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SUMMARY

East Asian cold-air outbreaks, accompanied by increasing surface pressure (*pressure surges’), are shown to
be an important aspect of the subseasonal variability of the winter monsoon system. In this study the statistical
linear relationship between pressure surges, tropical convection, and tropospheric circulation is assessed using
a ten-year data set (1985/86-1994/95) of the Enropean Centre for Medium-Range Weather Forecasts gridded
operational analyses. From spectral analysis the pressure, wind, and temperature fluctuations indicative of strong
pressure surges are found to have statistically-significant spectral peaks at submonthly periods (6 to 30 days).
iinear regression analysis is used to detail the time evolution of the dominant horizontal and vertical structure of
east Asian pressure surges. Surges are shown to relate significantly to circulation anomalies in both the meridional
and zonal components of the lower-tropospheric wind. Relationships between east Asian pressure surges in the
submonthly band and tropical circulation anomalies are found over the Bay of Bengal, the eastern Indian Ocean,
Indonesia, and the western Pacific regions. Submonthly surges over the South China Sea are related to strong surges
and convective activity south of Indonesia, over the South China Sea, the eastern Indian Ocean, and the Philippine
regions. Surge-enhanced convective activity is found to precede an enhancement of the local east Asian Hadley
ceil. Submonthly surges over the Philippine Sea are related to periods of westerly-wind anomalies and convective
activity in the western Pacific. Upper-level wave activity over western Asia precedes submonthly surges. The wave
activity amplifies in the region of the Pacific jet stream, and can be traced dispersing equatorward through the
region of upper-level westerlies over the eastern tropical Pacific.

Keyworps: Cold surges  Pressure surges  Shelf waves  Tropical-extratropical interaction

1. INTRODUCTION

During the east Asian winter monsoon, periods of strong northerly winds and anoma-
lously low temperatures dominate the synoptic weather from Siberia to the South China
Sea. Although different definitions of these so-called ‘pressure surges’ have been proposed,
(e.g. Boyle and Chen 1987), consensus exists on a few important characteristics in the re-
gion of east Asia; a sharp drop in temperature is accompanied by a strengthening of the
climatological northerly winds and an increase in surface pressure. As enumerated by Boyle
and Chen, surges have been defined by arbitrary thresholds of 12- to 24-hour temperature
changes, wind acceleration, wind speed, surface pressure changes, and station-pressure
differences. Absolute agreement on a definition for surges is difficult to find, probably
because east Asia 1s an extensive area and individual researchers construct definitions
based on the local response to the surge. East Asian pressure surges are also termed ‘cold
surges’ because a decrease in temperature as far south as 17°N accompanies the increas-
ing pressure and northerly winds (Chang ez al. 1983). Wu and Chan (1995) preferred the
term ‘northerly surge’ to highlight the increase in wind speed that is predominantly from
the north. In studying the tropical-midlatitude relationship during surge events the term
‘pressure surge’ is probably more applicable as it will be shown that, while these events do
not always bring significant near-surface temperature perturbations to the near-equatorial
tropics, they are usually associated with non-negligible changes in the tropical pressure
and wind fields.
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Figure 1. Map of smoothed orography at 2.5° resolution. The contour interval is 2.5 hm until 10 hm (light grey

shading), and 100 hm thereafter {dark grey shading). Geographical features referenced in the text are indicated.
The inset shows the regions that previous studies have indicated for surge activity and related tropical vartability.

Two separate east Asian regions, the Philippine Sea and the South China Sea, fre-
quently experience occurrences of strong pressure surges (Fig. 1), Both regions represent
separate, preferred, paths for surges. Between these two principal loci is a relative mini-
mum in surge occurrence, with separate local maxima of days with strong northerly winds
occurring over the South China Sea and Philippine Sea during the boreal winter (Ding
1990). The separate local maxima of days of strong northerly winds has been reproduced
in an atmospheric general-circulation model (AGCM) study of pressure surges (Slingo
1998). As pressure surges approach the equator, some are followed by an increase in tropi-
cal convective activity in both regions (Williams 1981; Cha 1988; Weickmann and Khalsa
1990; Kiladis et al. 1994; Meehl ef al. 1996). |

The life cycles of surges over the South China Sea have received considerably more
attention than those over the Philippine Sea. A summary of the conclusions involving
South China Sea surges is given below:

(i) Surges originate in the midlatitudes . A baroclinic disturbance in the region of Lake
Baikal (Fig. 1) develops prior to a surge occurrence. The associated upper-level wave sub-
sequently strengthens in the Pacific jet region (Chang and Lau 1982; Joung and Hitchman
1982: Lau and Lau 1984; Hsu 1987}. Baroclinicity is enhanced prior to surge activity by
an unusually strong Siberian high (Ding 1990; Wu and Chan 1995, 1997). The east Asian
jet stream accelerates and extends eastward prior to, and during, the surge arrival at Hong
Kong (Chang and Lau 1980, 1982; Lau ef al. 1983; Chang and Lum 1985) . The initial
acceleration results from midlatitude baroclinic processes while the subsequent strength-
ening may be a feedback from surge enhancement of tropical convection (Chang and Lum
1985). However, during surges the jet may strengthen on its own due to baroclinic and
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barotropic processes without any forcing from the tropics (Chang and Chen 1992). Hsu
et al. (1990) and Meehl er al. (1996) have suggested that some surges are a response 1o
enhanced subtropical upper-level wave activity forced in part by convection in the eastern

Indian Qcean.

(i) The surge arrival at Hong Kong is marked by dramatic 12- to 24-hour changes in
synoptic conditions . Surges at Hong Kong bring decreased near-surface temperatures and
dew points, increased surface pressures, and strong northerly winds within a period of 12—
24 hours. The exact timing of changes depends on the definition used (Chang er al. 1983;
Whu and Chan 1995).

(iit) Surge passage is a two-stage process . A fast southward moving (about 40 m s™?)
pressure pulse is followed by a slower moving (10 to 15 m s™') pressure increase (Chang et
al. 1983; Leathers 1986). The second pressure rise is accompanied by a frontal passage with
drops in near-surface temperature and humidity and strengthening of the climatological
northerly winds. Over the Asian land mass the pressure pulse has characteristics similar
to an orographic Kelvin wave, whose restoring forces are gravity and the Coriolis effect
normal to a barrier (Leathers 1986, Tilley 1990; Reason 1994). Over the South China Sea,
the fast moving pulse has been identified as a gravity wave (Chang er al. 1983; Webster
1987). The second pressure increase and associated frontal passage have been modelled
as a topographic Rossby wave, the atmospheric analogue to the oceanic shelf wave (see
Mysak (1980) for a review of the oceanic case), whose restoring force is the orographically
augmented gradient of potential vorticity along a sloping bottom surface (Leathers 1986;
Hsu 1987; Tilley 1990). In contrast, Colle and Mass (1995) have suggested that Rocky
Mountain surges, which appear to be similar to South China Sea surges, are governed by
nonlinear advection, rather than by orographic Kelvin-wave or shelf-wave dynamics.

(iv) The east Asian meridional divergent circulation is enhanced . The east Asian merid-
ional divergent circulation, the so-called “local Hadley cell’, is enhanced in a thermally-
direct sense during the entire surge event, with maximum amplitude following the surge
passage over southern China (Chang and Lau 1980, 1982; Chu and Park 1984: David-
son et al. 1984; Chang and Lum 1985; Chang and Chen 1992). Concurrently, upper-level
divergence over the South China Sea increases. Researchers disagree on the latitudinal
extent of the enhancement, however. Chang and Lau (1982) presented evidence that the
local Hadley cell was noticeably enhanced prior to a surge, while Wu and Chan (1997)
recently suggested that the enhancement of the local Hadley cell follows a surge. Wu and
Chan, however, did not analyse the divergent wind directly and may, therefore, have been
examining a primatily rotational response to a surge.

(V) Surgescoincide with an increase in convective activity in the South China Sea region .
Separate studies show that following surge passage over southern China, convective activity
frequently increases in amplitude and areal extent over several areas: north of Borneo, along
the Indo-China coast, over the central South China Sea, and over the Philippine archipelago
(Ramage 1971; Chang et al. 1979; Chang and Lau 1980, 1982; Murakami 1980; Houze ez
al. 1981; Johnson and Priegnitz 1981; Lau 1982; Kiladis ef al. 1994; Meehl ¢f al. 1996).

(vi) The Australian monsoon becomes active following a surge passage through southern
China . Australian monsoon westerlies and convection often increase 23 days after a surge
passage is detected at stations along the southern Chinese coast (Murakami 1980; Webster

1981; Williams 1981; Love 1985a; Webster 1987). However, McBride (1987) found
no obvious association between tropical cyclones, an important component of monsoon
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activity, and surge occurrence for the Winter MONEX™* year. In contrast, Love (1985b)
presented a composite study and case analysis of east Asian surges that suggests surges do
appeat to have an effect on southern hemisphere tropical cyclogenesis north of Australia,

Many of the conclusions reached about South China Sea surges depend on different
data sets which extend over different time periods. In many of the composite studies per-
formed, the use of different surge definitions leads to completely different surge statistics
even within the same year (Boyle and Chen 1987). Several of the studies depend on data
from the Winter MONEX, which was a weak year for surge activity (Lau and Chang 1987)
and, thus, may not accurately represent the surge relationship to tropical activity in general.
A study that is independent of definition is needed to find the basic relationships between
variables associated with east Asian pressure surges. |

The sequence of events associated with surge passage over the South China Sea or
Philippine Sea occurs on a wide range of temporal scales with periods from 4 days to 30
days (Murakami 1979; Ding 1990; Kiladis er al. 1994; Meehl ez al. 1996). Using data for
the period 16 November 1970 to 15 March 1971, Murakami (1979) found spectral peaks
are prominent in the meridional wind and in the latitudinal pressure gradient at synoptic
{two- to six-day) time-scales over the East China Sea, the main path for Philippine Sea
pressure surges. Murakami also found large power on this time-scale in the meridional
wind over the South China Sea. In addition, meridional-wind and surface pressure time
series over the South China Sea have a spectral peak between 20 and 30 days. In the present
study, the spectral analysis of surges is extended by using ten winters (December—April),
allowing greater confidence in the results. The statistical significance of the spectra is also
discussed.

Another important time-scale in the tropics is that of the Madden-Julian oscillation
(MIO), or 40- to 50-day oscillation (see Madden and Julian (1994) for a review of the
phenomenon). Some researchers have shown a connection between strong pressure surges
and the movement of convection between the eastern Indian Ocean and the western Pacific
Ocean associated with the MJO. (e.g. Weickmann and Khalsa 1990). Hsu ef al. (1990)
documented a case of a pressure surge occurring in response to a subtropical wave-train in
the western Pacific forced by MJO convection in the eastern Indian Ocean. The Indonesian
convection activated by the pressure surge was thought to be enhanced by favourable upper-
level conditions that developed as part of the MJO.

To provide an example of the variability of pressure fluctuations over east Asia, a
time—latitude diagram along 110°E of sea-level-pressure (SLP) departures from the clima-
tological seasonal cycle is shown in Fig. 2. This longitude is representative of the region
from 105°E to 115°E. Using the 5.0 hPa anomaly contour as a reference, Fig. 2 shows that
positive pressure anomalies along east Asia have their origin well north of 50°N, and can be
traced as far south as 10°N. Negative anomalies also appear to be propagating southwards.
Phase lines (solid lines, Fig. 2) are drawn on the diagram, and several examples are labelled.
There appear to be two classes of anomalies based on southward propagation speeds of
22 m s~! for some shorter duration events, and on 13 m s™! for others of longer duration,
These speeds appear to represent the movement of both negative and positive anomalies.
The faster-speed anomaly (labelled C) appears to have a time-scale of less than six days
and only a weak perturbation south of 20°N. A linear regression analysis of two- to six-day
(synoptic) bandpass filtered anomalies (not shown) indicates that the faster-propagating
pressure anomalies shown in Fig. 2 can be associated with synoptic-time-scale perturba-
tions that appear to be well-described as midlatitude baroclinic disturbances. Surges on the
synoptic time-scale have been examined in detail by Lau and Lau (1994). They found that

* MONsoon EXperiment, a component of the World Climate Research Programme
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the dynamics and energetics of these synoptic-time-scale surges were largely like those
of midlatitude baroclinic disturbances. In the present study, we turn our attention to the
slower-propagating anomalies. As will be shown in section 4, the slower speed can be
identified with submonthly {6 to 30 days) time-scale surges.

Philippine Sea pressure surges have received less attention, perhaps because they
would seem to have less human impact than surges along the densely populated coast of
the South China Sea. However, some investigators have shown a relationship between these
more eastern pressure surges and the so-called ‘westerly wind bursts’ (Chu 1988; Chu and
Frederick 1990; Kiladis et al. 1994; Mechl et al. 1996). These episodes of near-surface
enhanced westerlies in the equatorial western Pacific represent a major perturbation to
both the atmosphere and the ocean. Westerly wind bursts are sometimes associated with
pairs of symmetric tropical cyclones forming on both sides of the equator (Keen 1932).
Groups of westerly wind bursts may interact with interannual modes of variability such
as the El-Nifio Southern Oscillation (ENSQ), with westerly bursts in the central Pacific
increasing in frequency during the warm phase of ENSO (Murakami and Sumathipala
1989). Oceanic mixing in the western Pacific is increased during periods of the enhanced
winds associated with westerly bursts (Lukas and Lindstrom 1991; McPhaden ez al. 1988,
1992) . Oceanic equatorial Kelvin waves, which have been hypothesized to play a role in
ENSO initiation, have been shown to be initiated by westerly bursts (Knox and Halpern
1982: Giese and Harrison 1990; Kindle and Phoebus 1995},

Despite the advances made in previous studies, a number of important questions
remain:

s What are the time-scales associated with surge activity?

o What are the basic relationships between surge-associated variables, independent
of an arbitrary definition?

e Is the tropical response to pressure surges a robust signal?

In the present study, by addressing the questions above, we hope to extend under-
standing of the spatial and temporal variability related to episodes of east Asian pressure
surges. This paper is organized as follows. Section 2 discusses the data and provides a
rationale for the analysis methods used. The time-scales present in pressure-surge vari-
ables are identified through spectral analysis in section 3. A linear regression analysis
is presented in section 4. We discuss the horizontal and vertical structure of east Asian
pressure surges, the relationship of surges to fluctuations in the east Asian jet streams
and upper-level baroclinic wave activity, and the correlation between pressure surges and
tropical variability in tropospheric circulation and convection. Discussion and comparison
with previous work is presented in section 5.

2. DATA AND METHODOLOGY

{a)y Data

The European Centre for Medium-Range Weather Forecasts (ECMWTF) gridded
global analyses of standard atmospheric variables are used for the period 1 January 1985
to 31 December 1995 to examine east Asian winter monsoon pressure surges. For a de-
tailed description and analysis of this data set see Trenberth (1991, 1592) and Trenberth
and Guillemott (1995). The twice-daily ECMWF analyses are averaged to remove di-
urnal fluctuations, prior to any other processing. A daily outgoing long-wave radiation
(OLR) dataset produced by the National Oceanographic and Atmospheric Administration
(NOAA) for the same time period is also used to represent tropical convective activity.
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For a description of the interpolation scheme used on the OLR data set see Liebmann and
Smith (1996). Both data sets are on an identical 2.5° by 2.5° latitude-longitude grid.

(b) Methodology

Anomaly time series are constructed by removing the first three harmonics (periods
of 365.25, 182.625, and 121.75 days) of the climatological seasonal cycle using a least-
squares fit to the entire record of 1 January 1985-31 December 1995. To determine if any
significant periodicities occur in the time series, ten-winter ensemble averages of spectra
are computed using 181 days from 15 November to 15 May with a 15-day cosine taper
on each end. All spectral estimates presented are the average of spectral values over three
adjacent frequencies.

Confidence levels for the spectral calculations are determined with Monte Carlo tests
assuming a first-order Markov process. At each grid point, and for each winter period,
1000 autocorrelated random time series are constructed, using the lag—1 autocorrelation
of the anomaly data of that winter. The spectrum for each random time series is computed.
The ten winters are averaged together to produced 1000 ensemble averages at each grid
point. A distribution of spectral power is then calculated separately at each frequency
and compared with that of the actual data. Statistical significance is then determined by
comparing the actual spectral estimate with the 95% level of the distribution.

After examining spectral results, we find significant power at periods between 6 and
30 days in several of the variables associated with surge activity. The choice of this band
also removes much of the high-frequency baroclinic wave activity in the midlatitudes, the
high-frequency mixed Rossby—gravity wave activity in tropics, and the lower-frequency
fluctuations associated with the MJO. The complete record of the anomaly data is tempo-
rally filtered into a submonthly (6-30 day) frequency band using a Lanczos digital filter
(Duchon 1979) with 121 daily weights. The high number of weights helps eliminate Gibb’s
ringing in the response of the filter. The response of the filter used is shown in Kiladis
and Weickmann (1992). These are the same bands and weights as used in several previous
studies, so the results shown here are directly comparable to those works (Kiladis and
Weickmann 1992; Kiladis er al. 1994; Meehl et al. 1996).

The composite relationship between pressure surges and global circulation is deter-
mined using the linear-regression technique of Kiladis and Weickmann (1992). This ap-
proach assesses the statistically-significant linear relationship between SLP fluctuations
indicative of surges and the global circulation and convective variability. The bandpass-
hiltered SLP at various base points is cross-correlated and linearly regressed against iden-
tically filtered OLR and ECMWF-analysed SLP, wind, and temperature. A sepatate re-
gression relationship is obtained for each variable at every grid point.

The analysis is first performed for base points covering east Asia. Regressions are
separately computed using only three months of each year during the northern hemisphere
cootl season (September to November (SON), October to December (OND), November to
January (NDJ), December to February (DJF), January to March (JFM), February to April
(FMA), March to May (MAM)) for base points spaced every 10 degrees from 50°N to
10°S and from 100°E to 150°E (42 points), and are compared to determine the seasonality
of pressure surges. The regressed patterns for SON and OND were decidedly different
from the other three-monthly groupings. The northern-hemisphere tropical and midlatitude
patterns seen for all of the three-monthly groupings DJF to FMA were quite similar, Given
these results, the December to April data, inclusive, are used to obtain results shown here.

Regression of the filtered SLP predictor at a base point against the data at all other grid
points permits the local statistical significance of the linear relationship between the SLP
anomaly at the base point and the circulation or OLR anomaly to be determined using a



36 . P. COMPO et ad.

Student’s £-test, The number of degrees of freedom at each grid point is derived according
to the method of Livezey and Chen (1983). The time-lagged regression is also utilized
to provide the temporal evolution of the large-scale-circulation and convective anomalies
associated with the pressure perturbations. In this way, circulation anomalies that precede
surges, and those that follow surges, can be determined objectively. Wind vectors are
plotted where the local correlation of either the zonal # or meridional v wind component
meets or exceeds the 99.5% confidence level, while the regressed OLR is mapped only
at those locations that meet or exceed the 99.5% confidence level. Contﬂurs of SLP and
stream function are shown without regard to correlation. '

The use of the regression method assumes a nearly linear relatmnsth between the
predictor and predictand. A nearly linear relationship between the SLP, the circulation, and
the wind during pressure surges is apparent in case studies of pressure surges (Chang et
al. 1983; Chu and Park 1984; Love 1985a). With respect to OLR, the linear assumption is
valid to the extent that lower-tropospheric wind anomalies associated with pressure surges
contribute to convective activity. A direct relationship between pressure-surge occurrence,
with its accompanying increase in the north-easterly flow over the South China Sea, and an
increase in convective activity is observed in case studies (Houze et al. 1981; Johnson and
Priegnitz 1981). However, nonlinear interactions, where the feedback of the circulation
onto the convection itself might be important {e.g. Chang and Lim 1988), are a likely
component of the response to the tropical heating anomaly induced by the pressure surges.

Two base points are shown as representative of the results obtained using a total
of 42 separate SLP base points throughout the east Asian sector. The results highlighted
here are qualitatively insensitive to the choice of base point. The South China Sea base
point at (15°N, 115°E) represents the northernmost predictor in the region of the South
China Sea and continental east Asia that retains a statistically-significant relationship
to southern hemisphere anomalies south of Indonesia, whereas the northern-hemisphere
tropical-circulation and convective anomalies are robust and statistically significant using
base points as far north as 50°N over the Asian continent. The regression results at this base
point are plotted using a +3.0 hPa anomaly, an anomaly value based on the magnitude of
strong surges observed at this latitude (e.g. cases B, F, and G in Fig. 2). Similar magnitudes
of SLP anomalies at this latitude are seen in the composite results of Wu and Chan (1995).
The Philippine Sea base point (20°N, 140°E) provides a secondary verification of the
reproducibility of the signals observed west of 120°E using the South China Sea base
point. Further, a significant relationship observed between Philippine Sea base pomnts and
circulation and OLR anomalies in the equatorial western Pacific is not observed with any
base points located over continental east Asia or the South China Sea. A Philippine Sea
base point is therefore included to illustrate this association. The regression results at the
Philippine Sea base point are plotted assuming an anoraly value of +4.0 hPa, which is
also consistent with observed cases of surges in this area (not shown).

3. SPECTRAL ANALYSIS

Figure 2 displays variations of SLP anomalies on several time-scales. To test the
generality of the limited time period examined, the spectral characteristics of the ten-year
sample are znvestzgatad Figure 3 shows the latitudinal distribution of SL.P spectral power
during boreal winter along 110°E. This meridian covers the western South China Sea and
coastal Indo-China. North of 35°N, significant power at the 95% level is seen for peﬂads
less than 9 days. In the subtropics and fropics, these synoptic-scale peaks diminish in
intensity, while the amplitude of the peaks in the submonthly and MJO bands increase.
The small regions of significant power seen for periods less than nine days south of 10°N
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Figure 3. Ten-winter ensemble spectra of anomalous sea-level pressure along 110°E representative of South

China Sea pressure surges. The time period employed is November 15 to April 15 of 1985/86 to 1994/95. The line

contours represent the per-cent variance in the spectrum at each latitude. The shading represents the regions that

exceed the 95% confidence levels from Monte Carlo tests. The units are per cent of total variance, The contour
interval 1s 0.5%.

appear quite well separated from those in the midlatitudes, reflecting the lack of deeply
penetrating surges at the synoptic time-scale seen in Fig. 2. A peak at around 20 days
dominates the spectra from 40°N to the equator, with the 95% significant region largely
between 35°N and 10°N. Although not statistically significant until near the equator, there
18 a broad peak in power between 30 and 70 days at most latitudes that is statistically
significant between 40 and 50 days south of 7.5°N; this is most likely to be associated with
the MJO.

As with SLP, spectra of lower tropospheric air temperature between 105°E and 120°E
(not shown) exhibit a decrease in significant power at synoptic time-scales from the mid-
latitudes to the deep tropics. Also, like the SL.P, the air temperature at 850 hPa has a signifi-
cant spectral peak around 20 days from 35°N to 15°N. Similarly, 850 hPa meridional-wind
spectra along 110°E south of 15°N (not shown) have noticeable peaks between 10 and 20
days, though significant at only the 90% level. A coherent large-scale relationship between
pressure, air-temperature, and circulation anomalies associated with pressure surges on the
submonthly time-scale is demonstrated in the regression analysis of section 4.

To compare the spectral characteristics of SLP in the South China Sea surge area
with that in the Philippine Sea, Fig. 4(a) shows spectra of SLP as a function of longitude
along 20°N. This latitude represents the zonal band influenced by both Philippine Sea and
South China Sea surges. Only periods between 3 and 25 days are shown; most of the SLP
variance significant at the 95% level is in this range over the South China Sea (Fig. 3), and
this 1s also true further east. The dominance of the submonthly spectral peaks at around
20 days 1s apparent from 95°E to 140°E. The two separate maxima in this band at 105°E
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Figure 4. As Fig. 3 but for (a) anomalous sea-level pressure along 20°N and (b) 850 hPa zonal wind along 7.5°N.

and 135°E, with a spectral gap in between, probably demonstrate the two preferred paths
for pressure surges. |

Zonal-wind spectra at lower latitudes show the two separate maxima of submonthly
power over these regions, as exemplified in Fig. 4(b) showing the spectra along 7.5°N as
function of longitude. Figure 4(b) shows that zonal-wind fluctuations over the South China
Sea have significant power at the 95% level at nearly the same periods of the submonthly
band as the SLP fluctuations to the north (Fig. 4(a)). Submonthly peaks between 10 and 20
days are largely confined to the South China Sea and Bay of Bengal while the Philippine
Sea has significant power at 22 days centred at 140°E. The concomitant significant spectral
peaks between SLP and zonal wind iraply that, in the deep tropics, pressure surges affect
the zonal wind, in addition to the meridional-wind signal that has been emphasized in
some studies (e.g. Ramage 1971; Lau 1982; Chang er al. 1983; Lau er al. 1983; Wu and
Chan 1995; Zhang et al. 1997) . The relative lack of power at greater than 30 days and
less than 6 days, along with the results of Fig. 2, indicates that 6- to 30-day filtering is
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appropriate for captoring the majority of the significant variance associated with the wind,
temperature, and SLP over east Asia.

4., LINBEAR-REGRESSION ANALYSIS

Based on the results of the previous section, pressure-surge variability in the 6- to
30-day band is examined.

(a) Lower-tropospheric circulation

In Fig. 5, the lower-tropospheric circulation anomalies associated with the evolution
of submonthly pressure surges are examined using an SLP base point at 15°N, 115°E. Five
days prior to the peak in pressure at the base point (Fig. 5(a)) positive pressure anomalies
cover northern Asia with a wedge of positive pressure and northerly-wind anomalies ex-
tending over most of China. The leading edge of the anomaly is marked by the thick dark
line (0.5 hPa). Suppressed convective activity is shown over, and east of, the Philippines
and south of India,

Atday -2 (Fig. 5(b)), the surge has crossed the equator and low-level convergence just
south of Borneo is indicated by a statistically-significant increase in convective activity,
as shown by negative values of OLR (shading). Divergence calculations (not shown) on
the 850 hPa regressed field also confirm convergence collocated with the negative OLR
anomaly. In addition, convective activity is also enhanced over Indo-China. Note the large
amplitude easterly component in the regressed north-easterly wind anomalies over the
southern portion of the South China Sea. The large amplitude confirms the relationship
suggested 1n Fig. 3, that surge anomalies in the deep tropics have significant zonal, as well
as meridional, wind perturbations. Convective activity increases in intensity in the region
south of Borneo from day -5 to day ~2 as low-level westerly anomalies appear to follow
the convection, strengthening further from day -2 to day 0 (Fig. 5(c) and (d)). Anomalous
convective activity over the southern Philippines and Philippine Sea is accompanied by
statistically-significant low-level easterlies. North-east of Bomeo and over south-east Asia,
convective anomalies have also developed in the increasing north-easterly inomalies. By
day 0, significant easterly anomalies also cover the Bay of Bengal and central India.

By day +3 (Fig. 5(d)), the South China Sea surge has weakened, while a positive
pressure anomaly has propagated eastward from the China coast, extending the maximum
of the enhanced tropical trades eastward and northward. The southerlies seen over China
at day +3 expand southward by day +5 (Fig. 5(e)), at which time the surge anticyclone has
weakend but convective activity is still indicated south of India.

It 1s observed that OLR anomalies over and arocund the South China Sea basin are
significantly correlated to SLP using any base point along the path of pressure surges from
35°N to the equator in the longitude range of 105°E to 155°E (not shown). In contrast,
OLR anomalies south of the equator in the eastern Indian Ocean and south of Borneo only
correlate significantly with base points in the South China Sea, Philippine Sea, and East
China Sea and do not correlate significantly with SLP fluctuations north of 20°N and west
of 120°E, the land areas of mainland China and western Central Siberia. Tropical and deep
tropical SLLP base points show results similar to that of Fig. 5. These results indicate that
many surges do not penetrate far enough south to affect southern-hemisphere westerlies
and convection.

A significant relationship between SLP anomalies in the Philippine Sea and convective
and wind anomalies in the equatorial western Pacific is observed in Fig. 6 using a base
point located in the Philippine Sea (20°N, 140°E). Qualitatively similar results to those of
Fig. 6 were obtained using base points throughout the Philippine Sea domain and into the
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Figure 5. 6- to 30-day bandpass filtered sea-level pressure {SLPj, outgoing long-wave radiation (OLR), and

850 hPa wind-anomaly fields linearly regressed against SLP at 15°N, 115°E (indicated by the black dot) for (a) 5

days preceding the maximum SLP anomaly at the base point, (b) 2 days preceding, (c) day of maximum, (d) 3 days

after and (e} 5 days after. The vectors and the OLR are indicated at the local 99.5% significance level. Regressed

values are based on a typical perturbation of SLP at the base point (3.0 hPa). SLP is plotted at a contour interval of

1.0 APa (0.5 hPa included, positive thickened}. The OLR contour is §.0'W m~* with negative (positive) anomalies
shaded dark (light} grey. Only every other wind-anomaly vector is plotted.
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Figure 6. As Fig. 5 but for a sea-level-pressure {SLP} base point at 20°N, 140°E {indicated by the black dot).
{a) 5 days preceding the maximum SLP anomaly at the base point, {b) 4 days preceding, (¢} 2 days preceding and

(d) day of the maximum. The regressed values are based on a 4.0 hPa anomaly at the base point.
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East China Sea as far north as 40°N. The evolution of the anomalies in Fig. 6 west of 120°E
18 quite similar to that of Fig. 5 with a two- to three-day lag between the strongest pressure
perturbations at the Philippine Sea base point compared with the South China Sea base
pomt. However, the presence of significant anomalies in the tropical western and central
Pacific in Fig. 6 1s rather different and merits further consideration. The circulation and
OLR anomalies in the equatorial central and western Pacific observed in Fig. 6 appear to
precede the South China Sea surge and Philippine Sea surge. A positive OLR anomaly in
the Philippine Sea at day -3 (Fig. 6(a)) propagates north-westward through the sequence
and 1s still evident as a zonally oriented band along 30°N on day 0. In Fig. 6(d) the
development of a large-scale pressure anomaly over the Philippine Sea and South China
Sea produces a north-easterly trade surge from 160°E extending into the Bay of Bengal
while equatorial westerly wind anomalies are present to the south of Indonesia and in the
western Pacific.

The westerly-wind and OLR anomalies south of Indonesia observed in Fig. 6 appear
to develop in a similar way to those observed in Fig. 5. However, the equatorial western
Pacific wind anomalies seen at day —2 (Fig. 6(c)) appear to have had a tropical precursor. In
the central equatorial Pacific, westerly anomalies are present at day -5 (Fig. 6(a)), well in
advance of the south-eastward propagating extratropical pressure anomaly. These westerly-
wind anomalies and associated negative OLR anomalies appear to propagate westward in
Fig. 6, reaching maximum amplitude in the western Pacific at day -2 coincident with trade
surge (Fig. 6(c)).

Figure 6 shows that the western Pacific near-equatorial anomalies appear to be prop-
agating from the central Pacific to the western Pacific before a positive pressure anomaly
is evident over the Philippine Sea. The evolution and structure of the central and western
Pacific circulation and OLR anomalies in Fig. 6 are similar to those found by Kiladis and
Wheeler (1993), who associated the structure with an equatorial Rossby wave.

The association between Philippine Sea surges and equatorial wind and OLR anoma-
lies appears to arise from the combination of a westward moving tropical disturbance and
a south-eastward moving midlatitude anticyclonic disturbance. By tracking the centres of
the pressure anomalies from Fig, 6, the S{mth-eaﬂtward propagation speed of the Philippine
Sea anticyclone is approximately 7-8 m s~! while the tropical positive OLR anomaly and
weak associated anticyclonic anomaly moves north-westward at approximately 3-4 m s,
The western Pacific westerly-wind anomalies appear to be enhanced by the pressure gra-
dient arising from the Philippine Sea surge, but here are observed as coincident with the

surge rather than a result of the surge. In contrast, the increase in the north-easterly trades
18 more directly attributable to the ext:mn*opmal perturbaﬂﬁns over the South China and
Philippine Se:as >

(b) Upper-m}paspﬁerf{: circulation

Figure 7 shows the 200 hPa stream function and wind vectors obtained using the same
SLP predictor as used in Fig. 5. The upper-tropospheric pattern related to pressure surges
covers a broader area than that of the lower troposphere. On day -5 (Fig. 7(a)) most of
the significant large-scale features are located over Asia. When compared with stream-

function fields at lower levels (not shown) a westward tilt with height of the features is
gvident, indicative of baroclinic waves.

As convective anomalies develop over south-east Asia, the southern Philippines, and
southern Sumatra from day —2 to day 0, a subtropical wave pattern is evident, arcing
into the midlatitude jet-stream region of the central Pacific. By day +3 (Fig. 7(d)), as
the convective signal weakens, the wave pattern advances further into the Pacific and the
circulation centres over India diminish. The wave pattern propagating from Bangladesh
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Figure 7.  6- to 30-day bandpass filtered outgoing long-wave radiation (OLR)} and 200 hPa wind-anomaly fields

corresponding to Fig. 5 for (a) 5 days preceding the maximum sea-level-pressure anomaly at the base point, {(b) 2

days preceding, (c} day of maximum, (d) 3 days after, and (e) 5 days after. The minimum correlation coefficient

Tor plotting the wind-anomaly vectors and the OLR is the 99.5% local significance level. The stream function is

plotted without regard to the correlation with a contour interval of 3 x 10° m? s=2. Only every other vector is
plotied.
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to the eastern tropical Pacific is similar to the results of observational studies that have
examined the propagation of Rossby waves through westerly ducts in the eastern Pacific
(Kiladis and Weickmann 1992; Tomas and Webster 1994). A similar wave pattern following
a South China Sea surge has been simulated in an AGCM (Slingo 1998).

At day +5 (Fig. 7(e)) the wave pattern has significant anomalies crossing into the
southern hemisphere, and suppressed convection is noted ahead of an upper-level trough
at 150°W. In subsequent days (not shown) the trough observed in the central Pacific in
Fig. 7(e) propagates equatorward and sagmﬁcant nﬂg:—mve OLR anomahes develop in 1ts
poleward flow. -

The upper-level n{}rth-westarly flow in the v:iclmty of Lake Baikal associated with
an upper-level ridge is a key synoptic. development in the nitiation of pressure surges,
and has been noted in previous studies (Chu 1978; Kung and Chan 1981; Boyle 1986;
Boyle and Chen 1987). The results presented here indicate that upper-level north-easterly
anomalies in the vicinity of Lake Baikal associated with a developing ridge over northern
Siberia are present several days before a surge reaches the southern Chinese coast, while
the north-westerly feature previously reported is not observed as a significant anomaly
until one day before the surge reaches its maximum intensity. It should also be noted that
the climatological upper-level flow in the vicinity of I.ake Baikal is north-westerly (Boyle
and Chen 1987; Zhang ef al. 1997), and the previous studies have reported on observations
of the total field.

While the lower- and upper-tropospheric flows are nearly vertically coincident over
northern China on days prior to day -5 (not shown), at day —5 the lower-tropospheric
north-easterly anomalies have advanced to southern China (Fig. 5(a)), while the upper-
tropospheric anomalies remain poleward of 40°N (Fig. 7(2)). At day -2, the strong, statist-
ically-significant north-easterly anomalies over the South China Sea seen in Fag. 5(b) have
no corresponding 200 hPa circulation anomalies in Fig. 7(b). A statistically-significant
200 hPa anomaly over the South China Sea is not evident until day O (Fig. 7(c)).

In Fig. 7 the southerly flow is seen emanating from the convective region over western
Indonesia toward the positive midlatitude OLR anomaly and the implied region of subsi-
dence along 30°N. This suggests an enhanced local Hadley circulation during a surge. To
further examine the evolution of the mass circulation, Fig. 8 compares regressed values of
the 1000 hPa and 200 hPa divergence anomalies with the OLR anomaly at one of the grid
points of strongest convective activity (3°N, 107.5°E). Figure 8 shows that the variations in
the local east Asian Hadley cell are strongly correlated to the surface surge-induced vari-
ations in the divergent flow, with the surface changes leading the increase in the 200 hPa
divergence of the local Hadley circulation by one day. Examination of the evolution of
mapped values of OLR and divergence suggests that the timing is not an artifact of the
propagation of the anomalies, nor of the near-equatorial grid point chosen (not shown).
Upper-level southerlies follow the development of the OLR anomaly (Figs. 7(b) and (c)).
Maps of the divergent part of the wind field indicate that these southerly anomalies have
a strong divergent component (not shown), A region of positive OLR anomalies along
northern China at 35°N marks the descending branch of the local Hadley cell (Fig. 7(c)).
Together, Figs. 7 and 8 indicate that the Hadley cell is near mean strength preceding the
surge, and that the upper-level local Hadley cell intensifies following a pressure surge. A

consistent time delay between low-level convergence, convective activity, and upper-level
divergence 1s seen with all base points employed (not shown).

(c) Propagation characteristics

To quantify the southward propagation and magnitude of the South China Sea surge-
associated perturbations, regressions of SLP and 850 hPa air temperature and meridional
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Figure 8. Time series versus lag of regressed values of 6- to 30-day bandpass filtered outgoing long-wave

radiation (OLR} (black line}, 1000 hPa divergence {grey line), and 200 hPa divergence {dashed line) anomalies

at 5°N, 107.5°E repressed against sea-level pressure (SLP) at 15°N, 115°E (see Fig. 5). The regressed values are

based on a realistic perturbation of SLP at the base point (3.0 hPa). The OLR is in units of W m~2, The divergence
is in units of 5.0 x 109 m? s~ 2,

wind are calculated as a function of lag and latitude, along 110°E using the South China
Sea base point (15°N, 115°E) time series of SLP (Fig. 9). A positive pressure anomaly
propagates southward at 8.9 degrees per day or 11.3 m 57!, as indicated by the reference
phase line, from the midlatitudes to approximately 15°N. The propagation speed changes
south of 15°N to nearly 40 m s™! as the positive pressure increase crosses from 15°N to
- 5°S in one day. The two propagation speeds over east Asia are independent of the base
point used.

The propagation of the temperature anomaly in Fig. 9(a) follows the pressure anomaly
from 35°N to 10°N along 110°E. North of 55°N, the temperature anomaly is in quadrature
with the pressure anomaly, consistent with eastward propagating baroclinic disturbances.
South of 55°N however, the temperature and pressure anomalies are nearly in phase until
they reach 15°N, where the rapid southward progression of pressure occurs. The 850 hPa
arr-temperature anomaly of 0.5°C penetrates to 7.5°N. The erosion of the near-surface
negative-temperature-anomaly signal as the air passes over the South China Sea is dis-
cussed in the next section.

Chang et al. (1983) and Leathers (1986) discussed in detail two events associated with
surges. The first event, a fast moving (40 m s™!) positive pressure pulse was associated with
a gravity-wave motion. The rapid southward propagation has been previously identified in
other studies (Ramage 1971; Williams 1981; Webster 1987). Using a linear shallow-water
model on a beta-plane, Lim and Chang (1981) and Zhang and Webster (1992) viewed
surge effects over the South China Sea as the transient response of an adjustment to a
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Figure 9. Latitude~-versus-lag Hovmiller diagram along 110.0°E of regressed values of 6- to 30-day bandpass

filtered sea-level pressure (SLP) anomaly (full lines, positive; dashed lines, negative) and (a) 850 hPa air temperature

(the filled contour {dark grey, positive; light grey, negative) is 1.0°C starting at 0.5°C) and (b) 850 hPa meridional-

wind (the filled contour (dark grey, positive; light grey, negative) is 1.0 m s™! starting at 0.5 m s™'). The regressed
values are based on a typical perturbation of SLP (3.0 hPa) at the base point (15°N, 115°E).

pressure-wind imbalance. Chang er al. (1983) attributed the rapid southward propagation
over the South China Sea to gravity-wave motions based on the speed and 1sallobaric angle
of wind vectors. Leathers (1986) suggested that the rapid speed could be identified with an
orographic Kelvin wave. The second event was a slower-moving positive pressure increase
and temperature drop that followed the initial pressure pulse. Chang er al. suggested
advection as the mechanism for the southward propagation of the second event in the
pressure surge. The propagation speed estimated in Fig. 9 is consistent with the 13 m s™*
estimation in Fig. 2, and with an 11 m s~ estimate of Chang et al. (1983) based on
irregularly spaced station data from 25°N to 5°N from the winter of 1978/79. All of these
are consistent with a 15 m s~! estimation of Leathers using the same time period asChang et
al. with points further north (35°N to 29°N). As both the east Asian background and surge-
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associated lower-tropospheric winds are northerly, a nonlinear advective mechanism might
seem plausible for the southward propagating pressure surges and associated temperature
and wind anomalies.

To examine the advection hypothesis, the meridional-wind anomaly is shown in
Fig. 9(b) along the same meridian as considered in Fig. 9(a). The SLP anomaly is repro-
duced to simplify comparison. The maxima in meridional wind speed are not in quadrature
with the temperature or pressure extrema, as would be necessary if nonlinear advection
were the primary mechanism. In addition, the maximum meridional wind speed varies
along the surge path and is inconsistent with the observed steady southward propagation.
The temperature and pressure perturbations associated with negative pressure anomalies
are accompanied by southerly-wind anomalies. Under the advection mechanism, negative
pressure anomalies and positive temperature anomalies should show northward movement,
instead there appears to be southward phase propagation. Southward phase propagation
of negative pressure anomalies is observed in both the pressure anomalies of Fig. 2 and
the regression of Fig. 9. Further, the negative pressure anomalies also move southward
at the same speed as the surges. The observed propagation speed is faster than both the
background meridional velocity and the anomalous meridional velocity, also inconsistent
with nonlinear advection as a mechanism for the movement of pressure surges.

In contrast to the advection hypothesis, Hsu (1987) and Tilley (1990) have suggested
the southward propagation of surges to be due to a topographic Rossby wave, also termed a
‘shelf wave’ (Pedlosky 1987), the atmospheric equivalent to the oceanic ‘continental-shelf
wave’ (Mysak 1980). Leathers (1986) suggested that advection explained the southward
movement of the negative temperature anomalies but hypothesized that the shelf-wave
mechanism explained the dynamics of the pressure perturbations. Through this mecha-
nism, the slope of the orography from the east Asian coast to the Himalayas provides an
augmented gradient of potential vorticity which acts as a restoring force for perturbations
induced either up or down the slope. As in the general atmospheric Rossby-wave case,
shelf waves are unidirectional; in the northern hemisphere they propagate with the greater
orographic heights to their right.

The evidence presented here supports the hypothesis that pressure-surge propagation
over continental east Asia may be related to the dynamics of shelf waves. The consistent
southward propagation, with the increasing orographic height to the right, observed in
Figs. 2 and 9, and the coincident relationship between SLP and meridional-wind anomalies
support the hypothesis, based on theoretical discussions by Pedlosky and by Mysak. As
discussed by Pedlosky, the theoretical spatial scale of the shelf wave in the direction normal
to the orography is the scale of the slope. The horizontal scale of the pressure anomaly seen
in F1g. 5 appears to be consistent with the hypothesis that the slope from the Himalayas to

the east Asian coast is the appropriate spatial scale for the pressure and wind anomalies
over east Asia during a pressure surge. In addition the vertical structure, considered below,
lends further support to the shelf-wave hypothesis,

{d}y Vertical structure

Latitude-height cross-sections of meridional-wind and air temperature along 110°E
regressed against the SLP base point of 15°N, 115°E are shown in Fig. 10. The northerly
meridional-wind anomalies (Fig. 10(a)} associated with the surge occur between 22.5°N
and the equator and extend up to 700 hPa. The positive meridional-wind anomalies also
proceeding southward have similar dimensions, though only those anomalies between
30°N and 35°N exceed a statistically-significant correlation of 0.2. Significant low-level
southerly anomalies develop on subsequent days (Fig. 5). Above 500 hPa, significant
subtropical southerlies occur between 27.5°N and 5°N at 200 and 300 hPa. In subsequent
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Figure 10. 6-to 30-day bandpass filtered (a) meridional wind (0.5 m s~! contour interval) and (b) air temperature
(0.5°C contour interval) as functions of latitude and height along 110°E linearly regressed about sea-level pressure
(SL.P) at 15°N, 115°E for day O corresponding to Fig. 5. The contours represent the regressed value for a typical
perturbation of SLP (3.0 hPa) at the base point. The white contours with shading represent the magnitude of the
correlation coefficient with a contour interval of 0.1 and a minimum contour value of 0.2,

days, the lower-tropospheric northerlies decrease in intensity (Fig. 5), while the upper-level
southerlies appear to increase in response to the convective anomalies, as shown in Fig. 7.

While the regressed meridional-circulation anomalies have distinct lower-tropospher-
ic and upper-tropospheric signals over the whole of east Asia, the temperature anomalies
(Fig. 10(b)) appear coherent from the surface to above 500 hPa in the midlatitudes, but
are shallower towards the equator. The positive temperature anomaly associated with neg-
ative pressure anomalies (compare with Fig. 9(a)) extends to 500 hPa. North of 30°N,
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the mid-tropospheric negative temperature anomaly lags behind the anomaly near the sur-
face, reflecting the separation between the near-surface surge and the upper-level wave
activity. South of 30°N, the negative temperature anomaly at 850 hPa is collocated with
the meridional-wind anomalies, and has approximately the same vertical extent, but at
1000 hPa negative anomalies less than —0.5°C terminate at 10°N. Cross-sections taken
over the centre of the South China Sea (115°E, not shown) indicate that the 0.5°C temper-
ature perturbation has maximum southward extent to only 15°N at 1000 hPa and 10°N at
830 hPa. The low-level warming of the surge over the open water is probably due to air-
sea interaction modifying the near-surface cold-air anomaly. Thus, as originally observed
in two cases by Chang et al. (1979), the near-surface temperature signal associated with
a pressure surge has deep tropical penetration only near and over the land region of the
Indo-China Peninsula. Over the South China Sea, the cold air is quickly modified, and the
near-surface signal is lost,

Comparing Fig. 10(a) and 10(b), the vertical change in the phase relationship between
the temperature and meridional-wind anomalies south of 45°N is consistent with the hy-
pothesis that different dynamical mechanisms may govern the southward propagation of
the anomalies. The vertical structure of the meridional-wind anomalies seen in Fig. 10(a)
appears similar to the predicted effect of stable stratification on barotropic shelf-wave
structure, as modelled numerically by Wang and Mooers (1976) and Huthnance (1978).
Both studies demonstrated that intermediate stratification combined with a sloped bottom
surface induces bottom trapping of the velocity anomalies. In Fig. 10(a), the vertical extent
of the meridional-wind anomalies in the lower troposphere is confined to near the surface.
While not considered in either modelling study, the limited vertical extent of the lower-
tropospheric temperature anomaly (Fig. 10(b)) does appear consistent with the hypothesis
of bottom trapping.

5. DISCUSSION AND CONCLUSIONS

The results found above corroborate some earlier findings on pressure surges, however
significant differences have also been found. We now attempt to develop a more consistent
morphology of surges by answering the questions posed at the beginning of the paper.

(1) What are the time-scales associated with surge activity?

East Asian pressure surges are the dominant mode of submonthly variability in the
east Asian winter monsoon system. The spectral results of Figs. 3 and 4 demonstrate a
regional localization of statistically-significant power in time-scales between synoptic
(2 to 6 days), submonthly (6 to 30 days) and the MJO (30 to 70 days). The synoptic time-
scale has little significant variance south of 25°N, suggesting that penetrating pressure
surges occur at a longer time-scale. Spectral analysis demonstrates that peaks in sub-
monthly power significant at the 95% level are Iocalized to an area stretching from the
Bay of Bengal to the Philippine Sea and from 30°N to the equator. Comparing the spectra
(Fig. 3) with the regression results (Fig. 5), submonthly spectral power has maximum val-
ues in the regions found as being along the dominant path for South China Sea surges. The
submonthly peaks also extend into the region of the Philippine Sea, with power decreasing
east of 140°E. The longitudinal distribution of spectral power suggests that the South China
Sea and the Philippine Sea are preferred regions for pressure surges. In both the synoptic
and submonthly bands, Murakami (1979) found similar spectral peaks with a single winter
record over the South China, Philippine, and East China Seas. The Hovméller diagrams
of Fig, 9 indicate a roughly 15-day periodicity for South China Sea surges, but the spectra
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of SLP reveal that, in fact, pressure surges are a relatively broadband phenomena in the
submonthly range.

(i1y What are the basic relationships between surge-associated variables, independent
of an arbitrary definition?

The pressure patterns. observed in Figs. 5 and 6 represent the dominant evolution of
pressure anomalies during the northern hemisphere cool season. Previous studies using
rotated principal-component analysis of SLP found similar patterns to those seen here in
the time evolution of pressure perturbations (Hsu and Wallace 1985). Based on the propa-
gation characteristics seen in Figs. 2 and 9, the South China Sea surge signal shows three
different regional characteristics as it moves equatorward. North of 45°N, the pressure
and temperature signals are in quadrature, as would be expected from eastward moving
baroclinic waves. Over mainland China, the low-level surge signals in pressure, temper-
ature and wind are almost in phase and appear to propagate much faster than the mean
or anomaly advective speed would explain. The vertical structure of the surge suggests
bottom trapping of the low-level surge anomalies (Fig. 10), consistent with the shelf-wave
modelling work of Wang and Mooers (1976) and Huthnance (1978). The regression results
provide observational support for the hypothesis that surges propagate with a shelf-wave-
like mechanism, whereby the augmentation of the potential-vorticity gradient by the sloped
surface from the east Asian coast to the Himalayan Plateau acts as the restoring force for
a southward propagating disturbance. At the southern Chinese coast, the low-level surge
propagation speed becomes much larger and pressure, temperature and wind fluctuations
are nearly in phase (Fig. 9). An initial pressure increase rapidly spreads over the whole
of the South China Sea (Fig. 9) with meridional-wind anomalies spreading southward at
nearly the same rate. In Fig. 9, we estimate the speed of surge propagation after leaving the
southern Chinese coast to be 40 m s™!. This observation is consistent with the hypothesis
that, south of the Chinese coast, the initial response to a pressure surge takes the form
of a gravity wave (Lim and Chang 1981; Chang ef al. 1983; Zhang and Webster 1992).
The slower-propagating SLP, temperature and wind anomalies are estimated to propagate
southward at 11 ms™'. -

The 1000 hPa air-temperature perturbation associated with the submonthly pressure
surges does not penetrate as far south over the South China Sea as the 850 hPa perturbation
(Fig. 10(b)). This statistically-significant modification of the surge temperature anomaly at
1000 hPa corroborates the previous study of Chang ef al. (1979) that showed, using two case
studies, that a decrease in temperature associated with pressure surges was not detectable
with station data from islands in the South China Sea. They hypothesized that air—sea
interactions quickly modify the temperature of the airmass, leaving only the pressure and
wind perturbations.

In Fig. 7, the jet anomalies over the Pacific show an out-of-phase relationship with
the jet anomalies directly over east Asia. The structure of the east Asian jet anomalies
appears to be closely tied to the subtropical and midlatitude upper-level eastward moving
waves that merge off the east Asian coast. These results corroborate the previous studies
of the surge relationship to Asian jet anomalies that used shorter records (Chang and Lau
1980, 1982). |

The local east Asian Hadley cell is weak before surges commence (Figs. 5(a), 7(a),
8). Strong subsidence, as indicated by the 200 hPa circulation of Fig. 7(c¢) and positive OLR
anomalies in the midlatitudes, occurs following the surge-induced initiation of convection
in the south-east Asian region. This result is in contrast to the findings of Chang and Lau
(1980), who showed that subsidence in the mudlatitudes, associated with the downward
branch of the local Hadley cell, increased prior to the surge. Instead, the changes in the



EAST ASIAN PRESSURE SURGES a1

200 hPa circulation divergence field seen in Fig. 8, in conjunction with the presence of a
large-scale positive OLR anomaly in the midlatitudes of Fig. 7(c), suggest that the upper-
level perturbations to the local Hadley cell follow the surge-induced convective anomalies.
In a recent AGCM study, Slingo (1998) also found that the upper-tropospheric branch of
the local Hadley cell increased following an increase in convective active over Borneo that
was associated with surges.

(it1) Is the tropical response to pressure surges a robust signal?

The surge relationship to tropical convection and circulation over the Philippine Sea,
South China Sea, Indo-China, and eastern Indian Ocean is a statistically-robust signal using
base points over east Asia from 55°N southward. In contrast, the southern-hemisphere
signal of enhanced convective activity and westerlies is observed with base points over
the East China Sea, Philippine Sea, and the South China Sea south of 20°N. The southern-
hemisphere signal 1s not observed using base points over continental Asia.

A comparison of Figs. 5 and 6 shows that South China Sea surges do not have a
significant relationship to the Philippine Sea surges that produce the near-equatorial trade
enhancements seen in Fig. 6. The difference between the two figures in the western Pacific
suggests that South China Sea surges often occur without a deep tropical Philippine Sea
surge event, while strong Philippine Sea surges are more likely to be coincident with a
surge that also engulfs the South China Sea.

Figure 5 shows that from the Indo-China Peninsula to the Philippines, and in the
Indonesian monsoon regions, convective activity increases following the enhancement of
the climatological north-easterly monsoon flow associated with a South China Sea pressure
surge, This result compares favourably with the previous results of Houze et al. (1981),
Johnson and Priegntiz (1981), and Chang and Chen (1992). Our results also corroborate
the OLR-based statistical work of Kiladis et al. (1994) and Meehl et al. (1996), but the
area of statistically-significant increased convective activity associated with South China
Sea surges seen in Figs. 5 and 6 covers a much larger area than was found in those studies.

The statistically-significant linear association between Philippine Sea surges and
western Pacific westerly-wind anomalies appears to lie in the coincident timing and inter-
action of Philippine Sea surges with westward propagating eqguatorial disturbances. These
westward propagating equatorial disturbances appear similar to the equatorial Rossby
waves found by Kiladis and Wheeler (1995). Further study is underway to determine
the exact nature of the coincident association between these features and the ecast Asian
pressure surges over the South China Sea and Philippine Sea.

The correlation between surges over the South China Sea and upper-level wave activity
showing propagation into the westerly duct region demonstrates that low-level pressure
surges are an indicator of large-scale submonthly variability throughout the troposphere
(Fig. 7), confirming the similar observational findings of Lau and Lau (1984), Joung and
Hitchman (1982), Hsu et al. (1990), and Meehl ef al. (1996).

The robustness and high degree of statistical significance of the results presented
here provides strong support for the scenario in which convective activity in the western
and eastern Pacific are linked through tropical-extratropical interaction, as observed by
Meehl ef al. (1996} and seen in the AGCM results of Slingo (1998). Combining Figs. 5
and 7, a pressure surge induces an increase in convective activity in the South China
Sea. The increase in convective activity coincides with an enhancement of the upper-level
Hadley circulation over east Asia and an enhancement of the east Asian jet. Following the
eastward extension of the enhanced east Asian jet, upper-level wave activity propagates
into the eastern tropical Pacific, with ridges suppressing convective activity, and troaghs
enhancing convective activity, over several days.
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