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Abstract: An inconsecutive high frequency distribution with a “sandwich structure” pattern for high
temperature warm water warmer than 29°C in the western Pacific warm pool (WPWP) was found using
Tropical Rainfall Measuring Mission (TRMM) sea surface temperature (SST) data, a relatively high
resolution data for space. This phenomenon only shows up in boreal summer (June to September), and
becomes obvious when WPWP SST is higher than 29°C. As observed, East Asian summer monsoon (EASM)
impinges on Philippine Islands in July, which has an important impact on the formation and maintenance of
the “sandwich structure”. Winds affect the distribution of SST in two ways: one by increasing the local
latent heat flux and the other by transporting cold water towards the southeast of Philippine Islands.

Key words: warm pool; high temperature warm water; inconsecutive frequency distribution; EASM

CLC number: P732 Document code: A

1 INTRODUCTION

The western North Pacific (WNP) is an area with
the highest sea temperature (ST) and heaviest rainfall
in the world ocean!¥, playing a central role in the EI
Nino-Southern Oscillation (ENSO) phenomena!?. The
area where sea surface temperature (SST) is higher
than 28°C is usually referred to as the western Pacific
warm pool (WPWP). Because of the high ST and
great heat content, the warm pool (WP) has great
impact on the atmospheric circulation, which
influences social life markedly™. The warm (cold)
anomaly of WPWP can shift the boreal subtropical
ridge northward (southward) by strengthening
(weakening) convection over the Philippine Sea (PS),
ulteriorly affecting East Asian climate!. It has been
pointed out that the underlying warm pool ocean
attributes much to the persistence of an anomalous
Philippine Sea anticyclone which develops in the
boreal fall of an El Nifio year®.

The WP atmosphere is an important source of the
atmospheric general circulation. A lot of studies
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assume that atmospheric circulation is very efficient
in exporting heat out of the WPA (Warm Pool
Atmosphere)®. As one of the most important
summer monsoon subsystems in the Asian-Pacific
region™, East Asian summer monsoon (EASM) has
great impact on WPWP. After the onset of EASM, the
variation of net heat flux (Qne) and ocean circulation
induced by EASM can change ST of the warm pool.
In a word, WPWP is a region where the ocean and
atmosphere interact with each other notably, so it is of
great importance to study!*3 4,

Though a lot of research on WP has been done
before, the definition of WP boundary is not unified
yet. Although SST higher than 28°C is a common
definition for WP, choosing different SST as criterion
may lead to different characteristics of WP variation.
For example, during boreal summer, the 29°C area
index of WPWP falls obviously from May to June,
while that of 28°C increases™™. Recent work shows
that high temperature warm water (HTWW) higher
than 30°C in the South China Sea (SCS) shows up in
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spring just before the onset of SCS summer monsoon
(SCSSM), implying that the HTWW could be a good
indicator for the onset of the SCSSM*®. How do the
characters of HTWW in WPWP behave, especially
near the Philippine Sea—a core region of WPWP?
This article discovers some interesting results of
HTWW in WPWP by analyzing the frequency
distributions of different WP SST during boreal
summer and discusses the formation of this
phenomenon.

Research has been done on the South China Sea
(SCS) as part of WPWP. The impacts between
summer monsoon and ocean there grab a lot of
attention and have been studied extensively. Xie et
al.l’’] pointed out that the cold filament in SCS during
summer is due to the upwelling caused by
southwesterly monsoon wind impinging on Annam
Cordillera. In their another work[®l, they showed that
Philippine Islands and Annam Cordillera have similar
impacts on the summer rainfall due to topographic
effects.

However, there are only a few researches on the
Philippine Sea. Maria et al.l’¥ discovers that an
upwelling exists in Mindanao. It is caused by the
cyclone circulation induced by the southern branch of
the north equatorial current and the equatorial counter
current, while this upwelling is actually relatively
weak during the summer of Northern Hemisphere. It
is proved later that it is not a key element for the
variation of HTWW in the Philippine Sea. Sun et al.[2”
pointed out that after the onset of southwest monsoon,
the Ekman transport induced by surface winds makes
the depth of the mixed layer shallow in the west and
deep in the east of SCS. Does the topography of
Philippine Islands have important effects, too? How
does the monsoon affect the SST there? In this article,
we are trying to answer these questions.

In the following sections, after introducing the
data and analysis methods (section 2), we mainly
discuss the inconsecutive frequency distributions of
HTWW in the WPWP (section 3). Then we try to
explain how this phenomenon forms (section 4) and
its interannual change appears (section 5). Lastly, a
summary and discussion is provided.

2 DATA

The high resolution Tropical Rainfall Measuring
Mission (TRMM) SST daily data, with 0.25 by 0.25
degrees spatial resolution, is used here in this work for
the period 1998 to 2008, which covers the entire
ocean between 40°N and 40°S. For further analysis,
the pentad mean data is calculated. Compared to the
traditional SST dataset, the satellite microwave
radiometers can measure SST through clouds, which
is very useful because WP lies mainly in the tropical
areas where convection activities occur frequently.
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The microwave scatterometer, SeaWinds,
launched on the QuikBird satellite (QSCAT), provides
daily sea winds dataset from 2000 to 2008, with 0.25
by 0.25 degrees spatial resolution. The National
Centers for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR, USA)
reanalysis provides daily 850 hPa winds dataset form
1998 to 2006 with 2.5 by 2.5 degrees spatial
resolution. We also use the daily mean latent heat,
sensible heat, net heat and short wave radiation
dataset from WHOI (Woods Hole Oceanographic
Institution) OAFlux (Objectively Analyzed air-sea
Flux) project (http://oaflux.whoi.edu/index.html),
which is an ongoing research and development project
for global air-sea fluxes?t). Daily sea surface height
(SSH) and ST are from SODA (Simple Ocean Data
Assimilation) dataset?> 2 All the data described
above are calculated on a pentad basis.

To analyze the variation of HTWW in WPWP, we
first calculate the frequency distribution of different
WP SST from 28°C to 30°C at 0.2°C intervals. In this
article, the frequency of SST means the ratio of the
pentads in which SST is higher than a certain value to
the total pentads.

3 CHARACTERISTICS OF INCONSECUTIVE
“SANDWICH STRUCTURE” PATTERN FOR
HTWW IN THE WPWP

After investigating spatial frequency distribution
of different WP SST, an inconsecutive high frequency
distribution of SST in the WPWP is found when the
WP SST is higher than 29°C, which mostly occurs in
boreal summer. Figure 1 shows the seasonal variation
of the spatially climatological frequency distribution
of SST higher than 29.6°C. In boreal spring (MAM,
Figure 1a), the warm pool is mainly located at the
Southern Hemisphere, and the highest frequency lies
near the date line. In boreal summer (JJA, Figure 1b),
as the solar radiation moves northward, the high
frequency distribution area moves northward, too.
However, the high-frequency distribution of SST in
the western Pacific is inconsecutive, which is blocked
by a low-frequency distribution at the southeast of
Philippine Islands (pane in Figure 1b). The relatively
low-frequency area seems plugging into two high
frequency regions in the north and southeast, which
makes a “sandwich structure” pattern. Hereafter, we
refer this inconsecutive distribution as a “sandwich
structure”. In boreal autumn (SON, Figure 1c), as the
direct solar radiation moves southward, the core of a
high-frequency area also moves southward,
meanwhile the *“sandwich structure” disappears. In
boreal winter (DJF, Figure 1d), the main body of the
warm pool lies in the Southern Hemisphere again. It is
worth noting that although the frequency distribution
of different WP SST criteria are similar, the
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“sandwich structure” cannot be observed in the spatial

spatial frequency distributions of annual mean WP

frequency distributions of SST lower than 29°C, SST, suggesting that the phenomenon s
implying that it is a special characteristic of HTWW. season-dependent.
The “sandwich structure” also disappears in the
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Figure 1. Climatological frequency distribution of SST higher than 29.6°C for spring (A), summer (B), autumn (C) and winter (D).
The pane in the summer panel denotes the relatively low-frequency area plugging into two high frequency regions in the north and

southeast, which makes a “sandwich structure” pattern.

The “sandwich structure” pattern also appears in
summer SST fields in the western Pacific warm pool.
The distribution of climatologically averaged sea
surface wind stress and SST from May to October are
shown in Figure 2. In May (Figure 2a), the main body
of WPWP is located at the northern part of the Indian
Ocean, part of the Philippine Sea and western Pacific,
and monsoon occupies most of SCS, while trade
winds prevail over the Philippine Sea. After that, SST
in SCS decreases under the influence of monsoon, and
southwesterly monsoon gradually affects the east of
the Philippine Sea in June (Figure 2b), but the
decrease of SST there is not obvious yet. Meanwhile,
thanks to the northward movement of solar radiation,
the core of the warm pool also moves northward,
significantly increasing SST in the Philippine Sea but
decreasing it in Indonesia. In July and August
(Figures 2¢ & 2d), together with the onset of EASM,
SST in SCS and Indonesia continues falling, and so
does that in the southeast of Philippine Islands, which
is corresponding to the “sandwich structure”. The
inconsecutive frequency distribution of high SST
appears. As southeasterly monsoon decays in
September (Figure 2e), SST in the western Pacific

rises again, meanwhile the *“sandwich structure”
weakens. In October (Figure 2f), the “sandwich
structure” disappears completely, but SST in SCS
drops again with the onset of winter monsoon.

What is worth noting is that as the distribution of
wind speed indicates (not shown), when EASM
affects Philippine Islands in July, a wind jet is formed
at the southern tip of it, which is probably the same
reason behind the formation of the wind jet at the
southern part of Annam Cordillera in boreal
summer™™. The core of wind speed is consistent with
that of cold water in Figure 2c.

In summary, the “sandwich structure” exists only
in boreal summer and reaches its peak in July and
August, and all of this can only be observed in SST
frequency distribution higher than 29°C. The
phenomenon becomes more obvious when we pick
higher SST as the criterion.

4 FORMATION OF THE “SANDWICH
STRUCTURE”

As observed above, the “sandwich structure” is
most obvious in July and August when EASM
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prevails over the same area (Figures 2¢ & 2d).
Therefore, we mainly discuss whether EASM plays
important roles in the formation of “sandwich

wingdstress & =5

A

R R S
L T T S |

‘RSR':
\'\'\Ik.'\
160E

gt nn|
180
C

20M 4

10N Jghg

EQ Tt iﬂ.

L R
g R Rt
(e B O
LR

0E 120E

1035

‘\I
140E

180
E

T60E

—

]
20N

10K 4 !’.
EQ Yo

e
105 1

140E 160E 180

120E

100E

0.25

204

20M A

20N

structure”, and how monsoon affects the SST,
especially in the low-frequency distribution area.

100

DES

Thkhornngne

]

g
1051

140E  1B0E 180

10K 1

EO s

105

X
rEkETE

PRI ¥ A S

D

=
T

ML
T

1GOE

1200 140E  TR0E 18D

10M

EQ,

F

o 2 o
. zifrj,‘ﬁih TR
P ! LLENRCIY WK,

+

120E 140 1BOE 180

0.25

Figure 2. Spatial distribution of climatological mean SST and sea surface wind stress for May (A), June (B), July (C), August (D),
September (E), and October (F). Shades are for SST (°C) and the arrow indicates sea surface wind stress (N/m?).

The WP area indices in Figure 3 show the size of
an area where SST is higher than a certain value
between 130-140°E and 0-10°N, with the area around
indicated by a box in Figure 1b. The variations of
pentad mean area indices from 1998 to 2008 (Figure
3a) as well as climatologically mean area indices
(Figure 3b) are shown. Under the influence of EASM,
the period of SCS WP area indices appears to be six
months (figure omitted), because SST there decreases
after the onset of EASM in May and recovers in
October (Figures 2a & 2f). As expected, in Figure 3b,
the WP area indices in the southeast of the Philippines
also appear to have double-peak in a seasonal cycle.
The “sandwich structure” shows up in June as the area
indices decrease, which is remarkable when the SST
chosen is higher than 29°C (the blue line), again

implying that this is a special characteristic of HTWW.

The variation of WP area indices southeast of the
Philippines much resembles that for the SCS in July
and August™, which indicates that EASM may also
play important roles in the formation of the “sandwich
structure”. The correlation of area indices in the two
areas from July to August varies form 0.39 to 0.61,
which increases as the SST picked as criterion rises.
The correlation coefficients between the indices of
SCSSM defined by Wang et al.*?! and the WP area
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indices for 130-140°E and 0-10°N vary from -0.36 to
—0.60, decreasing as well as the SST rises. All of these
imply that EASM may possibly affect the “sandwich
structure” (Table 1).

Figure 4 illustrates how the 30°C WP area index
(Figure 4a), precipitation (Figure 4b), latent heat flux
(Figure 4c) and wind (Figure 4d)—averaged between
0-10°N and 128-140°E—are changing. Before
analysis, we should mention that the variation of SST
averaged in the same area resembles that of HTWW
area index very much, which is very different from
that of 28°C area index (Figure 3). In phase 1 and
phase 2, the SST index varies ahead of precipitation
and latent heat flux (affected by both precipitation and
wind), and its mechanism is probably the same as
HTWW in SCS in May!*®l. As the area index of SST
higher than 30°C rises dramatically in PS during
boreal summer, the precipitation will increase due to
the convection formed by HTWW. Later, the reduced
solar radiation caused by precipitation will reduce the
area of HTWW. This cloud-SST feedback was
conducted by Ramanathan and Collins®?®. The peak of
the HTWW area index lies in the first pentad in June
before the feedback mechanism works, decreasing the
index remarkably, an indication that the “sandwich
structure” is formed.
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Figure 3. The variation of panted mean area indexes anomaly where SST is higher than a certain value from 28°C to 30°C in the
area between 0-10°N and 128-140°E from 1998 to 2008 (A) and the climatologically averaged variation of area indexes (B).

Table 1. The correlation coefficients between the area indices
in Figure 3 and SCS area indices when SST picked is higher
than a certain value. The second column is for the correlation
coefficients between the area indices in Figure 3 and SCSSM
indices.

Correlation Correlation coefficients

SST(C) coefficients between area indices

of two area indices and SCSSM indices
28 0.390 -0.358
28.5 0.408 -0.463
29 0.452 —0.569
29.2 0.502 -0.591
294 0.550 -0.603
29.6 0.592 -0.635
29.8 0.612 —0.624
30 0.611 -0.601

However, when the EASM reaches the PS area in
July (phase 3 and phase 4), the speed of wind
gradually increases. As a result, HTWW is then
affected by both precipitation and wind, which can be
clearly observed from the variation of latent heat flux.
Especially in phase 4, the precipitation decreases
dramatically to the same level with the beginning of
phase 2, yet the HTWW area index only increases
slightly. This may imply that during boreal summer,
EASM plays a vital role in the maintenance of the
“sandwich structure”.

All the discussions above indicate that EASM
does have something to do with the formation of the

“sandwich structure”. Generally speaking, the winds
affect the SST in two ways normally, one by affecting
the latent heat, and the other by affecting the ocean
circulation. That is why we discuss the roles of
monsoon in the variation of SST in these two ways.

As shown in Figures 5¢ & 5d, the latent heat loss
in July and August is indeed larger than in other
months in the southeast of the Philippines (shown
above), which seems to be caused by monsoon in that
area. The same phenomenon can also be found in SCS.
In the meantime, latent heat loss in the southeast of
the Philippine Islands is larger than in the northern
part, which is in favor of the formation of the
“sandwich structure”. The difference between these
two areas is identical to the distribution of wind speed,
as the monsoon is largest in the southeast of
Philippine Islands in July and August. However, the
core of latent heat loss is located in the south of the
low-frequency area, which means that their
distributions do not coincide with each other exactly.
This deviation may imply that latent heat loss is not
the only reason (to be discussed later).

Figure 6 shows the variation of climatologically
averaged latent heat (Figure 6a) and solar radiation
(Figure 6b) averaged in three key areas of “sandwich
structure”, including the low-frequency area we
discussed before and the other two areas with high
frequency in boreal summer. While the latent heat
increases obviously from June to August in all three
areas, solar radiation in the northern area is apparently
higher than the other two areas in July and August,

49



50

Journal of Tropical Meteorology

Vol.18

which may be the reason why SST there is the highest.
However, the red and green curves much resemble
each other most of the time, but SST is lower in the
central area than the southern, implying that the heat
gain from the atmosphere still cannot explain the

difference between these two areas. As is well known,
the South Equator Current transports warm water
from Eastern Pacific to Western Pacific all year
round 271 and this is probably why the SST of the
southern part of WPWP in boreal summer is higher.

1000 1 5

800
600
400 1
2004

0

3 4

A

10 A

148

1201
100 WW

80

\M\M«W

15N Jopmm——
12N

Pt

=

BN
3N

T & A

=
i s v vt 2 3 b P A%

g, e W TR
f

o T T,
9N A i
T Aphe Mmool

kx4

T—— D
rh auf:"——m-*ﬂwf"w‘-h.—l-——

oty T ol el e o

B o s B I S
= W

Tz by TE LT
PR T TR ARt s —mme sy 1

S R ST 3L Y

EQ T T T ¥ !  —
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

-

2

Figure 4. Climatological mean of the 30°C area index (A, red dashed line), precipitation (B, small circles) and latent heat (C, black
line) averaged in the area between 0-10°N and 128-140°E. The arrow means the 850 hPa winds averaged between 0 and 10°N (D).

Then we focus on the other way by which winds
affect the SST. Figure 7 shows the distribution of
climatologically averaged ST from 5°S to 25°N and
between 125°E and 130°E. We can tell by the plot
that the upwelling in the southeast of Philippine
Islands described earlier does exist, but it is very weak
in boreal summer™. So it does no favor to the
formation of the “sandwich structure”. As the solar
radiation moves northward in summer, the ST
between 5°S and 5°N falls obviously from July to
September (Figures 4c & 4e). Meanwhile, southeast
winds in the southern part and monsoon in the
northern part help transport the cold water
northeastward because of the Ekman transport and the
distribution of SSH (Figure 8), which makes SST in
the southwest of the Philippine Sea fall obviously,
which is proved by the distribution of ocean currents
in July and August (Figure omitted). This can also
explain the deviation of the distribution between
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latent heat loss and the low-frequency area. As a wind
jet formed by EASM affects the southern tip of
Philippine Islands, however, the decrease of SST only
shows up in a small area. In a word, the decrease of
SST in the southeast of Philippine Islands is local
because of the topography.

5 INTERANNUAL VARIATION OF
“SANDWICH STRUCTURE”

For further research, several special years are
picked according to the time series of area indices in
Figure 3a. In WP there is no remarkable cooling in the
summers of 1998 and 2008, implying the “sandwich
structure” may disappear, while the variation of SST
in 2004 is very intense compared to normal years,
indicating an extremely strong “sandwich structure”
pattern in summer. Some studies have shown that
there is a strong intraseasonal oscillation of monsoon
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in 2004. After the onset of EASM, its strength summers of 1998 and 2008. During those years, under
weakened sharply in July and then recovered in the influence of ENSO, EASM became weak!?®!, and
August. In our research, the “sandwich structure” in the meantime, the “sandwich structure” disappeared.
represents the similar characteristics, which means These cases prove the hypothesis that EASM is a key
that the variation of SST in WP is identical to the element in the formation of the “sandwich structure”.
monsoon. The same similarity also exists in the
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In the meantime, in the special years we picked
before, the variation of “sandwich structure” appears
to be identical to latent heat loss, too (figures
omitted).

6 CONCLUSIONS

The inconsecutive frequency distributions of high
SST, which is caused by low SST in the southeast of
Philippine Islands in boreal summer, known as the
“sandwich structure”, does exist in the western Pacific
warm pool. This phenomenon becomes more obvious
when we pick higher SST as the criterion.

The low frequency in the Philippine Sea is
possibly caused by southwest monsoon and sea water
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transport together. In June, the precipitation at the
southern tip of Philippine Islands increases
dramatically because of the appearance of HTWW,
which then causes the SST there to decrease
obviously. Then as EASM affects the southern part of
Philippine Islands in July, the latent heat loss there
becomes larger, meanwhile the short-wave radiation
decreases as the sunlit point of the Sun moves
northward. As a result, the Qne of the low-frequency
area is smaller than in the northern part. On the other
hand, thanks to the Ekman transport caused by winds,
the cold water from the southern tip of Philippine
Islands swarm northeastward. Eventually, the
“sandwich structure” forms. As EASM retreats
southward in September, the “sandwich structure”
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weakens and disappears. Therefore, the summer
monsoon does play an important role in the formation
of the “sandwich structure”. In future research, we
will focus on the role the “sandwich structure” plays
in the climate variation in East Asia and Pacific
Ocean.

Besides, several special years are picked based on
the HTWW area indices in the low-frequency area. In
these years, the variation of the “sandwich structure”
coincides with that of EASM and latent heat very
well.
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