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Abstract A tripolar anomaly pattern with centers located
around the Philippines, China/Japan, and East Siberia
dominantly appears in climate variations of the East Asian
summer monsoon. In this study, we extracted this pattern
as the first mode of a singular value decomposition (SVD1)
over East Asia. The squared covariance fraction of SVDI
was 59 %, indicating that this pattern can be considered a
dominant pattern of climate variations. Moreover, the
results of numerical experiments suggested that the struc-
ture is also a dominant pattern of linear responses, even if
external forcing is distributed homogeneously over the
Northern Hemisphere. Thus, the tripolar pattern can be
considered an internal mode that is characterized by the
internal atmospheric processes. In this pattern, the moist
processes strengthen the circulation anomalies, the dynam-
ical energy conversion supplies energy to the anomalies, and
the Rossby waves propagate northward in the lower tropo-
sphere and southeastward in the upper troposphere. These
processes are favorable for the pattern to have large
amplitude and to influence a large area.

Keywords Monsoon - Climate variability -
A linear model
1 Introduction

The East Asian summer monsoon (EASM) has complex
and unique characteristics associated with the land-sea
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contrast of the Eurasian continent and the Pacific Ocean.
Figure 1 shows a climatological field defined as an average
during 1979-2005 in the June—July—August (JJA) seasons.
Troughs are located around India, China, and Japan.
An anticyclonic circulation is identified over the Pacific
Ocean and East Siberia. Between the troughs and the
Pacific High, geostrophic southwesterlies transport mois-
ture to the midlatitudes forming a rainband called baiu in
Japan and strong moisture gradients are zonally observed
around 35°N. In the upper troposphere, a double jet
structure exists over the Eurasian continent, which geo-
strophically balances with the temperature gradients of the
midlatitudes and the coastline of the Arctic Sea.

The variations of the EASM have been discussed in
many previous studies. For example, Wang et al. (2001)
discussed the relationship between interannual variations
of the EASM and El Nino Southern Oscillation during
1948-1997. They showed that atmospheric circulations
around the Philippines in JJA seasons are significantly
correlated with the sea surface temperature (SST) of the
NINO3.4 region (170°-120°W, 5°S—5°N) in the precedent
December—January—February (DJF) seasons. In other
words, the Pacific High in the climatological field (see
Fig. 1a) tends to extend farther southwestward during
summer after El Nino compared to an average year. In
addition to this high-pressure anomaly around the Philip-
pines, there are also negative and positive pressure anom-
alies observed around China/Japan and East Siberia,
respectively.

This tripolar climate anomaly pattern with centers
located around the Philippines, China/Japan, and East
Siberia (e.g. Fig. 2b, c¢) dominantly appears in climate
variations of the EASM. Endo (2005) showed a spatial
structure of interannual variabilities during 1958-2002 of
JJA height fields associated with variations of the Indian
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Fig. 1 A JJA climatological field. a Precipitation (shadings; mm
dayfl), horizontal winds at 850 hPa (vectors; m s~ '), Z500 deviations
from the zonal mean (contours; m), and 2m specific humidity
gradients stronger than —4.5 x 10™°kg kg~ 'm™" (hatchings). b Hor-
izontal winds at 300 hPa (vectors; m) and meridional temperature
gradients of the troposphere (1,000-300 hPa) stronger than —3.7 K
(1,000 km) ™" (shadings)

Ocean SST (50°-120°E, 20°S-20°N) in the precedent
March-April-May (MAM) seasons, which also had a tri-
polar structure. Hirota et al. (2005) showed linear trends
of June precipitation during 1979-2003 having a tripo-
lar structure. The climate response to doubled CO,
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Fig. 2 a Time series of SVDI over East Asia (solid line) in the JJA
seasons, SST of the precedent MAM over the Indian Ocean (dashed line),
and SST of the precedent DJF over the NINO3.4 region (dotted line)
(normalized by standard deviations). The SVD analysis is applied to
correlation matrix of JJA mean precipitation and Z500 during 1979-2005.
Regression maps of b precipitation and ¢ Z500 with respect to the SVD1.
Contours are drawn with an interval of 0.4 (£0.2, £0.6, *1.0, ...) mm
dayfl inband 4 (£2, 46, %10, ...) min c. Shadings in b and ¢ denote
significant anomalies at 95 % confidence level

concentrations in the climate model of Kimoto (2005) also
suggested a tripolar pattern. Although these anomaly pat-
terns are defined differently and are likely to be associated
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with different types of external forcings, they have a sim-
ilar tripolar structure.

The two anomalies around the Philippines and Japan are
reminiscent of the Pacific-Japan (PJ) pattern, which is a
dominant teleconnection pattern first identified by Nitta
(1987). The pressure fields around Japan tend to be higher
when convective activities around the Philippines are more
active. Tsuyuki and Kurihara (1989) investigated this
relationship using a linear barotropic model at a 300 hPa
level and interpreted this pattern as Rossby waves excited
by convective activities around the Philippines.

More recently, Kosaka and Nakamura (2010) suggested
that the PJ pattern can be regarded as a dry dynamical
mode. Besides the importance of the Rossby waves for the
horizontal structure, they emphasized the role of dynamical
energy conversion from the climatological mean field. In
particular, they obtained a pattern similar to the observed
PJ pattern as a second least-damped singular mode in a
two-level dry model of a linearized quasi-geostrophic
system. The singular mode in the model gains energy
efficiently through barotropic energy conversion around the
Philippines and baroclinic energy conversion around Japan.
Similar energy conversions were also identified in obser-
vations (Fukutomi and Yasunari 1999, 2002; Yasutomi
2003; Kosaka and Nakamura 2006).

Previous researches on PJ patterns focused on the
importance of the dry dynamical processes, but there are
evidences suggesting that moist processes also play a role.
The circulation anomalies of the PJ pattern accompany a
large amount of precipitation (Kosaka and Nakamura
2006), and the associated diabatic heating contributes to
the energy of the PJ pattern (Kosaka and Nakamura 2008).
Lu and Lin (2009) suggested that heating associated with
precipitation around China/Japan is important for upper
topospheric circulations of the PJ pattern. In general, the
impacts of diabatic heating associated with precipitation
are thought to be large in the tropics where abundant
moisture is available and relatively small in the higher
latitudes. However, as described above, the monsoon
southwesterlies at the lower troposphere transport a large
amount of moisture to the midlatitudes in summer. Thus,
this study investigates the role of moist processes in the
midlatitudes around China/Japan as well as in the tropics
around the Philippines.

Researchers have also been concerned with the high
pressure anomaly over East Siberia in summer, as the
associated northeasterlies, called Yamase, often bring a
cool summer to Japan (Ninomiya and Mizuno 1985). Sato
and Takahashi (2007) suggested that this anomaly again
has characteristics of a dry dynamical mode. The linear
barotropic model at the 300 hPa level showed that the
pattern having a maximum over East Siberia is a dominant
mode and explained that the mode obtains energy through

barotropic energy conversion associated with the structure
of the polar jet in the upper troposphere. Besides the
dynamical energy conversion, Arai and Kimoto (2008)
suggested that divergence of nonlinear vorticity flux also
contributes to the formation of the pressure anomaly over
East Siberia.

This study examines the physical reasons why the tri-
polar pattern appears so dominantly in EASM climate
variations. As described above, this pattern is associated
with various kinds of external factors for atmospheric
variations, such as SST and CO, concentration. Therefore,
this study expects that the basic structure of the pattern
would be determined not by external factors, but by
internal atmospheric processes, which probably function
similarly in the different EASM variations. Although this
study agrees that Rossby waves from the tropics are a very
important concept for understanding the horizontal struc-
ture of the PJ pattern, it does not fully explain the tripolar
structure. Considering Rossby waves as the balance of
potential vorticity advection and effective beta, anomalies
of the waves in a southwesterly basic state are likely to
have a southwest—northeast orientation (cf. Nitta 1987,
Tsuyuki and Kurihara 1989). However, the anomalies of
the tripolar pattern are located almost in the same longi-
tudes (south—north orientation). The relationship between
the anomalies around Japan and East Siberia is also an
interesting issue, which is not much discussed in previous
researches. We also investigate how dynamical energy
conversion and moist processes affect the structure and
amplitude of the pattern.

This paper consists of the following sections: Sect. 2
describes the data used in the analyses; In Sect. 3, the
tripolar structure is extracted as a dominant pattern; Sect. 4
discusses the internal processes associated with the pattern;
In Sect. 5, numerical experiments are conducted to show
processes important for the pattern; Sect. 6 is a summary
and discussion.

2 Data

We analyzed the Japanese 25-year reanalysis and the JMA
Climate Data Assimilation System (JRA25/JCDAS; Onogi
et al. 2007) as well as CPC Merged Analysis of Precipi-
tation (CMAP) estimated by rain gauge and satellite
observations (Xie and Arkin 1997) during 1979-2005. The
time intervals of the reanalysis and precipitation data were
6 h and 5 days, respectively. These data were analyzed on
T42 (&2.8°) horizontal grids, which is the resolution of a
numerical model used in Sect. 5.

We considered a climatological mean field, defined as a
27-year average of a 30-day running mean, as the basic
state and discuss anomalies from this basic state (Wallace
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and Gutzler 1981). Our study mainly focused on the
interannual variability of the JJA average, except for
“Appendix 1” where interseasonal variabilities and dif-
ferences between June and August are discussed.

3 The tripolar pattern in reanalysis
and observation data

To extract a dominant pattern of interannual variations, we
performed a singular value decomposition (SVD) to a
correlation matrix of the JJA mean precipitation and the
500 hPa geopotential height (Z500) over East Asia (70°E-
170°W, 0°-90°N) during 1979-2005. Note that the corre-
lation matrix is weighted with area of each grid box. A
solid line in Fig. 2a showed the time series of the first
mode (SVD1) for precipitation, which is strongly related to
that of Z500 with a correlation coefficient of 0.92. The
regression maps of precipitation and Z500 with respect to
the time series for precipitation were shown in Fig. 2b, c.
Anomalies were identified around the Philippines (100°E—
170°W, 5°-25°N), China/Japan (100°E-170°W, 25°-
45°N), and East Siberia (110°E-170°W, 45°-80°N) in both
the precipitation and Z500 anomaly fields. The squared
covariance fraction (SCF) of SVD1 was 59 %, and SVD1
was clearly separated from higher modes (North et al.
1982).

As shown in the previous studies (Wang et al. 2001;
Endo 2005), the time series (solid line, Fig. 2a) in the JJA
seasons showed a statistically significant relationship with
the SST of the precedent MAM over the Indian Ocean
(50°-120°E, 20°S-20°N; dashed line; correlation coeffi-
cient is 0.66) and the SST of the precedent DJF over the
NINO3.4 region (170°-120°W, 5°S-5°N; dotted line;
correlation coefficient is 0.51). Moreover, the correlation
coefficient between the time series and precipitation around
Japan (black box indicated in Fig. 2b) is 0.77, suggesting
its importance for the interannual variations of the rainband
in the midlatitudes (see Fig. 1a).

Similar patterns can be obtained in many other ways as
well. For example, Fig. 3 shows an empirical orthogonal
function (EOF) analysis of a correlation matrix of the JJA
mean Z500 over the Northern Hemisphere. The first mode
that contributes to 37 % of the total correlations has a tri-
polar structure over East Asia. Statistically significant
anomalies are identified over the entire tropics, Central
Asia, North America, and East Asia. Of these anomalies,
the tripolar structure over East Asia is the most prominent
feature, as this pattern appears to be a dominant pattern
mainly over East Asia and may be related to other parts of
the Northern Hemisphere as well. This result reinforces the
robustness of the structure and its importance as a domi-
nant climate variability pattern of EASM. The robustness
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Fig. 3 Same as Fig. 2c, but regression maps with respect to the
EOF1 of JJA mean Z500 over the Northern Hemisphere

of the pattern is further supported by SVD analyses for
June average data, August average data, and daily average
data in “Appendix 1”.

Since SVD and EOF analyses may yield a statistical
artifact, the pattern can be an artificial combination of a
tropical-midlatitude dipole pattern and a midlatitude-East
Siberian dipole pattern having a common signal around
China/Japan. To support the connections between south-
ernmost and northernmost anomalies, we made correlation
maps of Z500 with respect to precipitation averaged in a
box near the Philippines (110°E-120°E, 10°-20°N) and the
Sea of Othotsk (140°E-150°E, 50°-60°N) as shown in
Fig.4. The both correlation maps show the tripolar structure
similar to that obtained from SVD and EOF analyses.

4 Internal processes associated with the pattern

In this section, we describe a moisture budget, a heat
budget, a vorticity budget, and a dynamical energy analysis
in the tripolar anomaly field, which is defined as regres-
sions to the SVD1 of the JJA mean precipitation and Z500
over East Asia (Fig. 2). Then, we discuss how the internal
processes such as moist processes, energy conversion, and
Rossby waves affect and determine the structure and
amplitude of the pattern.

We use linearized primitive equations in the following
analyses. The primitive equations of anomalous variables

() linearized about the climatological mean field () in the
pressure coordinate system (longitude 4, latitude ¢, and
pressure p) are

p _
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Fig. 4 7500 correlation maps with respect to precipitation near a the
Philippines (110°E-120°E, 10°-20°N) and b the Sea of Othotsk
(140°E~150°E, 50°-60°N). Contours are drawn with an interval of
0.2 (+£0.1,£0.3,£0.5,...)
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(3)

where Q' is diabatic heating, S’ is moisture sink (or source),

N represents nonliner effects, S, (E IpiCT - %—Z) is a static
)

stability parameter, and other notations are standard. The
nonlinear effects A are associated with high frequency
disturbances with a period shorter than 3 months. An
example of N is —(u, - Vu,)', where (), shows a devia-
tion of 6 hourly data from the climatological mean field,

which is defined as a 27-year average of a 30-day running
mean. Note that the nonlinear effects of the disturbances
with a period shorter than 6 h are not considered in these
analyses because the time interval of the data is 6 h.

The tendency terms on the left-hand side of Egs. (1-3)
are very small in 3 month averages, so they are neglected in
the following budget analyses.

4.1 A moisture budget analysis

To derive an equation for a moisture budget, we integrate
Eq. (3) from the surface (p = p;) to the top of the atmosphere

(» =0) and use pr ‘ S%” = —precipitation + evaporation.
Thus,

0 0
d, d,
Precipitation’ ~ — / V- (uq') L _ / V. (”,‘?)_p
8 8
Ps Ps

0
d
+ / N, @w evapolation’. (4)
8
Ps

This equation shows that the precipitation anomalies cor-
respond to moisture convergence associated with specific
humidity anomalies, moisture convergence associated with
circulation anomalies, a nonlinear term, and evaporation
anomalies. This approximation is valid because the time
scales of cloud processes are sufficiently shorter than
3 months.

The precipitation anomalies (Fig. 2b) mostly correspond
to the moisture convergence due to the circulation anom-
alies [the second term on the right-hand side of Eq. (4)]
shown in Fig. 5, and the other terms are very small (figures
are not shown). Because moisture is concentrated in the
lower troposphere, the circulation anomalies in the lower
levels are mainly responsible for this convergence. Vectors
in Fig. 5 show the moisture flux due to the circulation
anomalies. The northeastward moisture flux to China/Japan
corresponds to the anomalous moisture transport by the
stronger monsoon southwesterlies in the lower troposphere.

4.2 A heat budget analysis

A heat budget of Eq. (2) for the tripolar anomaly field is
shown in Fig. 6. We calculate horizontal advection [the
first and second terms on the right-hand side of the ther-
modynamic equation (2)], adiabatic heating (the third and
fourth terms), a nonlinear term (the fifth term), and a dia-
batic heating (the sixth term). The dominant terms around
the Philippines and China/Japan are the adiabatic heating
and the diabatic heating, which balance each other. In
addition to these two terms, horizontal advection and a
nonlinear term also have some contribution in the higher
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latitudes. Cooling by the horizontal advection over the Sea
of Okhotsk (150°E, 55°N) is more conspicuous in the
lower troposphere, which is consistent with the result of
Ninomiya and Mizuno (1985).

The diabatic heating Q' is estimated as a residual of the
thermodynamic equation (Yanai et al. 1973). Note that the
nonlinear A7 associated with high frequency disturbances
is not included in this Q' for clearer interpretation of each
term. Because the horizontal pattern of the diabatic heating
(Fig. 6d) is similar to the precipitation anomaly pattern
(Fig. 2b), a large part of the diabatic heating is possibly the
condensation heating of the precipitation anomalies. To
quantitatively support this idea, we compared the vertical
integral of the diabatic heating % fpog Q’%p (figures are not
shown) with the precipitation anomalies. Both have a
minimum of about —2 mm day_1 around the Philippines
and a maximum of about 1 mm day~' around Japan, and
their horizontal patterns are very similar to each other.
Therefore, the diabatic heating associated with the tripolar
pattern is mostly the condensation heating around the
Philippines and China/Japan.

4.3 A vorticity budget analysis

A vorticity equation is derived by calculating the rotation
of the momentum equation (1). We applied the quasi-
geostrophic approximation and used the omega equation to
investigate the effects of diabatic heating in the budget,
which is closely related to the moist processes. The vor-
ticity equation is
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where f is the Coriolis parameter at 45°N, ¢ is relative

vorticity, Y = ®/fy is stream function, uy = (—%—'ﬁ,%) is
the geostrophic components of the horizontal wind, and
o' = o) + wy (6)
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Equations (6-8) constitute a linearized omega equation.
The third term of Eq. (5) is a stretching term associated
with vorticity and temperature advection, and the fourth
term is a stretching term associated with diabatic heating.
Note that the validity of the quasi-geostrophic approxi-
mation is confirmed by comparing the results in the
primitive system.

The vorticity anomalies and each term of Eq. (5) at 850
and 300 hPa are shown in Figs. 7 and 8, respectively. Wave
activity flux (WAF), which is parallel to the group velocity
of Rossby waves (Takaya and Nakamura 2001), is also
shown in Figs. 7a and 8a.

In the lower troposphere at 850 hPa, negative—positive—
negative vorticity anomalies from the Philippines to East
Siberia are identified corresponding to the precipitation and
7500 anomalies. The northward WAF from the Philippines

and the balance of horizontal advection effective beta, and
a dynamical stretching term fo 5 suggest that the anoma-

lies around the Philippines and China/Japan can be inter-
preted as baroclinic Rossby waves. In addition to the
dynamical balance, the stretching term associated with
o . dw) o

diabatic heating fo%’ also shows a large contribution
suggesting the importance of the moist processes. The
dominant term over the Sea of Okhotsk is fo%, and is
associated with downward motions (wp’ > 0). Further
decomposition of foaé% using the Eq. (7) revealed that both

vorticity and temperature advection contribute to the
downward motions (figures are not shown). For example,
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the positive vorticity anomaly around Japan is advected
northeastward to the Sea of Okhotsk by the climatological
southwesterlies in the lower troposphere (Figs. la, 7b),
whereas the negative vorticity anomaly around East Siberia
is advected southeastward in the upper troposphere
(Figs. 1b, 8b). Therefore, the positive advection in the
lower troposphere and the negative advection in the upper
troposphere results in the downward motion wp ~
—%(—ﬁ - V¢&') > 0. The anomalous descent (Figs. 7d, 8d) is

collocated with upper-tropospheric anticyclonic advection
anomaly (Fig. 8b), whereas lower-tropospheric advection
(Fig. 7b) is shifted eastward from the descent. This result
suggests a dominant role of upper-tropospheric advection on
the descent. The stretching term associated with diabatic

heating fo% also shows some contribution to the anticy-
clonic vorticity at 850 hPa over the Sea of Okhotsk.

In the upper troposphere at 300 hPa, negative—positive—
negative vorticity anomalies are located in East Siberia to
the south of Japan, and the WAF directs southeastward
from East Siberia (Fig. 8a). The dominant terms around

East Siberia and Japan are horizontal advection and
effective beta, which form the balance of barotropic
Rossby waves, and the two stretching terms are relatively
small. Nonlinear term N¢ also has a large value.

4.4 Dynamical energy conversion
from the climatological mean field

In our investigation of energy exchange between the
anomaly and climatological fields associated with the tri-
polar pattern, we defined the total energy of the anomalies

2 12 2 . .
as (” o Jrg[’STp). Dynamical energy conversion of the
P,

anomalies from the climatological field is expressed as
0 R,T'
u'~<u’oV+w'—)ﬁ 4y

The first term in Eq. (9) represents the barotropic energy
conversion (Simmons et al. 1983) and the second term
represents the baroclinic energy conversion. Figure 9
shows the total dynamical energy conversion of Eq. (9)

vT. 9)
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Fig. 7 a Vorticity anomalies
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averaged from 1,000 to 300 hPa. The positive energy
conversion around the Philippines (120°E, 10°N), East
Siberia (125°E, 70°N), Japan (130°E, 40°N), and northeast
of Japan (160°E, 55°N) represents the energy supply to the
anomalies from the climatological field. Note that negative
values of energy conversion are also identified especially
over the higher latitudes. They are associated with phases
of the anomalies and partially compensate the positive
energy conversion described above. Still, an average of the
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energy conversion over a large domain (70°E-170°W,
45°N-80°N) is largely positive, so the energy conversion
contribute to the energy of the anomaly pattern.

4.5 Discussion about how the dominant tripolar pattern
is determined

In this subsection, we discuss how the tripolar pattern is
determined and why the pattern is dominant. Figure 10
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Fig. 8 Same as Fig. 7, but at
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summarizes internal processes involved in the pattern.
Ideas discussed here will further be examined in the next
section using a numerical model.

The results of the moisture, heat, and lower-level vor-
ticity budget suggest following processes. The anticyclonic
circulation around the Philippines accompanies southwes-
terlies to China/Japan in the lower levels. The stronger
monsoon southwesterlies converge moisture around China/

Japan. The diabatic heating of the precipitation anomalies
thermodynamically balances with the adiabatic heating of
the vertical motions, and the air column stretching by the
vertical motions contributes to the cyclonic circulation
anomaly. These processes can cause the anomalies around
the Philippines and China/Japan to have large amplitude
with the opposite signs to each other. These strong inter-
actions of circulations and precipitation are reasonable over
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Fig. 9 Energy conversion (contours) averaged from 1,000 to 300
hPa.  Contours are drawn with an interval of 1
(£0.5,£1.5,42.5,...) x 107° J kg~! 57!
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at upper level
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Fig. 10 A schematic figure of the internal processes involved in the
tripolar pattern (three ovals). Thin and thick solid arrows indicate
horizontal winds in the lower and upper troposphere, respectively. Q'
is diabatic heating, \V; is nonlinear vorticity divergence, three boxes
with an equation indicate dynamical energy conversion, box arrows
show Rossby waves, and a semicircular arrow between Japan and
East Siberia shows dynamically induced downward motions

the low and midlatitudes of East Asia as abundant moisture
q is available owing to the monsoon circulations. However,
we cannot say that the midlatitude convergence is a cause
of precipitation from these diagnostic analyses because
convergence is also a response to precipitation. A trigger-
ing of precipitation anomalies by remotely-induced
anomalous convergence is supported by model results
presented in Sect. 2.

The analysis of the omega equation in Sect. 3 suggests
that the effects from the south reach farther to the north of
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Japan. For example, when the vorticity anomaly in the
lower troposphere over Japan is positive, the advection of
the vorticity anomaly by the climatological southwesterlies
balances with the downward motions, which corresponds

to the negative stretching term foaaﬂ over the Sea of

P
Othotsk.

The nonlinear term N also have large values in the mid
and highlatitudes, of which importance is noted by Hirota
et al. (2005) and Arai and Kimoto (2008). This nonlinear
term is mostly convergence of horizontal vorticity flux
associated with high frequency disturbances —V - (u,&,)".
The effects of this nonlinear term will be examined in
Sect. 5.

As described in Sect. 4, the large energy supplies to the
anomaly field through the dynamical energy conversion are
identified near the three anomalies. The most prominent
energy conversion is located around East Siberia, which is

1l AT . . .
mostly due to (—% %_D and is associated with the baro-

clinicity of the climatological field between the Eurasian
continent and the Arctic Sea. This suggests the importance
of the processes at highlatitudes for the tripolar pattern in
contrast with the PJ pattern, in which the processes in low
and midlatitudes are emphasized.

The other energy conversions are also related to the
structure of the climatological field. The energy conversion
around the Philippines mostly stems from barotropic

energy conversion (—u’zg—z) corresponding to the large

gradient |g—§} associated with the monsoon westerlies from
the Indian Ocean and the trade winds over the Pacific in the
lower troposphere (Fig. la; Yasutomi 2003; Kosaka and

Nakamura 2006). The conversion around Japan (—V'TTI%D

is found where the large temperature gradient of the sub-
tropical jet exists (Fig. 1b), whereas that over northeast of

/20v
oy

gradient associated with the horizontal structure of the
subpolar jet. These interactions with the climatological
field are likely to be one of the factors that determine the
location of the three anomalies. Note that the location of
energy supplies and anomalies are not necessarily at the
same place because disturbances may be advected and
propagated as follows.

The concept of Rossby waves is useful to explain the
relationships among the three anomalies. Similar to the PJ
pattern, the anomalies around the Philippines and Japan can
be interpreted as Rossby waves propagating northward at
the lower troposphere. In contrast, the Rossby waves in the
upper troposphere propagate southeastward from East
Siberia, which again support the importance of the pro-
cesses at high latitudes. It is interesting that the Rossby
waves from the south and north somewhat influence the

Japan (—u’v’g—y’z—v ) is related to the wind velocity
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midlatitudes of East Asia. These coupled waves are closely
related to the climatological structure of the southwester-
lies in the lower levels and the northwesterlies in the upper
levels. The commitments of the two waves explain the
south—north orientation of the three anomalies rather than
the southwest—northeast orientation in simple Rossby
waves of the PJ pattern (cf. Nitta 1987; Tsuyuki and
Kurihara 1989).

The propagation of the Rossby waves can also be
identified in time evolutions of the pattern shown in
Fig. 11. To obtain the time evolutions, we first calculated a
daily time series of the SVDI defined as pattern correla-
tions between daily precipitation anomaly from the cli-
matological mean field and the precipitation pattern of the
SVDI1 shown in Fig. 2b. Then lag regressions of Z500 with
respect to the daily time series and associated WAF are
calculated.

On the —15th day, the WAF is identified only over
Central Siberia. On the —10th day, the WAF extends
eastward as the Z500 anomaly over East Siberia develops,
and the small northward WAF appears around the Philip-
pines. From the —5th day to the O day, the WAF grows

larger and the tripolar structure is obtained, which are
similar to that shown in Figs. 2c, 7a, and 8a. Note that the
northward WAF around the Philippines is located only in
the lower troposphere, whereas the southeastward WAF
from East Siberia is concentrated mostly in the upper
troposphere.

Thus, the moist processes, the dynamical energy con-
version, and the Rossby wave couplings associated with the
characteristics of the climatological field are all interre-
lated, and these complex internal processes determine the
horizontal tripolar structure. Moreover, the positive feed-
backs of the moist processes and the dynamical energy
conversion strengthen and maintain the amplitude of each
anomaly. These processes are favorable for the tripolar
pattern to be the dominant pattern of the climate variabil-
ities over East Asia.

5 Experiments using a linear primitive model

In this section, ideas suggested in the previous section are
investigated using a numerical model. We newly developed

Fig. 11 Lag regressions of (b) day=—10
7500 (contours) with respect to
the daily time series of the 80N - 80N -
SVDI1 (see text for details) and
associated WAF (vectors; 70N+ 70N 1
m? s~2) averaged from 850 to 6ON - BON -
300 hPa. a The —15th day, b the
—10th day, ¢ the —5th day, and 50N 50N -
d the 0 day. Contours are drawn L
with an interval of 4 40N+ 40N
(£2,46,£10,...) m 30N 30N -
20N 20N 1
10N 1 10N 1
EQ v S f u v v EQ
80E 100E 120E 140E 160E 180
=
80N
70N 11¢
60N 1
50N 1
40N 1
30N 1
o 20N 1
i
3 10N
EQ-+— AN —— . : EQl— . . . . :
80E 100E 120E 140E 160E 180 80E 100E 120E 140E 160E 180
2 2
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a linear primitive model based on Numaguchi et al. (1995),
Watanabe and Kimoto (2000 2001), and Satoh (2004). The
governing equations of the model are the primitive equa-
tions linearized about the basic state in the ¢ (=pressure/
surface pressure) coordinates. The horizontal resolution of
the model was T42 (~2.8°) and the model has 20 levels.
Rayleigh friction, Newtonian cooling, and V* horizontal
diffusion are included. The e-folding time of friction and
cooling is set to 3 days for 0.995 < ¢ < 0.9, 30 days for
09 <0 <0.025, and 1day for 0.025 <o < 0.0083
(Branstator 1990; Watanabe and Jin 2003). The strong
friction at the boundary layers mimics a turbulent mixing
process. Because of the strong friction at the bottom and
top of the model, baroclinic instability activities are limited
in this model, which are not the interest of this study. The
e-folding time of horizontal diffusion is set to 0.5 day for
the largest wave number. The linear model consists of dry
and moist versions. The moist processes are based on
Watanabe and Jin (2003). When circulation anomalies pro-
duce convective instability (convective available potential
energy >0 J kg™ '), temperature and moisture profiles are
adjusted to moist adiabat with a time scale of 2 h.

This model calculates a linear response to prescribed
forcings of diabatic heating [Q’ in the Eq. (2)], moisture
sink [$' in the Eq. (3)], and nonlinear terms (N in the
Egs. (1-3). As described in Sect. 4, diabatic heating Q" and
moisture sink §’' are mainly due to convective activities,
whereas the nonlinear terms A are associated with dis-
turbances with a period shorter than 3 months. The linear
model is integrated for 20 days, with prescribed forcings
imposed at each time step. The model response reached
almost steady state on the 15th day. Thus, we discuss an
average of days 15-20 as a steady response to the forcings
(Enomoto et al. 2003).

To examine the model performance, we first conducted
an experiment calculating a linear response to Q', §', and
N over the entire globe at all levels, which are estimated
from the observations in Sect. 5 The linear response of
7500 is shown in Fig. 12a. The tripolar pattern of the
observations shown in Fig. 2c is well reproduced.

This result supports the validity of the method of com-
paring the linear responses with the anomaly field.

Utilizing linearity of the model, we performed addi-
tional experiments investigating the effects of Q' and §'
associated with convective activities separately from N
The response to Q' and S’ over the entire globe is shown in
Fig. 12b. Three anomalies of positive—negative—positive
appear from the Philippines to northeast of Japan.
Although, the two anomalies in the low and midlatitudes
are similar to that of the observations, the positive anomaly
in the high latitudes is weak and shifted southeastward like
Rossby wave propagation. In contrast, the response to N,
shown in Fig. 12c, has a clear positive anomaly around
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Fig. 12 Same as Fig. 2c, but Z500 of linear responses to a all
forcings, b diabatic heating Q', and ¢ nonlinear terms N

East Siberia similar to the observations. Therefore, the
nonlinear forcings are important for the location and
amplitude of the anomaly over East Siberia.
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Fig. 13 Ideal forcings of a heat
(K day™"), b moisture (1078 kg
kg™' s7"), and ¢ nonlinear
vorticity flux (10710 s72)

5.1 The tripolar pattern as an internal mode

To examine whether internal processes are responsible for
the formation of the pattern, we conducted a homogeneous
forcing experiment similar to that conducted by Branstator
(1990). We calculated a number of linear responses to

Fig. 14 A dominant response
for a homogeneous forcing
experiment. a Scores of a
dominant response extracted as
SVDI (normalized by standard
deviations). Circles and squares
denote positive and negative
values, respectively. b A
regression map of precipitation
(hatchings and shadings) and
7500 (contours) with respect to
the scores of the SVDI1. ¢ The
dominant pattern extracted as
EOF1 is also shown for the
comparison with Fig. 16.
Hatchings and shadings in

b and ¢ show precipitation
anomalies smaller than

—0.2 mm day~" and larger

0.2 mm day™", respectively.
Contour an interval in b and
care 4 (£2,£6,£10,...) m
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external forcing distributed homogeneously over the
Northern Hemisphere (indicated in Fig. 14a). Each forcing

PC1 (moist random forcing exp.)

consisted of heating, moisture sink, and nonlinear vorticity
forcing, as shown in Fig. 13. The amplitude and vertical
structure of the forcings were determined on the basis of a
global average of diabatic heating O, moisture sink S, and a
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nonlinear term of the vorticity equation A estimated in
the observations. After calculating all the responses over
the Northern Hemisphere, we performed a SVD analysis of
precipitation and Z500 over East Asia to these responses to
obtain the dominant response. Because the forcing was
homogeneously distributed, the structure of the dominant
response is determined by internal processes rather than
external forcing. Navarra (1993) showed that the dominant
mode of a homogeneous forcing experiment corresponds to
a Schmidt mode of the governing equations. Therefore, the
dominant pattern extracted by this method can be consid-
ered an internal mode of the atmospheric system linearized
about the basic state of the JJA climatology.

Figure 14 shows the dominant response derived as the
SVDI (SCF =51 %) using the method described above. As
in Fig. 2¢, Z500 anomalies occur around the Philippines,
China/Japan, and East Siberia. Therefore, the tripolar

pattern can be referred to as a dominant pattern, even if the
external forcing to the atmosphere is homogeneously dis-
tributed over the Northern Hemisphere. Figure 14a shows
the scores of each response. Large positive (negative)
values of circles (squares) indicate locations where forcing
effectively excites the SVD1 (with opposite polarity).
Scores greater than one standard deviation are located
around India, the central Pacific, central Siberia, and east of
Siberia. This multi-regional contribution is consistent with
the idea of internal mode.

Figure 15 shows three examples of the linear responses.
The linear response to forcing near India (62°E, 15°N;
Fig. 15a) has the highest SVD score (2.94) of all the
responses. A positive Z500 anomaly extends from India to
the Philippines, whereas a positive—negative—positive wave
train appears from Turkey to Siberia, and a negative
anomaly is located around Japan. As in the observed SVD1

Fig. 15 Linear responses to the (a)
ideal forcings at a (62°E, 15°N), 90
b (186°E, 15°N), and ¢ (166°E,
65°N). Hatchings and shadings
denote precipitation responses
smaller than —1.8mm day_l
and larger than 1.8 mm day ™',
respectively. Contours show a
7500 response with an interval
of 16 (£8,+24,£40,...) m.
Signs in b and ¢ are reversed
corresponding to their negative
SVD scores EQ

§ Prep [mm/day] & Z500[m] linear response to (062E, 15N)
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in Sect. 3 (Fig. 2b) precipitation anomalies occur around
the Philippines and China/Japan. The other two examples
of the response to the forcing over the central Pacific
(62°E, 15°N) and the East Siberia (166°E, 65°N) also show
large contribution to the dominant pattern; their scores are
—2.36 and —1.42, respectively. Note that the signs of the
anomalies in Fig. 15b, c are reversed corresponding to their
negative scores. Although all three responses have tripolar
structure over the East Asia, their structures are very dif-
ferent over the other areas. These results further suggest the
pattern is characterized by the internal processes in the East
Asia and the external forcings play relatively minor roles.

The role of moist processes for the internal mode is
examined by a similar homogeneous forcing experiment,
but without moist processes. Precipitation cannot be
defined (or is always zero) in such dry experiments.
Therefore, the dominant pattern is extracted using the EOF
analysis of Z500 over East Asia instead of the SVD anal-
ysis of precipitation and Z500. The EOF1 (explains 32 %
of the total correlation) of the moist homogeneous exper-
iment is shown in Fig. 14c for comparison.

The result of the dry homogeneous experiment is shown
in Fig. 16. The dominant pattern extracted as the EOF1
(explains 23 %) shows three anomalies over East Asia. The
large scores over Siberia and the northwest—southeast ori-
entation of the three anomalies suggest the importance of
the Rossby waves from the high latitudes in the upper
troposphere in the dry experiment. These differences from

Fig. 16 Same as a Fig. 14a

the results of the moist experiment demonstrate the
important role of the moist processes for the tripolar
pattern.

The homogeneous forcing experiments are idealistic
experiments and inconsistent with the real atmosphere in
some parts. For example, in the real atmosphere, Q' and S’
are concentrated over the low latitudes (Fig. 6¢), whereas
N is mostly identified in the mid and high latitudes
(Fig. 8f). Some other homogeneous forcing experiments
with different forcings are described in “Appendix 2”.

5.2 Effects from the low and high latitudes

Additional experiments are carried out to investigate the
relationships among the three anomalies. As described in
Sect. 4, the Rossby waves in the lower and upper tropo-
sphere as well as the moist processes seem to be important
for these relationships.

We conducted experiments calculating linear responses
to the observed forcings O/, §', and N regionally confined
around the Philippines (indicated by (Din Figs. 6c, d, 7f,
and 8f). Figure 17 shows the results of moist and dry
experiments. The Z500 (vorticity at 850 hPa) response in
the moist experiment shows positive and negative (nega-
tive and positive) anomalies near the Philippines and Japan,
respectively, and the WAF shows the northward Rossby
waves from the Philippines, which are similar to that of the
observations shown in Fig. 2 (Fig. 7a). Moreover, the

PC1 (dry random forcing exp.)
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2500 & prcp (moist res. to Phil.)

80E  100E 120E 140E 160E 180

z500 (dry res. to Phil.)

80E  100E 120E 140E 160E 180

Fig. 17 Linear responses to the forcing around the Philippines in an
experiment a, b with and ¢, d without moist processes. Contours in a and
c indicate the Z500 response (m). Hatchings andshadings in a and ¢ show
precipitation responses smaller than —0.2 mm day ™" and larger 0.2 mm

positive Z500 anomaly (negative vorticity anomaly) is
identified to the north of Japan. On the other hand, in the
dry experiment (Fig. 17c, d), vorticity anomalies appeared
near the Philippines and China/Japan. However, the Z500
response around Japan is positive, and the vorticity
anomaly to the north of Japan is not identified. This sup-
ports the importance of the Rossby waves and the moist
processes discussed in Sect. 4.

The results of similar experiments with and without
moist processes but the forcings confined around East
Siberia (indicated by (2)in Figs. 6c, d, 7f, and 8f) are shown
in Fig. 18. In the moist experiment, negative—positive—
negative vorticity anomalies and souteastward WAF are
identified from East Siberia to southeast of Japan in the
upper troposphere (Fig. 18a), which are similar to the
observations shown in Fig. 8a. In the dry experiment, the
negative anomaly over the southeast of Japan is shifted
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day™", respectively. Contours in b and d show vorticity response at

850 hPa with an interval of 12 (+6, £18,4:30,...) x 107® s~!, whereas
vectors show WAF (Irf2 572)

eastward and its zonally elongated structure is deformed
(Fig. 18b), suggesting the importance of precipitation
anomalies near Japan (Fig. 18a).

It is worth discussing the time evolutions of the moist
responses. Figure 19 shows the vorticity response and the
WATF on the 3rd day and the 7th day instead of a 15-20 day
average shown in Fig. 17b. The vorticity responses around
the Philippines and China/Japan appear immediately after
the forcings are imposed. Then anomalies are gradually
amplified, and the anomaly over the Sea of Othotsk appears
around the 7th day. The steady state is obtained around the
15th day. Similarly, the time evolution of the response to
the forcings around East Siberia indicates that the nega-
tive—positive—negative vorticity anomalies appear around
the 7th day with the southeastward WAF, and the anoma-
lies are amplified until the steady state shown in Fig. 18a is
obtained around the 15th day.
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Fig. 18 Linear responses to the forcing around East Siberia in an
experiment a with and b without moist processes. Confours in show
vorticity response at 300 hPa with an interval of 16 (£8,424,
+40,...) x 107% s~!, whereas vectors show WAF (m72 572). Hatch-
ings and shadings in a show precipitation responses smaller than
—0.2 mm day ™' and larger 0.2 mm day ™', respectively

6 Summary and discussion

The SVD and EOF analyses demonstrate the importance of
the tripolar pattern as a dominant pattern of EASM climate
variability. Moreover, the results of the homogeneous
forcing experiment suggest that the pattern remains a
dominant, even if external forcing is homogeneously dis-
tributed over the Northern Hemisphere. In conclusion, the
tripolar pattern can be thought of as an internal mode,
characterized by the atmospheric internal processes.

In the pattern, the moist processes strengthen the cir-
culation anomalies in the lower troposphere, the dynamical
energy conversion supplies energy to the anomaly field
from the climatological field, and the Rossby waves

propagate northward in the lower troposphere and south-
eastward in the upper troposphere (Fig. 10). These pro-
cesses are favorable for the pattern to have large amplitude
and to influence a large area; thus, the pattern is dominant
over the large area of East Asia or even the Northern
Hemisphere (Fig. 3). These internal processes are closely
related to the structure of the EASM climatological field,
which is the reason for the location of the three anomalies.
In contrast with the PJ pattern, the processes in the higher
latitudes are also involved in the tripolar pattern. The PJ
pattern and the positive anomalies over East Siberia dis-
cussed separately in the previous studies are strongly rela-
ted. It is interesting how the processes from the south and
the north are related. The analysis of the omega equation in
Sect. 3 and the response to the forcings around the Philip-
pines (Fig. 17) suggest that the effects from the south reach
farther to the north of Japan through the dynamically
induced vertical velocity wp’. Present study also indicates
that the moist processes of the rainband in the midlatitudes
are important for the coupling of the south and the north. In
fact, the tripolar structure of the homogeneous forcing
experiment is deformed when the moist processes are
removed (Fig. 16b). As the dry response to the forcings
around the Philippines is not similar to the pattern
(Fig. 17a), the effects from the lower latitudes do not con-
tribute to the formation of the tripolar structure in the dry
homogeneous experiments (Fig. 16a). The commitments of
processes from the south and the north explain the south—
north orientation of the three anomalies rather than the
southwest—northeast orientation of simple Rossby waves.
In Sect. 5, we argued that the strong interactions of
circulations and precipitation are identified over the low
and midlatitudes of East Asia, but the causality is unclear
from the diagnostic analyses. The model results in Sect. 2
show that the midlatitude precipitation can be triggered by
remotely induced circulations from the tropics. The dry
response to the forcings around the Philippines (Fig. 17d)
shows low-level cyclonic anomaly in midlatitudes, and the
moist response (Fig. 17a, b) suggests that the remotely
induced convergence triggers precipitation in midlatitudes.
This study indicates the importance of the nonlinear
processes (Fig. 8f) in the high latitudes (Fig. 12c). Further
experiments separating the nonlinear terms N indicated that
the effects shown in Fig. 12c are mainly due to the non-
linear terms of the vorticity equation N ¢, and other terms
such as Ay have minor impacts (figures are not shown).
However, we could not clarify how the nonlinear forcings
N ¢ are determined. To answer this question, we need to
understand how structures and frequency of subseasonal
disturbances are different in the years of the positive and
negative phase of the tripolar pattern. It is possible that the
nonlinear effects are resulted as a response to the forcings in
the lower latitudes. For example, a positive Z500 response
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Fig. 19 Same as Fig. 17b,

vor850 & WAF850 (moist res. to Phil.)

vor850 & WAF850 (moist res. to Phil.)

but for a the 3rd day

and b the 7th day
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to the forcings around the Philippines (Fig. 17a) appears in
the high latitudes. Subseasonal disturbances and associated
nonlinear effects will be affected by this response. Our
model cannot reproduce these remotely-induced nonlinear
effects. This lack may be a reason that the northernmost
anomalies around East Siberia are not well reproduced.
Understanding the nonlinear effects is an interesting issue
that we will work in future.

As discussed in Sect. 3, the tripolar pattern is significantly
correlated with the NINO3.4 SST and the Indian Ocean SST.
Interestingly, the homogeneous forcing experiment suggests
that India and the central Pacific are regions where the pat-
tern can be effectively excited (Fig. 14a). Wang et al. (2000)
and Xie et al. (2009) discussed how the SSTs over the
NINO3.4 region and the Indian Ocean trigger circulation
anomalies around the Philippines, respectively. Although
this study focused on internal processes over East Asia, we
will examine the mechanisms by which the tripolar pattern is
excited in future.
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Appendix 1: SVD analyses for June, August,
and daily data

The SVD analyses of precipitation and Z500 over East
Asia (70°E-170°W, 0°-90°N) for June average data,
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August average data, and daily average data of 6/1-8/31
during 1979-2005" are performed (figures are not shown).
All the Z500 anomaly fields of these SVDI1s have the tri-
polar structure in common. The SCFs of the June and
August SVDI1 are both 46 %, and that of the daily data
SVDI is 30 %. These results indicate that the tripolar
pattern is dominant from June to August. Moreover, the
results of the daily data analysis suggest that the pattern is
dominant also in the interseasonal variability.

There are some notable differences in the pattern of
June—August. The anomalies around the Philippines and
China/Japan in August seem to be shifted northward
compared to that in June. The anomaly around East Siberia
has a larger horizontal scale and is shifted relatively more
westward in August than in June. These differences are
probably related to the seasonal differences of a climato-
logical mean field. For example, the rainband in the mid-
latitudes of a climatological field migrate northward from
June to July, and its band structure disappears in August.
The jet along the coastline of the Arctic Sea becomes
weaker as the temperature over the Arctic Sea increases. It
is interesting how they are related to the structure of the
tripolar pattern, which is beyond the scope of this study.

Appendix 2: Sensitivities of the homogeneous
forcing experiments

We performed two homogeneous forcing experiments in
order to extract a dominant pattern for responses to the
Q' and §’ forcings over the low latitudes (0°-30°N) and a
dominant pattern for the N¢ over the mid and high lati-
tudes (30°-90°N) (figures are not shown). The positive and

! Daily precipitation is interpolated from pentad CMAP precipitation
data, which does not include variations with a period shorter than 5
days. Similar results are obtained even when daily precipitation from
the JRA reanalysis is used.
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goﬁSOO & prcp (homo. exp.; forced separately)
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Fig. 20 Same as Fig. 14b, but a dominant response of a homoge-
neous forcing experiment for forcings Q'/S’ and N prescribed
separately over the Northern Hemisphere

negative anomalies appeared around the Philippines and
Japan, respectively, in the SVD1 (24 %) for the Q' and S’ in
the low latitudes. On the other hand, the anomalies of the
mid and high latitudes are emphasized in the SVD1 (37 %)
for the V¢ over the mid and high latitudes.

We performed another homogeneous forcing experi-
ment with Q'/S’ and N prescribed separately before SVD
analyses are conducted. The dominant response obtained
from this experiment is shown in Fig. 20. The dominant
response (SVDI1; 61 %) has almost the same tripolar
structure as that of the experiment with forcings prescribed
together (Fig. 14b).
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