breadth
as other phases of the rainy season. In a synoptic-
meteorology textbook widely used in China (Zhu et al.
1981), the major synoptic processes related to the per-
sistent spring rain over central China and south China
were briefly described. Tian and Yasunari (1998) ex-
amined the climatological aspects of the SCSR and pro-
posed a mechanism for this persistent spring rain event,
emphasizing the role played by the low-level southwest-
erly jet. Figure 1a shows that the SCSR starts near mid-
March, two months before the onset of the pre-mei-yu
period. The SCSR occurs within the 25°-30°N zone,
and, in many ways, has features similar to the well-
known mei-yu (plum rain) period, with strong south-
westerly winds near the coastal region, and fronts ap-
proaching the South and East China Seas. Many meso-
scale convective systems are triggered by topography
such as Nan Ling (South Hill, 25°-30°N, 110°-120°E,
with an average height of 1200 m) and the Central
Mountain Range of Taiwan (average height of 2500 m).
Occasionally, the frontal movements become slow or
even stagnant, thus leading to persistent rain for several

days, in analogy with the synoptic situation associated
with a mei-yu front. Near the mountainous border be-
tween Guangdong and Fujian provinces of southern
China, the rain in March and April could account for
one-quarter to one-third of the annual total precipita-
tion. Because the SCSR is the first persistent rainfall
after the dry winter season, its timing and intensity di-
rectly affect regional agricultural and economic activi-
ties. This phenomenon is therefore of great concern to
the densely populated communities in south China
(Chen et al. 2003).

The onset of the SCSR is not an isolated event, but is
part of a family of phenomena that are closely associ-
ated with the transition of the global circulation from
boreal winter to spring within a relatively short dura-
tion. Extratropical processes, such as the revival of the
Pacific storm-track activity after its midwinter suppres-
sion can directly influence the jet stream and the pre-
cipitation in south China during the winter-to-spring
transition (Nakamura 1992). A recent study by Wan
and Wu (2007) established the influence of the Tibetan
Plateau on the SCSR. In addition to these processes, it
is also worthwhile to investigate the possible influence
of tropical activities on the SCSR onset. The primary
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purpose of this study is to offer a description of the
myriad meteorological changes accompanying the
SCSR onset, and the interrelationships between such
changes, with emphases on the planetary perspective of
this phenomenon and its linkage with tropical phenom-
ena. Our analyses of these features are conducted using
observational datasets, as well as output from a simu-
lation based on a contemporary general circulation
model (GCM). The appearance of the phenomena of
interest in both observed and modeled atmospheres
would enhance our confidence in the robustness of
these signals. The joint observational and model diag-
noses of the processes related to SCSR also provide
valuable insights on the fidelity of the GCM in repro-
ducing essential characteristics of one of the most
prominent monsoon systems in the observed atmo-
sphere.

The presentation of our findings is organized as fol-
lows. Section 2 describes the observational datasets and
the global coupled climate model examined in this
study. A climatological picture of the seasonal transi-
tion from boreal winter to spring in East Asia is pre-
sented in section 3. The interplay among the Asian win-
ter monsoon, the Hadley circulation in the local merid-
ional plane, and Madden-Julian oscillation (MJO), and
the roles of these features in the SCSR phenomenon,
are discussed in section 4. Composite maps of various
atmospheric fields before and after the SCSR onset are
shown in section 5. Conclusions and discussions on the
seasonality of East Asian climate are given in section 6.

2. Data and model description

Most of our analysis is applied to data with a tempo-
ral resolution of 5 days (a pentad). The 5-day averaging
procedure is effective in suppressing synoptic distur-
bances, and yet retains the prominent features on the
time scales of interest. The observed precipitation field
is based on pentad-resolution data from the Global Pre-
cipitation Climatology Project (GPCP; Xie et al. 2003).
Observations of other fields are based on the National
Centers for Environmental Prediction—National Center
for Atmospheric Research (NCEP-NCAR) reanalyses
(Kalnay et al. 1996). For both datasets, the climatology
is computed by averaging the data for 1979-2002.

Model diagnosis is performed on the output from a
multiple-century control run of the Geophysical Fluid
Dynamics Laboratory Climate Model, version 2.0
(GFDL CM2.0), a global coupled climate model (Del-
worth et al. 2006). We shall henceforth refer to this
experiment as CM2Q. The spatial resolution of the land
and atmospheric components in the CM2.0 is 2° lati-
tude X 2.5° longitude. The atmospheric component has
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24 vertical levels. The resolution of the ocean compo-
nent is 1° in latitude and longitude outside of the trop-
ics. The meridional resolution equatorward of 30° lati-
tude increases gradually to 1/3° at the equator. Flux
adjustments are not employed in this model. The
CM2Q experiment yields a stable and realistic climate
(see Delworth et al. 2006). To compare with observa-
tions in sections 3—4, the model output from a compa-
rable period of 20 yr (corresponding to model years
101-120), is used to construct the model climatology. In
section 5, the output for a longer, 100-yr period (model
years 101-200) is analyzed to delineate circulation
changes relative to the SCSR onset.

Figure 1b shows the time-latitude distribution of the
climatological precipitation over East Asia as simulated
in CM2Q (averages of model years 101-120). Com-
pared to the observation (Fig. 1a), the model generates
much more precipitation in the 15°-20°N zone in June,
and the northward progression of the onset of the mon-
soon from 20° to 40°N during June is not well simu-
lated.! However, the climatological onset of the SCSR
in the model is largely consistent with the observation
with regards to timing, latitudinal position, and precipi-
tation amount. As can be inferred from Fig. 1a, the time
derivatives of the observed climatological precipitation
over south China (23°-30°N, not shown here) indicate
that precipitation starts to increase in pentad 14 (cen-
tered on 9 March), with maximum rate of increase be-
ing attained in pentad 15. The rate of increase in pentad
15 is about twice that in pentads 14 and 16. Similarly,
the rate of increase of CM2Q climatological precipita-
tion (Fig. 1b) reaches a maximum in pentad 16, and is
more than twice that in pentads 15 and 17. This favor-
able comparison between model and observations en-
courages us to conduct a parallel analysis of the SCSR
onset using both observations and CM2Q output.

Figure 2 shows the time-latitude distributions of
CM2Q-simulated precipitation over the East Asian sec-
tor, as averaged over four other consecutive 20-yr seg-
ments within the period spanning from model years 121
to 200. It can be seen that CM2Q does exhibit decadal
variability. Yet, as far as the climatology to be discussed
in later sections is concerned, we find that the influence
of decadal variability on such climatological estimates is
limited and we reach essentially the same conclusions if
we analyze output of the other 20-yr periods.

! The simulation of the poleward advance of rain belts in the
June-July period is much improved in recent experiments with a
higher-resolution (0.5° latitude X 0.625° longitude) finite-volume
version of the atmospheric component of the GFDL climate
model.
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FiG. 2. Same as Fig. 1b, except that different 20-yr segments of model output are used. Four
segments (corresponding to model years 121-140, 141-160, 161-180, and 181-200, respectively)
are plotted here. The boldface gray contour lines correspond to 5 mm day ' rainfall rate.

3. Winter-to-spring transition of the Asian
monsoon

The climatological springtime rain belt, as shown in
Fig. 1, begins in about mid-March (i.e., pentad 15, or
12-16 March). Therefore, we illustrate the transition
from boreal winter to spring by contrasting the nine-
pentad averages of climatological sea level pressure
(SLP), precipitation, and 200-hPa wind before and after
pentad 15. Figure 3a shows the observed climatology
for averages over pentads 6-14 (26 January-11 March).
The Asian continent is under influence of the Siberian
high, which extends southeastward over eastern China.
Also evident in Fig. 3a is the jet stream in the East
Asia-western Pacific sector (see arrows), which attains
maximum intensity over the region east of southern
Japan. The strong temperature gradients in the vicinity
of this jet stream (not shown) are conducive to frequent
formation of extratropical cyclones. The ensuing east-
ward migration and growth of these baroclinic distur-
bances result in an elongated zone of strengthened
synoptic-scale activity stretching all the way across the
Pacific basin at 40°-45°N. This region of vigorous eddy
activity, often referred to as the midlatitude “storm
track” (e.g., Blackmon et al. 1977), is characterized by

enhanced precipitation, as illustrated by shading in
Fig. 3a. During the period of pentads 6-14, the sub-
tropical Pacific high is confined largely to the south-
eastern edge of the North Pacific basin.

The aforementioned East Asian jet stream is main-
tained by a local, thermally direct circulation (Black-
mon et al. 1977; Lau and Li 1984). The extensive con-
vective systems over Australia and Indonesia induce
northward, cross-equatorial divergent winds at the up-
per troposphere, which in turn lead to eastward accel-
erations of the upper-level jet. Near the surface, strong
northeasterly winds blow across the equator over the
Indian Ocean (as part of the Indian winter monsoon)
and the western Pacific (as part of the trade wind sys-
tem). These cross-equatorial flows then converge with
the southeasterly trade winds in the Southern Hemi-
sphere, thus sustaining strong convection in the Indo-
nesian—Australian summer monsoon region. Hence, the
East Asian winter monsoon and the Indonesian-
Australian summer monsoon act in concert to maintain
the thermally direct circulation during the December—
February period.

The observed climatological averages over pentads
16-24 (17 March-30 April) are shown in Fig. 3b. The
following are the major differences from the patterns
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Fi1G. 3. (a) Observed climatological average over pentads 6-14 (26 Jan-11 Mar) based on NCEP and GPCP data for the 1979-2002
period. Precipitation (mm day ') is represented by color shading. SLP (hPa) is indicated by contours. Only contours around high

pressure centers are drawn. Wind vectors at 200 hPa with speed greater than 50 m s~ ' are depicted by arrows. (b) Same as (a), except
that the averages are performed over pentads 16-24 (17 Mar-30 Apr). (c), (d) Model counterparts of (a), (b) based on a 20-yr simulation

of the CM2Q control run.

for pentads 6-14 (Fig. 3a): 1) the Siberian high retreats
toward the Lake Baikal region (near 53°N, 108°E),
2) the upper-level jet stream is discernible only in a
spatially limited site near Japan, 3) the precipitation
intensity is much enhanced in a belt extending north-
eastward from southeastern China to the western Pa-
cific, whereas the rain rate along the eastern portion of
the North Pacific storm track is considerably reduced,
and 4) the subtropical Pacific high expands noticeably
toward the central and western Pacific. This phase of
the seasonal cycle is characterized by weakening of the
East Asian jet stream. Reduction of the intensity and
longitudinal extent of the jet stream leads to decreased
transient eddy activity and precipitation over the east-
ern portion of the extratropical Pacific. This develop-
ment is, in turn, accompanied by rapid expansion of the
subtropical Pacific anticyclone, the influence of which is
felt as far west as the Indochina Peninsula by the end of
the spring season (e.g., Ding 2004).

The model counterparts of Figs. 3a,b are shown in
Figs. 3c,d, respectively. As mentioned in section 2, the
model climatology is obtained using model output for a
20-yr duration. The diminution of the East Asian jet
stream, the retreat of the Siberia high, and the expan-
sion of the subtropical Pacific high from pentads 6-14
to 16-24 are all well captured in the CM2Q experiment.
The GCM successfully simulates both the spatial char-
acteristics and the amplitudes of these transitions from
boreal winter to spring. The model, however, generates
too much precipitation over southeastern China and

the adjoining ocean areas in pentads 6-14 (see Figs.
3a,c). Regardless, the model does show notable in-
creases in the rain rate over southern China from pen-
tads 6-14 to 16-24, in accordance with the observations.

4. Linking the seasonal transition to intraseasonal
oscillations in the tropics and the strength of the
local Hadley cell

As mentioned in the previous section, a local Hadley
cell plays a critical role in sustaining the wintertime
East Asian jet stream. We proceed to examine the evo-
lution of this meridional circulation in late winter and
early spring, and the manner in which this seasonal
transition is modulated by a ubiquitous mode of vari-
ability in the tropics—the MJO (Madden and Julian
1971). We shall first take a close look at the evolution
in 1986, and then extend the discussion to climatologi-
cal averages.

a. The 1986 case

The slowdown of the local Hadley circulation in the
East Asian sector can be studied in more detail by ex-
amining several variables closely related to this
phenomenon. Figure 4 shows the latitude-time distri-
butions of these fields averaged over 110°-130°E, as
observed in the January—June period of 1986. In Fig.
4d, the negative extremum in the difference between
the near-equatorial zonal winds at 200 and 850 hPa in



3086 JOURNAL OF CLIMATE VOLUME 21
1986 110-130°E
35N rain =
30N -
25N i
20N = (a)
15N =
L 16JAN 1FEB 16FEB  1MAR 16MAR 1APR 16APR 1MAY 16MAY 1JUN 16JUN ”
1988 (mm/day)
U500 s
g8 ~— =
35 - spring onset ?: (b)
30 iz
%3 > .
T T " TR 7 - ¥ T
11%%«(24 1FEB 16FEB  1MAR 16MAR 1APR 16APR 1MAY 16MAY 1JUN 16JUN ° (m/s)
div V200
N ) e o :
%ggg == i2 (C)
16JAN 1FEB 16FEB  1MAR 16MAR 1APR 16APR 1MAY 16MAY 1JUN 16JUN e
1986 . —— (m/s)
U200-U850 / Wind850 20 =
s/ 2 A 3 )7 / f B

30N T . = >

1MAR 16MAR 1APR 16APR 1MAY 16MAY 1JUN

1986 pentad 14, 20-80 day bandpass filtered rain

16FEB 16JUN

10N - e
i = :
EQ > (e)
5S EZ

103 50e 110E 120E 130E 140E 150E 160E 170E 180 (mm/day)

Fi1G. 4. (a)-(d) Time-latitude distributions averaged over the East Asia sector (110°-130°E) in 1986. (a) GPCP precipitation (white
contour line corresponds to 5 mm day!); (b) the 500-hPa zonal wind; (c) the 200-hPa meridional divergent wind (warm colors indicate
positive values and cold colors negative values); and (d) the difference between zonal wind at 200 and 850 hPa (baroclinity; warm colors
indicate positive values and cold colors negative values). The arrows indicate the wind vectors at 850 hPa with a speed of more than
6 m s~ 1. The scale for these vectors is plotted below. (e) The 20-80-day bandpass-filtered GPCP precipitation anomalies for pentad 14
in 1986. The red boldface lines in (a)-(e) indicate the onset of the SCSR, and the green boldface lines indicate the onset of the

pre-mei-yu period.

mid-February is indicative of prevalent low-level west-
erlies and upper-level easterlies in this sector. The low-
level westerly wind burst (see arrows near the equator
in Fig. 4d) is associated with the passing of the wet
phase of a MJO over the Indonesian—Australian sec-
tor.> As a result of this passage, there are surges of
upper-level divergent winds toward the northern sub-
tropics, as indicated in Fig. 4c. These surges of diver-
gent winds then strengthen the upper-level jet, as can
be seen from Fig. 4b. Meanwhile, no significant precipi-
tation is observed between 24° and 35°N in this period

2 Figures 4c.d indicate that in the first two months of 1986, the
wet phase of the MJO passed over the Australian—Indonesian
sector twice, once in mid-January and the other in mid-February.
Both passages were also identified in another study of the MJO
events in the 1985/86 winter season (Hsu et al. 1990).

(Fig. 4a). The 20-80-day bandpass-filtered precipitation
data in Fig. 4e indicates that, in early to mid-March, the
dry phase of the MJO passed over the Indonesian—
Australian sector in the Southern Hemisphere. With
such a passage, the magnitudes of both the vertical wind
shear in the deep tropics and the upper-tropospheric
divergent wind in the northern subtropics start to de-
crease, thus setting the stage for the attenuation of the
local Hadley cell and the East Asian jet stream. Figure
4b shows that a secondary jet axis emerges near 40°N in
mid-March but is not persistent. After mid-March, the
strength of the primary jet is noticeably weaker than
that observed in midwinter, and the jet axis starts to
drift northward, reaching 45°N in early and mid-April.

A comparison between the Figs 5a,b and Figs 5c,d
reveals a low-level cyclonic tendency near pentad 14
over southern China and the nearby maritime regions,
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FiG. 5. (a) NCEP 850-hPa temperature field (color shading) and geopotential height field (black contour lines), and (b) GPCP
precipitation (color shading) and NCEP 850-hPa streamlines, all for pentad 13 in 1986. (c), (d) As in (a), (b), but for pentad 15 in 1986.

which are located on the southern flank of the weak-
ening westerly jet stream in the upper troposphere (Fig.
4b). This cyclonic tendency could modulate low-level
synoptic development over those regions. The patterns
in Figs. 5a,b show that, in pentad 13 (2-6 March), south
China is still under the influence of a low-level anti-
cyclone. These charts also indicate the prevalence of
cold-air advection to central China and south China,
and no significant precipitation in that region. A shal-
low trough is developing to the northwest of the anti-
cyclone. In pentad 15 (12-16 March), deepening of this
trough leads to the formation of an extensive cyclone
system over western China. Abundant moisture is
transported to south China by the enhanced low-level
southwesterly flow (Fig. 5d). The strong temperature
gradients at 850 hPa (Fig. 5c) and the associated pre-
cipitation (Fig. 5d) in pentad 15 are indicative of a fa-
vorable synoptic environment for frontal activities over

south China. These developments result in persistent
and significant rainfall (>5 mm day~') over south
China (Figs. 5d and 4a). This rainfall marks the onset of
the SCSR. The SCSR lasts for about 2 months, and is
followed by the onset of the South China Sea monsoon
in mid-May (Wang et al. 2004). LinHo and Wang
(2002) noted that, within the pre-mei-yu period from
mid-May to June, continuous and heavy rainbands mi-
grate from the tropics to subtropics (see also Fig. 4a),
and the cross-equatorial divergent winds in the upper
troposphere reverse direction (Fig. 4c).

b. Climatological averages

The case study of year 1986 in section 4a suggests
that the SCSR onset is concomitant with the passage of
the dry phase of a MJO in mid-March, which operates
in concert with the slowly varying seasonal compo-
nents, with accompanying attenuation of the local
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divergent wind (m s~ '), and (d) difference between zonal wind at 200 and 850 hPa (m s~ '). (e)-(h) Model counterparts of (a)-(d) based
on output from the CM2Q experiment for a 20-yr period. All results are obtained by averaging the data over 110°-130°E.

Hadley cell and the East Asian jet stream. The slow
seasonal components participating in this evolution
include changes of land-ocean thermal contrast in East
Asia and the meridional thermal contrast due to the
seasonal march of insolation. To delineate the role of
these seasonal forcings in the circulation and precipita-
tion changes described in section 4a, it is instructive to
examine the seasonal variation of the climatological
averages of various signals associated with SCSR. The
counterpart of Fig. 4, as computed using observed and
simulated climatological means instead of data for a
single year, is displayed in Fig. 6. The 22-yr averages of
NCEP and GPCP data (Figs. 6a—d) show an increase in
baroclinity within the 0°-10°S zone, and corresponding
changes in 200-hPa northward divergent wind and 500-
hPa zonal winds near mid-February. Following this pe-
riod of intensification is a decrease in 200-hPa meridi-
onal divergent wind, weakening of the East Asian jet
stream, and emergence of SCSR in mid-March. A simi-

lar sequence of events is discernible from 20-yr aver-
ages of the model output (Figs. 6e-h). The climatologi-
cal charts in Fig. 6 show a distinct period of intensifi-
cation of the local Hadley cell, followed by a period of
attenuation. The appearance of such rapid variations in
long-term averaged patterns is suggestive of the contri-
butions of higher-frequency phenomena with phases
that are tied with the slow seasonal march. Candidates
for such “phase-locked” phenomena include MJO in
the tropics, and various circulation features in the mid-
latitudes.

5. Typical evolution of flow patterns prior to and
after the SCSR onset

To delineate the key atmospheric variations during
the transition from the winter to spring regimes, we
proceed to document the salient circulation changes as-
sociated with the SCSR onset. Such analysis requires
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the determination of onset dates for individual years.
The onset date in a particular year can be identified by
using data for that year to construct diagrams similar to
those in Figs. 4 and 6. The following criteria are applied
to the observational datasets, so as to obtain the SCSR
onset dates in individual years of the 1979-2002 period:

1) Occurrence of the first persistent rain episode (at
least two consecutive pentads with mean precipita-
tion rate >6 mm day ') in the calendar year in
south China (24°-32°N, 110°-130°E).

2) Deceleration and northward retreat of the boreal
winter subtropical westerly jet at 500 hPa (<30
ms ! over 25°-35°N, 110°~130°E).

3) Coherent weakening of northward divergent wind at
200 hPa (<4 m s~ over 5°-25°N, 110°-130°E).

4) Termination of the Indonesian—Australian summer
monsoon, as inferred from high outgoing longwave
radiation (OLR) values (>230 W m~?) over that
region (15°S-0°, 110°-130°E).

The SCSR onset date in each year of the 1979-2002
period generally satisfies the four joint criteria listed
above. In some years there is a premature rain spell that
agrees with the first criterion, but is not accompanied
by the changes as prescribed by the other criteria. In
such years a subsequent surge of spring rain turns out to
be more consistent with all four criteria, and the latter
event is chosen to be the SCSR onset. The onset dates
identified here will be used later to construct composite
maps.

As for output from the CM2Q experiment, we obtain
the SCSR onset dates and the composite maps using the
following method. From the model output for a 100-yr
period (model years 101-200), we select those years in
which an onset pentad of the SCSR can be identified in
an unambiguous manner. This identification procedure
uses the same criteria as mentioned above, except that
the numerical thresholds are adjusted to accommodate
differences between the observed and model climatolo-
gies. We then generate composite maps based only on
these model years with a well-defined onset date. In
total, onset dates can be determined in 60 out of the 100
available model years.

The average onset pentad of the SCSR as obtained
from observations in the 1979-2002 period is pentad 15
(12-16 March), with a standard deviation of 2.0 pen-
tads. The average onset pentad based on model output
is pentad 16 with a standard deviation of 2.6 pentads. In
view of the considerable spread among the onset pen-
tads in individual years, some of the rapid transitions
accompanying SCSR onset might not be apparent in
the climatological charts presented in the previous sec-

ET AL. 3089

tions, due to smoothing of such features in the time-
averaging process.

Figure 7 shows the composite evolution of the 20—
80-day filtered 200-hPa velocity potential, within the
time span from the fourth pentad before (hereafter,
pentad —4) to the fourth pentad after (hereafter, pen-
tad +4) the SCSR onset. The observed evolution
(NCEP, left panels of Fig. 7) is based on composites
over the entire 24-yr (1979-2002) period. The model
patterns (CM2Q, right panels of Fig. 7) are based on
composites over 60 selected years, as mentioned before.
Note that the composite charts in Fig. 7 depict the typi-
cal evolution of the filtered velocity potential field rela-
tive to the SCSR onset, which falls on different dates in
individual years. The statistical significance of the ve-
locity potential anomalies is determined using the Stu-
dent’s ¢ test, and is indicated in each panel of Fig. 7 by
gray shading. A majority of the features noted in the
following discussion surpass the 95% significance level.

The observational results (left panels of Fig. 7) indi-
cate that there is typically a MJO event traveling
around the globe during the nine-pentad period cen-
tered on the SCSR onset, thereby switching on and off
various local convection centers. Before the SCSR on-
set, the wet phase of the MJO (negative velocity poten-
tial values) travels at a slow speed (~4.5° longitude per
day at the equator) from the western Pacific to the
central Pacific. From pentad —1 to the onset pentad,
the wet phase quickly passes through the eastern Pacific
and reaches tropical Africa. At the same time, the dry
phase (positive values) occupies a vast region extending
from the eastern Indian Ocean to the central Pacific.
The center of the dry phase at the onset pentad is situ-
ated over the Philippines, Indonesia, and northern Aus-
tralia. The arrival of this signal is coincident with the
decline of the Indonesian—Australian summer mon-
soon.

As shown in the right panels of Fig. 7, the model also
simulates a MJO traveling around the globe before and
after the SCSR onset. As in the observational compos-
ite maps, the center of the dry phase of this model-
generated MJO is also located over the Maritime Con-
tinent and northern Australia at the onset pentad.
Hence, both model and observational results indicate
that intraseasonal convective activity could contribute
to the near-equatorial and extratropical circulation
changes during the SCSR onset. The overall consis-
tency between the climatological findings in section 4b
and the composite charts in Fig. 7 also confirms the
appropriateness of the criteria for identifying the onset
pentads, on which the composite procedure is based.
The amplitude of the simulated MJO, as represented by
the velocity potential variations, is considerably weaker
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FIG. 7. (left) Evolution of composite maps of 20-80-day bandpass-filtered NCEP 200-hPa velocity potential (10° m?

s~1) from lag —4

to lag +4 with respect to the SCSR onset pentad, as obtained by using data for the entire 1979-2002 period. (right) Model counterparts
from the CM2Q experiment, as obtained using data for 60 selected yr out of the total sample of 100 yr (refer to section 5 for more details
of the selection). Gray shading indicates values exceeding 95% significance as determined by Student’s ¢ test.

than that observed in both the dry and wet phases.
From pentad —3 to the onset pentad, the simulated
speed of the wet phase propagation is notably different
from its observed counterpart. This discrepancy is sug-
gestive of insufficient representation of the interaction
between convection and large-scale dynamics in the
model tropics.

To describe the evolution of the tropical divergent
circulation on time scales of a season and longer, the
sum of the second to fourth annual harmonics (which

retain periods between 90 and 180 days) of the area-
averaged 200-hPa velocity potential field in the 20°S—
20°N zone is computed. The composite of this quantity
relative to the SCSR onset pentad is displayed in Fig. 8
as a function of longitude (abscissa) and time lag (or-
dinate), for NCEP (left panel) and CM2Q (right panel)
data. The NCEP composite shows that, over the Mari-
time Continent and western Pacific, this slow-varying
seasonal component is characterized by a transition
from a wet phase near pentad —6 to a dry phase near



1 JuLy 2008

pentad lag

-1

-2

-3

60E 120E 180E 120W 60W
longitude

(10% m%/s)

LINHO ET AL.

3091

pentad lag

60E 120E 180E 120W 60W
longitude

(10° m%/s)

F1G. 8. Longitude—time distributions of the composite of the sum of the second—fourth annual harmonics of
200-hPa velocity potential (10° m?s~') averaged over 20°S-20°N. Time lags on the ordinate axis are defined relative
to the SCSR onset pentad. (left) Based on NCEP data for the entire 1979-2002 period. (right) Based on 60 selected
yr out of 100 yr in the CM2Q experiment. The East Asia sector (110°-130°E) is marked with gray dashed lines.

pentad +6. The sign reversal of this low-frequency sig-
nal occurs near pentad —2, and is coincident with the
rapid termination of the wet phase of the MJO over the
same region (see Fig. 7). Opposite changes in the low-
frequency component are evident in the Atlantic sector
(40°W=20°E), with a dry phase before the SCSR onset
evolving to a wet phase thereafter. These developments
in the observed annual harmonics during the SCSR on-
set are reproduced by the GCM to a large degree (right
panel of Fig. 8). The results in Fig. 8, as constructed on
the basis of composites of low-frequency fluctuations in
each individual years relative to the SCSR onset, are
almost identical to the corresponding plots for time-
longitude development of climatologically averaged
data for consecutive pentads (i.e., pentads 9-21) of the
calendar year (not shown here).

Within the 110°-130°E sector, the coincidence of the
wet-to-dry transitions associated with both the 20-80-
and 90-180-day frequency bands is indicative of sub-
stantial temporal correspondence between intrasea-
sonal (MJO) activities and slower seasonal migrations
during the onset stage of SCSR. This relationship is
similar to that between the fast annual cycle and slow
annual cycle associated with the Asian summer mon-
soon (LinHo and Wang 2002). As described in sections
3 and 4, the passage of the dry phase of a MJO rein-
forces the slow seasonal evolution of the atmospheric
circulation. The weakening of the thermally direct cell
contributes to the termination of the winter circulation

regime over the East Asian sector and the establish-
ment of the spring regime that lasts until mid-May. This
transition occurs within a relatively short period (~2
pentads). Such distinctive transition in East Asia during
spring, of which the SCSR onset is a prime example,
may partially be attributed to the joint effects of MJO
variability and the seasonal march.

The SCSR onset is accompanied by a series of ad-
justments in both the tropics and higher latitudes. To
delineate these changes, we subtract the composite of
selected variables over the pentads —1 and —2 from the
corresponding composite over the pentads +1 and +2.
These differences in the observed streamline pattern
and geopotential height at 200 and 850 hPa are shown
in Figs. 9a and 9b, respectively. The attenuation of the
principal wintertime upper-level troughs and ridges can
be clearly seen from Fig. 9a. For example, the strength
of upper-level troughs over the western North Pacific
(T1) and North Atlantic (T2) is reduced. Similarly, the
ridges over Siberia (R1), Azores (R2), and Alaska (R3)
are weakened. A zone of easterly wind differences pre-
vails at about 30°N near the date line. This feature is
indicative of the drastic weakening of the local westerly
jet stream during the SCSR onset. To the north of this
zone, there is anticyclonic tendency at both 200 (Fig.
9a) and 850 hPa (Fig. 9b). To the south of this zone, a
cyclonic tendency can be well identified at the 200-hPa
level, but not at the 850-hPa level. The prominent an-
ticyclonic center at 850 hPa over the northwestern Pa-
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FIG. 9. (a) Difference charts as obtained by subtracting the composite NCEP 200-hPa height and streamline pattern in pentads —1
and —2 (before SCSR onset) from the corresponding composites in pentads +1 and +2 (after onset). Principal ridges and troughs are
labeled using prefixes “R” and “T,” respectively. (b) As in (a), but for 850-hPa height and streamlines. Major highs and lows are marked
using prefixes “H” and “L,” respectively. Note that the charts depict the weakening of the major ridges/troughs or highs/lows in the
course of SCSR onset, not the ridges/troughs or highs/lows themselves. (c) As in (a), but for GPCP precipitation (mm day~'; color
shading) and NCEP 200-hPa divergent wind with difference exceeding 1 m s~ ! (arrows). All observational results are based on data for
the entire 1979-2002 period. (d)-(f) Model counterparts of (a)—(c), as computed using output for 60 selected yr out of 100 yr in the
CM2Q experiment.

cific, together with the cyclonic tendencies over sub- Fig. 9b, a low-level confluence zone with increased
tropical southeastern Asia (Fig. 9b), are indicative of northeastward flow is seen to extend from Southeast
the influences of the weakening wintertime land-sea Asia to the Korean Peninsula. This zone is almost col-
thermal contrast on the low-level circulation pattern. In  located with the south China spring rain belt as shown
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in Fig. 3. The reduced intensities of the Siberian high
(H1), Aleutian low (L1), Azores high (H2), and Iceland
low (L2) are also evident in Fig. 9b. In Figs. 9a,b, the
patterns in the Indian Ocean sector are indicative of
paired centers of low-level cyclonic tendencies and up-
per-level anticyclonic tendencies straddling the equa-
tor. These features may be forced by the enhanced con-
vection over the eastern Indian Ocean (see Fig. 9c).
Analogously, paired centers of anticyclonic tendencies

at 850 hPa and cyclonic tendencies at 200 hPa prevail in
the western Pacific-Australian sector. This pattern
could be the response to suppressed convection over
the western Pacific.

Figure 9c shows the corresponding changes in GPCP
rainfall and NCEP 200-hPa divergent wind in the
course of the SCSR onset. The much reduced convec-
tive activity over Indonesia—Australia and the SPCZ is
indicated by convergence of upper-level divergent
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winds and large negative precipitation differences over
that area. Meanwhile, large precipitation increases and
strong divergence of upper-level winds prevail in the
SCSR region along the East Asian coast. The strong
divergent winds in this sector could be associated with
both reduced tropical convection and increased local
precipitation. Over the western Pacific east of the Phil-
ippines, there is another center of negative precipita-
tion differences. This feature, together with positive
center associated with the south China rain belt farther
north, are indicative of a fast poleward shift of rainfall
over that region. In the midlatitude zone, the precipi-
tation decrease and enhanced upper-level convergence
in the eastern portion of the Pacific storm track during
the SCSR onset are apparent in Fig. 9c.

The corresponding difference charts based on CM2Q
output are presented in Figs. 9d-f. The upper-level
planetary wave adjustments in the mid- and high lati-
tudes are well captured in the model (Fig. 9d). The
difference chart at 850 hPa (Fig. 9¢) is generally con-
sistent with the observed pattern (Fig. 9b), though the
aforementioned paired centers of low-level cyclonic
tendency in the Indian Ocean sector is less apparent in
the simulated pattern. The simulated precipitation dif-
ferences over the SPCZ (Fig. 9f) are noticeably weaker
than observed. The northeastward extent of the simu-
lated positive precipitation differences over south
China is less than that in the observed pattern. This
discrepancy is consistent with the precipitation charts
presented in Fig. 3. The simulated differences in the
200-hPa divergent wind are generally weaker than ob-
served, especially on the northern and eastern flanks of
the SCSR. Generally speaking, the model is capable of
reproducing the global adjustments to the shutdown of
the Indonesian—Australian summer monsoon.

6. Conclusions and discussion

The SCSR onset is a distinct signal associated with
the transition of the global atmospheric circulation
from boreal winter to spring. The increase of insolation
over the Northern Hemisphere from January to March
gradually weakens the thermal contrast between the
continent and ocean, as well as the general north-south
surface temperature gradient. In conjunction with these
slow processes, a passage of the dry phase of a MJO
over the Indonesian Maritime Continent around mid-
March is coincident with the termination of the Indo-
nesian—Australian summer monsoon and reduction in
convective activities in that region. This combination of
events leads to a rapid weakening of the local inter-
hemispheric Hadley cell, which is in turn followed by
deceleration of the upper-level jet stream over East
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Asia, the onset of the SCSR, and the rapid westward
expansion of the subtropical Pacific high. This family of
phenomena signifies a structural change of the atmo-
spheric circulation in the Asian—Pacific sector from bo-
real winter to spring. Concurrent midlatitude local pro-
cesses in the East Asian sector could also influence the
aforementioned structural changes, including the SCSR
onset.

Diagnosis of the physical causes of the changes asso-
ciated with SCSR onset is an important step toward a
more complete understanding of the cross-season
memory of the Asian monsoon from winter to summer.
On the basis of the findings presented in the previous
sections, these physical mechanisms may be summa-
rized as follows. In mid-March, the passage of the dry
phase of a MJO over the Indonesian—Australian sector
is accompanied by reduced convection in that area.
This event operates in concert with seasonal changes of
thermal contrast, and contributes to attenuation of the
interhemispheric local Hadley cell in this sector. The
reduced convective heating in the deep tropics forces a
teleconnection pattern over the central and western
North Pacific that has been well studied by other inves-
tigators (e.g., Ferranti et al. 1990; Schubert and Park
1991; Matthews et al. 2004). The suppressed tropical
convection is associated with jet deceleration and other
midlatitude circulation changes. We again note that
various midlatitude processes (e.g., seasonal shifts in
planetary wave structure, storm-track activities, etc.)
could also contribute to jet deceleration. In the region
located north of the wintertime jet stream, the change is
characterized by an anomalous anticyclone (see circu-
lation in the vicinity of T1 in Figs. 9a and 9d). This
feature is associated with weakening of the East Asian
jet stream at 30°N, and the strengthening of the zonal
wind at ~55°N (i.e., a northward shift of the jet axis). In
the region south of the wintertime jet stream, cyclonic
tendency prevails in the upper troposphere. This
feature extends toward south China and the adjacent
oceanic areas, and could favor the development of low-
level troughs over that location. It is noteworthy that
the weakening land-sea thermal contrast also contrib-
utes to the development of low-level troughs over this
region. Intensification of the low-level southwesterly
flow over the East Asian seaboard leads into increased
moisture transport from the tropics to south China. To-
gether with the low-level cyclonic tendencies, this syn-
optic environment favors frontal development and pre-
cipitation over south China. The weakening of the jet
stream intensity (Fig. 4) leads to reduced eastward
steering of the transient disturbances by the mean cir-
culation. The rapid westward expansion of the Pacific
subtropical high (Fig. 3) serves to block the eastward
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migration of frontal systems originating from East Asia.
Both effects contribute to stagnation of weather sys-
tems over south China, thus resulting in more frequent
occurrence of stationary frontal zones over that region.

Newman and Sardeshmukh (1998) used a linear
barotropic model to demonstrate that the midlatitude
response to the MJO divergent forcing is highly sensi-
tive to the change of seasonal base state, especially in
early spring. Their results suggest that in early spring
(March) the large-scale background flows facilitate op-
timal forcing of the midlatitude circulation by tropical
convection. This inference supports our findings con-
cerning the role of MJO in the winter-to-spring transi-
tion in East Asia.

Besides the above physical connection between
tropical activities and the SCSR onset, extratropical
processes can have considerable influences on the jet
stream and the precipitation process in south China
during the winter-to-spring transition. For instance, the
revival of the Pacific storm-track activity after its mid-
winter suppression (Nakamura 1992) could modulate
the precipitation over south China. Given that the
present investigation is primarily concerned with the
relationship between tropical activities and SCSR on-
set, the detailed documentation of the extratropical in-
fluence or evaluation of the relative importance of
tropical and extratropical influences are beyond the
scope of this study. Yet these topics are worthy of fur-
ther investigation and would enhance our understand-
ing of the SCSR. For most parts of East Asia and the
western Pacific, the SCSR onset may be viewed as the
start of boreal spring; whereas the South China Sea
onset in May—June (see Fig. 1) may be deemed as the
end of this season. A prominent feature of boreal
spring is the zonal elongation of the subtropical Pacific
high (Fig. 3), with its western edge almost connecting
with the circum-global ridge line at ~30°N. This distinct
zonal symmetry suggests that the planetary-scale circu-
lation accommodates more to the astronomical solar
forcing in boreal spring than in any other season. The
tropical flow patterns in other seasons are more prone
to local monsoon influences, which lead to strong zonal
asymmetries. As noted by Hung et al. (2004) and many
others, because of their considerable thermodynamic
inertia, the monsoon systems (especially the Asian
summer monsoon) possess prolonged, cross-seasonal
memory. Hence, the relatively weak monsoon influ-
ences in boreal spring offer a window of opportunity for
the climate system in the Asian and Australian sector to
reset itself as each new Asian monsoon year (May-—
April) begins (Yasunari 1991). This notion is in accord
with the numerical experiments carried out by Webster
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(1995), which indicate drastic reduction of predictabil-
ity across the boreal “spring barrier.”

The CM2Q experiment, to a large extent, captures
the essential features of the seasonal transition in the
boreal spring. The simulated climatological evolution in
the East Asian sector during this winter-to-spring tran-
sition, as illustrated in Figs. 3 and 6, is quantitatively
consistent with observed climatology. The most notable
discrepancy between the model and observation is re-
lated to the characteristics of intraseasonal variability
(see Fig. 7). This disparity between model and obser-
vation has also been reported by the GFDL Global
Atmospheric Model Development Team (2004), who
showed that the MJO activity in the model atmosphere
is generally weaker and less coherent than that inferred
from observations. The SCSR onset is simulated rather
well by the model in spite of its underestimation of the
MIJO amplitude. These model results suggest that the
SCSR onset does not depend on the strength of MJO
activity alone, and that the possible contributions of
midlatitude processes to the SCSR onset should also be
considered. The considerable agreements between the
simulated and observed atmospheres in other aspects of
the SCSR phenomenon offer impetus to utilize this
GCM for studying various issues related to monsoon
climate (e.g., interdecadal variability of this SCSR
event and the contributions of different factors to such
fluctuations). Carefully designed model experiments
are helpful for gaining insights to low-frequency vari-
ability by virtue of the large sample sizes obtainable
from multicentury integrations, and utility of the simu-
lations for testing physical hypotheses. After demon-
strating the model’s capability to reproduce the essen-
tial features in the observed atmosphere, we could ap-
ply with some confidence this model tool to enhance
our understanding of the climatological and time-
varying aspects of monsoon climate.
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