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Abstract Temporal and spatial patterns of anomalous
atmospheric circulation and precipitation over the Indo-
Pacific region are analyzed in conjunction with the Tropo-
spheric Biennial Oscillation as represented by the biennial
mode of sea surface temperature anomalies (SSTA). The
biennial components of key variables are identified inde-
pendently of other variability via CSEOF analysis. Then,
its impact on the Asian-Australian monsoon is examined.
The biennial mode exhibits a seasonally distinctive atmos-
pheric response over the tropical eastern Indo-western
Pacific (EIWP) region (90°-150°E, 20°S—-20°N). In boreal
summer, local meridional circulation is a distinguishing
characteristic over the tropical EIWP region, whereas a
meridionally expanded branch of intensified zonal circula-
tion develops in austral summer. Temporally varying evo-
lution and distinct timing of SSTA phase transition in the
Indian and Pacific Oceans is considered a main factor for
this variation of circulation in the tropical EIWP region.
The impact of the biennial mode is not the same between
the two seasons, with different impacts over ocean areas in
Asian monsoon and Australian monsoon regions.
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1 Introduction

Bulk of tropical SSTA variability can be explained in terms
of low-frequency variability associated with the Northern
Pacific decadal oscillations, (quasi) biennial variability
(Rasmusson et al. 1990; Barnett 1991; Kim 2002; Clarke
et al. 1998) and global warming (Yeo and Kim 2014). A
significant fraction of ENSO variability is explained as an
irregular interplay of these nearly independent physical
mechanisms (see Fig. 8 in Yeo and Kim 2014). In addi-
tion to the effect of tropical SST increase due to global
warming, the low-frequency mode, as the name implies,
describes ENSO variability on decadal time scales. The
quasi-biennial variability, a prominent feature in the tropi-
cal Indian and Pacific Oceans, is an important element for
understanding the tropospheric biennial oscillation (TBO)
mechanism (Meehl et al. 2003).

TBO is known as an ocean-atmosphere coupled sys-
tem across the Indian and Pacific Oceans, which involves
changes in pressure, precipitation, sea surface temperature
(SST) and wind (Meehl 1987, 1997; Kim and Lau 2001;
Loschnigg et al. 2003). The TBO system exerts a strong
influence on the local monsoons over Asia and Australia
(Chang and Li 2000; Chung et al. 2011; Li et al. 2001,
2006, 2013; Liu et al. 2014; Meehl 1997; Meehl and
Arblaster 2002; Shen and Lau 1995; Pillai and Mohan-
kumar 2008; Wang et al. 2008; Webster et al. 1998; Wu
and Kirtman 2004). Therefore, elucidation of the TBO
mechanism is important in understanding monsoon vari-
ability. Many studies have been carried out to expound
the mechanism of this ocean-atmospheric coupled sys-
tem in association with the regional monsoons and quasi-
biennial SSTA variability. Meehl (1987, 1997), Meehl and
Arblaster (2002) and Meehl et al. (2003) reported that the
southeastward migration of the convection center during
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Fig. 1 The main focus area is the red box (90°-150°E, 20°S-20°N),
and is called the tropical eastern Indian-western Pacific (EIWP)
region in the present study. Green boxes represent the equatorial
(Areal: 90°-150°E, 10°S-6°N) and northern (Area2: 90°-150°E,
6°-20°N) branches of the meridional circulation in boreal sum-

the evolution of the Indian-Australian monsoon ties the
Pacific and Indian Oceans and is a main factor for the sys-
tem’s 2-year fluctuation. Wang et al. (2001) and Liu et al.
(2013) elaborated that the biennial tendency in the tropical
Pacific induces anomalous cyclone/anticyclone over the
western North Pacific, thereby modulating the East Asian
summer monsoon. On the other hand, it was also suggested
that local SSTA over the Indo-Pacific warm pool interact-
ing with the western North Pacific Subtropical High could
produce 2-3 year variability (Chung et al. 2011; Li et al.
2006; Sui et al. 2007).

The biennial variability of local summer precipitations
has been studied frequently over East Asia and the west-
ern North Pacific (Shen and Lau 1995; Li et al. 2006, 2013;
Chung et al. 2011; Liu et al. 2013, 2014) and South Asia
and India (Li et al. 2001; Pillai and Mohankumar 2008;
Wu and Kirtman 2004). Despite that local monsoons are
constantly changing in time and space, monsoon systems
are usually treated as stationary in many studies. Although
relatively rare, some studies regard the Asian (Indian)-Aus-
tralian monsoon as a seasonally migrating system (Chang
and Li 2000; Meehl 1997; Meehl and Arblaster 2002; Wang
et al. 2008). In many studies, however, the biennial vari-
ability is explained in the presence of strong seasonal vari-
ability (i.e., the seasonal cycle). In the presence of a domi-
nant physical mechanism with a distinct spatio-temporal
evolution (i.e., the seasonal cycle), an accurate interpreta-
tion of the intrinsic evolution feature and physical mecha-
nism of the biennial mode is much hampered. Further, the
seasonally and hemispherically distinct impact of the bien-
nial mode is yet to be delineated in a rigorous manner.

In present study, detailed evolution features of the bien-
nial mode are examined to understand its physical mech-
anism. The spatial and temporal change of SSTA and the
ensuing evolution and transition of atmospheric fields
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mer. Blue boxes represent the tropical Indian Ocean (40°-110E,
20°S-20°N) and the tropical central/eastern Pacific (160°E-80°W,
6°-6°N), where the evolution of SSTA affects the meridional circula-
tion in the EIWP region in boreal summer

through the biennial coupling of the Indian and Pacific
Oceans are dealt with explicitly. It is also investigated in
what manner and to what extent the biennial mode impacts
the Asian-Australian monsoon precipitation. Identifying
factors influencing the local monsoons is also crucial in
understanding the global monsoon system, which repre-
sents the global-scale variation of the three-dimensional
atmospheric circulation and corresponding precipitation
change (An et al. 2014; Trenberth et al. 2000; Wang 2009;
Wang et al. 2014).

CSEOF analysis is carried out to separate the seasonal
cycle and biennial mode from other variability. The main
focus area (Fig. 1) is the tropical eastern Indo-western
Pacific (EIWP) region (90°-150°E, 20°S-20°N), since the
biennial variability is prominent and the seasonal migra-
tion of the Asian-Australian monsoon system is developed
in this region. Also atmospheric variability in this region is
known to exert significant impacts on the monsoonal flow
and summer precipitation in both hemispheres.

Data and methods used in this study are introduced in
Sect. 2. In Sect. 3, results based on CSEOF analysis are
discussed. The evolution patterns of the biennial mode dur-
ing a 2-year period and the seasonal cycle of precipitation
are described in detail, and the physical relationship among
different variables is analyzed. Finally, concluding remarks
are presented in Sect. 4.

2 Data and method of analysis
2.1 Data
Monthly Extended Reconstruction Sea Surface Tempera-

ture (ERSST) version 3 dataset for 103 years (1910-2012)
is used in the present study; the ERSST dataset covers the
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near-global region (0°-360°E, 46°S—60°N). In order to
understand the evolutions of atmospheric variables, the
Twentieth Century Reanalysis (20CR) version 2 (Compo
et al. 2011) monthly datasets both at the surface and 17
pressure levels (1000-200 hPa) for the same period of
time are utilized in the present study. We also used the
ECMWEF’s atmospheric reanalysis of the twentieth century
(ERA-20C) (Poli et al. 2013) to confirm the results pro-
duced from the 20CR dataset.

2.2 CSEOF analysis

The seasonal cycle and the biennial oscillation mode are
extracted from the ERSST dataset using cyclostationary
EOF (CSEOQOF) analysis (Kim et al. 1996; Kim and North
1997). This separation is best accomplished by using a long
SST record as in Yeo and Kim (2014). In CSEOF analysis,
spatio-temporal data are decomposed into CSEOF loading
vectors (CSLVs), B, (r, t), and principle component (PC)
time series, T, (?):

Data(r,t) = X,B,(r, )T, (1). (1)

In this study, CSLV for each mode consists of 24
monthly spatial patterns evolving in time (nested
period = 24 months). The first mode (n = 1) of the ERSST
dataset represents the seasonal cycle of SST and the fourth
mode (n = 4) denotes the biennial oscillation signal (Yeo
and Kim 2014), which describes the transition from the La
Nifia phase to the El Nifio phase in the Pacific Ocean over
a 2-year period. The resulting pattern is not overly sensitive
to the length of record or domain size. The corresponding
PC time series describes longer-term variability of the bien-
nial mode and explains how the intensity of the biennial
signal has changed in the record. CSEOF analysis is also
conducted on others atmospheric variables with the same
nested period (24 months).

2.3 Regression analysis in CSEQF space

The target variable in this study is SST. A multivariate
regression analysis in CSEOF space (Kim et al. 2015) is
carried out to identify the variation of atmospheric vari-
ables pertaining to the SST seasonal cycle mode and the
biennial oscillation mode. The regression analysis is writ-
ten as

T3 (t) = M o™ T (1) 4 0 (r), )

where T3°'() is the nth PC time series of the SST (target var-
iable), T2™(r) is the mth PC time series of an atmospheric
variable (predictor variable), {a,(;’)} are the regression coef-
ficients, e"(7) is regression error time series, and M is the
number of predictor PC time series used for regression.
The regressed CSLV of an atmospheric variable, which

is physically consistent with the SST evolution of the nth
CSEOF mode, can be obtained via

B¥(r, 1) = ZM_ ol BU™ (1, 1), 3)
where B2"(r, 1) are the original CSLVs of the predictor var-

iable. With the regression analysis in CSEOF space, entire
data collection can be rewritten as follows:

Data(r, ) = Z,{SST,(r,1), SLPI(r, 1),
UVIE(r,1), PIE(r,1),- -} TS(0), 4)

where {SST,(r, 1), SLP;8(r, 1), UV, 8(r, 1), Py(r, 1), -} are
the loading vectors of the target and predictor variables;
they share the PC time series, T3(¢), of the target variable.

3 Results
3.1 Nested period of analysis

In earlier studies, spectral analysis has often been used to
identify the quasi-biennial signal in the precipitation data.
Many studies conclude that there is no rigorous 2-year
periodicity in the precipitation data. While the TBO is fre-
quently seen as a quasi-biennial oscillation, its phase is
strongly locked to the calendar months. Thus, the assump-
tion of the 2-year periodicity seems reasonable. Further,
evidence of a biennial component of monsoon precipita-
tion has been presented (e.g. Meehl and Arblaster 2011).
Figure 2a shows the AR spectra of the 15-36 month band-
pass filtered and domain-averaged precipitation time series.
The time series averaged over the northern (90°-150°E,
5°-20°N) and southern (100°-150°E, 20°-5°S) tropical
regions both exhibit conspicuous spectral peaks at approxi-
mately 2.3, 1.7, and 1.4 years. Figure 2b shows the AR
spectra of the biennial mode PC time series identified from
the SSTA and also the domain-averaged precipitation in the
northern and southern regions. As can be seen in the figure,
the spectral content of the PC time series of the domain-
averaged precipitation time series is similar to that of the
SSTA biennial mode even without any regression analy-
sis in CSEOF space. The AR spectra of the PC time series
exhibit two major spectral peaks at ~11.4 and ~4.8 years.
These are the spectral peaks of the amplitude time series
modulating the biennial oscillation with a 2-year period. As
a result of the modulation, we expect peaks at

w =wp+w, and wy = wp — wq, 5)

where w; and w, are the two new frequencies generated
from the frequency w, of the PC time series modulating
the biennial frequency w), (w, = 0.5 year™!). It can be eas-
ily verified that the periods corresponding to (w;, w,) are
approximately 1.7 and 2.4 years for the modulation period
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Fig. 2 Auto-regressive spectral density of a the area-averaged pre-
cipitation anomaly over the northern (90°-150°E, 5°-20°N) and
southern tropical region (100°-150°E, 20°-5°S) after 15-36 month
band-pass filtering, and b the PC time series of precipitation for the
biennial mode of SSTA and those of the precipitation averaged over
the northern and southern regions

of 11.4 years and are approximately 1.4 and 3.4 years for
the modulation period of 4.8 years. Figure 2a shows the
three of these peaks clearly with the peak corresponding to
the longest period (3.4 years) is missing; the longest peak is
missing, since the time series was high-passed filtered with
a cutoff frequency of 3 years. Judging from the fact that
SSTA associated with the biennial mode is strongly phase-
locked to the calendar months, it is reasonable to assume
the biennial mode with a 2-year periodicity. The quasi-
biennial periodicity seems to result from the modulation of
the 2-year periodicity. In this sense, the biennial mode in
the present study is the oceanic manifestation of the TBO
and represent the same physical mechanism (Meehl and
Arblaster 2011).

3.2 Biennial mode of sea surface temperature
The biennial component of variability in the near global

SST (0°-360°E, 46°S—60°N) is extracted via CSEOF anal-
ysis. The biennial signal is extracted as the fourth CSEOF
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mode and explains about 9 % of the total variance aside
from the seasonal cycle. In the tropical Pacific (120°-
280°E, 30°S-30°N), this mode explains ~20 % of the total
SSTA variability, and its impact on the Asian-Australian
monsoon should be much more substantial than the percent
variance it explains. As discussed in Yeo and Kim (2014),
the biennial mode of SST, a prominent evolution feature
in the tropics, is one of the primary mechanisms of ENSO
variability together with the low-frequency variability
mode and the global warming mode.

Figure 3 depicts the seasonal patterns of the 2-year load-
ing vector of the biennial mode. In this study, we will call
the period from May of the first year to April of the sec-
ond year the cold phase and from May of the second year to
April of the first year the warm phase. The seasonal evolu-
tion patterns depict the development of the warm and cold
phases of SSTA and the phase transition between them.
During the mature phase, well-developed El Nifio or La
Nifia patterns are seen in the tropical Pacific. The delayed
action oscillator (Suarez and Schopf 1988; Battisti and Hirst
1989) and the recharge-discharge oscillator (Jin 1997a, b)
are suggested as the fundamental physical mechanism for
the transition and oscillation of the biennial mode. For the
sake of brevity, atmospheric response to the cold phase of
SSTA will be addressed below. In the warm phase, the pat-
terns are nearly opposite to those of the cold phase. Because
of the irregular occurrences of the biennial mode, asymme-
try between El Niflo and La Nifia patterns may have been
smeared; this is an important caveat in the present study.

Negative SSTA begins to emerge in the tropical eastern
Pacific Ocean in May (Fig. 3a), while SSTA over the tropi-
cal Indian Ocean and western Pacific remains to be positive.
This negative SSTA over the eastern Pacific extends toward
the central Pacific in July—September and the warm SSTA
dwindles toward the east in the Indian Ocean. When the cold
phase matures with strong negative SSTA over the central-
eastern Pacific, triple anomaly patterns are observed from
the Indian Ocean to the Pacific Ocean with a horseshoe-
shaped positive SSTA over the western Pacific between the
basin-wide cold anomalies in the Indian and central-eastern
Pacific Oceans. After negative SSTA reaches a maximum
over the tropical Pacific in December, SSTA over the Indian
Ocean peaks during January—March. Subsequently, positive
SSTA develops in the tropical eastern Pacific in the follow-
ing May as the cold phase decays. It should be mentioned
that the timing of the phase transition is different between
the tropical Pacific Ocean (boreal spring) and the tropical
Indian Ocean (boreal autumn). These evolution patterns are
similar to those for the TBO derived from composite anal-
yses based on Indian monsoon strength (e.g. Meehl 1997,
Meehl et al. 2003) thus confirming these earlier studies
with a more sophisticated statistical analysis. Also a quasi-
biennial periodicity was assumed in earlier studies (Barnett
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Fig. 3 (Top) The seasonal patterns of the CSEOF loading vector of the biennial mode derived from the near-global (0°-360°E, 46°S—60°N) sea
surface temperature and (bottom) the corresponding PC time series
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Fig. 4 Seasonal evolution patterns of the zonal circulation in the lati-
tude band of 6°S—6°N (left panels), and the meridional circulation in
the zonal band of 90°-150°E (right panels) for the cold phase of the

1991; Li et al. 2006; Chung et al. 2011). The PC time series
in the bottom panel of Fig. 3 shows the long-term amplitude
variation of the biennial mode.

3.3 Seasonal evolution of atmospheric circulation in the
biennial mode

The SSTA change in the tropical region for the biennial
mode directly influences the equatorial zonal circulation,
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which exhibits a seasonal link with the local meridional cir-
culation in the tropical EIWP region. Figure 4 depicts the
seasonal evolution of the equatorial zonal circulation and
the local (90°-150°E longitudinal average) meridional cir-
culation during the cold phase of the biennial mode. In the
equatorial region, the atmospheric change is nearly concur-
rent with the local SSTA evolution.

In boreal spring, descending motion develops with the
negative SSTA in the central-eastern Pacific. Meanwhile,
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Fig. 5 The 4-month averaged low-level (1000-850 hPa) horizontal wind (vector), horizontal wind convergence (contour; 8 x 1078 s71), and
SLPA (shading) associated with the biennial mode for boreal summer (upper panels) and austral summer (lower panels)

ascending motion also develops over the Indian Ocean and
the far-western Pacific with warm SSTA and enhances with
the intensification of the cold SSTA in the central-eastern
Pacific. The anomalous convection induces the low-level
westerly over the tropical Indian Ocean and cold water
emerges from the western coast (Figs. 3b, 4b). Downward
motion appears over the western Indian Ocean in late sum-
mer and expands toward the eastern Indian Ocean during
boreal fall and winter as the cold SSTA in the equatorial
Pacific reaches a maximum. Simultaneously, the strength-
ened upward motion migrates slightly eastward and shrinks
over the western Pacific. This upward motion induces low-
level easterly over the equatorial Pacific and westerly over
the equatorial Indian Ocean. After the mature phase in the
central-eastern Pacific, the equatorial vertical motion gen-
erally begins to weaken.

In the local meridional circulation within the 90°~150°E
zonal band, an asymmetry is remarkable with a northward
shift of the circulation center during boreal spring and sum-
mer (Fig. 4e, f; Chung et al. 2011; Wu et al. 2009), while
a broad rising motion occurs in the tropics during boreal
fall and winter (Fig. 4g, h). The anomalous convection is
observed continuously over the equatorial region, which
is related to the equatorial zonal circulation. Anoma-
lous downward motion over the northern tropical region
(~10°-20°N) has persisted from the previous fall until sum-
mer without any sign change. During spring and summer,

therefore, local meridional circulation is well observed in
the tropical EIWP region. In boreal fall, this meridional cir-
culation is replaced by a north—south expanded branch of
the zonal circulation when the vertical motion switches a
sign in the northern tropics (Fig. 4g).

This seasonally distinctive feature is also seen in the
low-level horizontal circulation. Figure 5 represents the
low-level pressure and circulation patterns for boreal sum-
mer (May—September) and austral summer (November—
February). In boreal summer of the cold phase (Fig. 5a),
the temperature contrast between the tropical Pacific Ocean
and tropical Indian Ocean induces anomalous high over the
tropical Pacific and anomalous low over the tropical Indian
Ocean. In accordance with this anomalous pressure pattern,
anomalous easterly develops over the tropical Pacific. It
converges over the Maritime Continent with weak equato-
rial westerly in the eastern Indian Ocean and diverges in the
northern tropics with southeasterly along the southwestern
periphery of the anticyclonic circulation over the western
North Pacific. This is consistent with the formation of the
Indian Ocean dipole as part of the TBO noted by Loschnigg
et al. (2003) and seen in Fig. 3c. As can be seen in Fig. 4e,
f, the vertical motion and low-level convergence/divergence
are connected through the local meridional circulation.

In austral summer (Fig. 5b), a noticeable difference
from boreal summer is the intensification of the anoma-
lous low and its expansion to the western Pacific. Cyclonic

@ Springer



2608

J. Kim, K. Kim

circulation is established on both sides of the equator in the
tropical EIWP region (the western North Pacific and Aus-
tralia). It looks similar to the development of the anticy-
clonic/cyclonic circulation over the western North Pacific
during El Nifio/La Nifia events (Wang et al. 2000; Wang
and Zhang 2002). Also westerly wind anomalies appear
in the tropical eastern Indian Ocean with westerly anoma-
lies extending to the western equatorial Pacific. Such wind
anomalies would be conducive to triggering downwelling
equatorial Kelvin waves that would act to lower the ther-
mocline in the eastern equatorial Pacific, thus contributing
to a subsequent transition of SST anomalies from nega-
tive to positive in northern spring in Fig. 3e (also shown
by Meehl et al. 2003). A combination of the tropical zonal
wind and the cyclonic circulations in both hemispheres
encourages the development of low-level wind convergence
over the tropical EIWP. It is physically consistent with the
upward motion over the tropical EIWP. This explains the
expanded zonal circulation with strengthened downward
motion centered at ~180°E.

In the warm phase (Fig. 5c, d), the responses are nearly
opposite. Due to development of warm SSTA over the cen-
tral-eastern Pacific, anomalous low is over the Pacific and
anomalous high over the Indian Ocean generally. In aus-
tral summer of the warm phase, anomalous high expands
toward the western Pacific and strengthens.

3.4 Role of different timings of SSTA evolutions in the
Indian and Pacific Oceans

It is emphasized that the atmospheric circulation over the
Indo-Pacific region due to the biennial oscillation of SSTA
varies significantly from boreal summer to austral summer.
In boreal summer, the local meridional circulation is con-
spicuous over the tropical EIWP region (Fig. 4f), whereas
the tropical zonal circulation is strengthened and meridi-
onally widened in austral summer (Fig. 4c, g). A plausible
explanation for this difference is in the relative size and
intensity of the central and eastern Pacific SSTA and the
different timing of SSTA phase transition over the Pacific
and the Indian Oceans.

In boreal summer, SSTA over the central-eastern Pacific
is not wide and strong enough to exert influence in the
whole tropics of the EIWP region (Fig. 3b); atmospheric
variables respond directly to SSTA in the oceanic EIWP
region. Therefore anomalous convection occurs near the
Maritime Continent and over India, with suppressed con-
vection over the Bay of Bengal and Philippine Sea regions
since the remote SSTA forcing is confined near the equa-
tor. In austral summer, on the other hand, a remote forcing
of maximum SSTA and the subsequent new SSTA of the
same sign over the Indian Ocean influence broader tropics
via strengthened zonal circulation (Fig. 4g, h).
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(30°-110°E, 20°S-20°N). Green shading indicate the time gap of
their phase transition. b Horizontal wind convergence/divergence
(shading) and vertical velocity (contour) in the 10°S-6°N vertical
section, and ¢ for the 6°-20°N section

A combination of SSTA over both the tropical Pacific
and Indian Oceans is important to explain the atmospheric
response over the tropical EIWP region. Figure 6a shows
that the new phase of the basin-wide SSTA over the Pacific
Ocean appears in May (blue lines) and that over the Indian
Ocean appears later in September—October (green lines).
Due to the different timing of the phase transition between
the two oceans, SSTA of opposite signs are observed over
the tropical oceans for boreal summer (green striped region
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in Fig. 6a; see also Fig. 3): one sign over the central-eastern
Pacific and the opposite sign over the western Pacific and
the Indian Ocean. During austral summer, SSTA over the
Indian Ocean and that over the central-eastern Pacific are
of identical sign separated by the SSTA of opposite sign
in the far western Pacific. This change of SSTA relocates
the anomalous pressure pattern accordingly, accompanied
by a noticeable change in the low-level circulation over the
tropical EIWP region (Fig. 5a, b).

Figure 6b, c shows the temporal evolution of the
anomalous horizontal convergence/divergence and verti-
cal motion in the equatorial band (10°S-6°N; Areal in
Fig. 1) and the northern tropical latitudes (6°-20°N; Area2
in Fig. 1) respectively over the EIWP region (90°-150°E,
20°S-20°N) in the biennial mode. A set of low-level wind
convergence (divergence) and upper-level wind divergence
(convergence) is dynamically coherent with the ascending
(descending) motion. Near the equator (Fig. 6b), change in
the horizontal convergence and vertical motion is coinci-
dent with the phase transition of the central-eastern Pacific
SSTA (blue lines). In the northern tropical oceanic region
(Fig. 6¢), change in the horizontal convergence and verti-
cal motion is tied with the transition of the Indian Ocean
SSTA (green lines). In boreal summer of the cold phase
(first striped interval in Fig. 6a), the sign of the atmospheric
response over the equatorial Maritime Continent is reversed
with the emergence of the cold SSTA over the central-
eastern Pacific, which promotes anomalous high over the
Pacific Ocean and anomalous low in the tropical Indian
Ocean. On the other hand, low-level wind divergence and
downward motion continues in the northern tropical oce-
anic region since the remote forcing of SSTA over the
central-eastern Pacific is confined to the narrow equato-
rial region. The downward motion in the northern tropical
ocean region is, in fact, strengthened by the convection
over the equatorial Maritime Continent (Chung et al. 2011;
Wu et al. 2009). As a consequence, local meridional circu-
lation is developed over the tropical EIWP region. Mean-
while, the anomalous high over the western North Pacific
produces southeasterly diverging from the equatorial east-
erly in the EIWP region; this also strengthens the low-level
divergence in the EIWP region. This anticyclonic circula-
tion may be explained as the Kelvin wave type response
to the basin-wide warming in the Indian Ocean, which has
lingered from the previous fall (Wu et al. 2009, 2010; Yuan
et al. 2012; Yang et al. 2007; Xie et al. 2009).

When the warm SSTA changes to cold SSTA in the trop-
ical Indian Ocean (after the transition interval), the atmos-
pheric variables reverse their signs in the northern tropical
ocean region. Therefore, low-level convergence and upward
motion is observed over the entire tropical EIWP. The asso-
ciated cyclonic circulation looks similar to the Rossby
wave response (Gill 1980; Taschetto et al. 2010; Yuan et al.

2012; Wang et al. 2000; Wu and Kirtman 2004) to the local
(western Pacific) warming and intensified remote forcing
by the central-eastern Pacific and Indian cooling.

3.5 Moisture flux and precipitation in the biennial
mode

The biennial mode will have impact on the variability of
the Asian-Australian monsoon system, which is essentially
the seasonal migration of precipitation between the two
hemispheres. The fact that the circulation over the tropical
EIWP region varies seasonally with the biennial oscillation
of SSTA means that the Asian-Australian monsoon pre-
cipitation is perturbed by seasonally varying atmospheric
circulation.

Figure 7 shows the seasonal cycle of precipitation over
the Indo-Pacific region. Precipitation begins to increase
above the annual mean value in May/June in the north-
ern hemisphere with a maximum in August. Precipitation
dwindles in October over the northern hemispheric conti-
nental areas. As the precipitation band crosses the equator,
monsoon precipitation increases above the annual mean
value in the southern hemisphere in December. This sea-
sonal excursion of precipitation depicts the evolution of the
Asian-Australian monsoon system. It is noteworthy that
there is a strong asymmetry in the precipitation patterns
between the two hemispheres primarily because of the very
distinct land-sea configurations. The corresponding PC
time series shows that the amplitude of the seasonal cycle
has fluctuated by about +20 % during the data period. The
intensity of the Asian (Australian) monsoon seasonal pre-
cipitation has varied as shown by the corresponding PC
time series.

The anomalous low-level circulation induced by the
biennial mode alters moisture transport. Considering that
the seasonal cycle and the biennial mode of SSTA both
influence the temporal evolution of moisture and wind,
anomalous moisture flux is calculated from

gi—qii= (G+q)(@+i) — G- q)(i+)

zqﬁ/_'_q/z_'_q/i;/_ﬁ,

(6)

where g and u represent the climatology (the seasonal
cycle) of moisture and wind, while ¢’ and #’ denote anom-
alous moisture and wind induced by the biennial mode.
Then, the convergence of anomalous moisture flux is given

by -V (617 +qu+qu — ﬁ)

Figure 8 describes the anomalous moisture flux, mois-
ture convergence and precipitation due to the SSTA bien-
nial oscillation in the summer of each hemisphere during

the cold phase. The first term in (6) explains the majority
of moisture convergence in the lower troposphere, which
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Fig. 8 Anomalous moisture flux (vector), moisture convergence (contour; 1.5 x 107 s7!) and precipitation rate (shading) for the cold phase of
the biennial mode during boreal summer (June—September) and austral summer (December—March)

implies that the variation of low-level wind is more crucial
than that of specific humidity in explaining the anomalous
moisture transport associated with the biennial oscillation
of SSTA (Wu and Kirtman 2004). The influence of the
biennial mode is relatively weaker in higher latitudes than
in the tropics. The anomalous precipitation, particularly in
the tropics, highly resembles the anomalous moisture con-
vergence and also the anomalous vertical motion (figure

not shown). This means that the change in moisture con-
vergence accompanied by vertical motion is the primary
mechanism of the variation in the precipitation rate. This
biennial variability in the precipitation rate within the zonal
band of 90°-150°E explains about 9 and 11 % of the total
variance aside from the seasonal cycle in the northern and
southern tropical regions, respectively.
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In boreal summer, the descending branch of anomalous
meridional circulation and the low-level moisture diver-
gence in the northern tropical EIWP region induces a dry
condition over the ocean regions of the Bay of Bengal, the
Philippine Sea and the Indochina Peninsula, while there is
above normal precipitation over India (Fig. 8a—c). Anoma-
lous anticyclonic circulation in the subtropical western
North Pacific supplies moisture to the central and eastern
parts of China. In austral summer, negative precipitation
anomaly over the northern tropical ocean region disappears
and positive precipitation anomaly in the equatorial region
extends to the whole tropics in the 110°~160°E zonal band
including the northern part of Australia (Fig. 8e—g; Meehl
1997; Meehl and Arblaster 2002; Meehl et al. 2003).
This wet condition is linked to the upward branch of the
enhanced and enlarged zonal circulation with low-level
moisture convergence due to the intensified negative SSTA
forcing over the tropical Pacific.

To understand the impact of the biennial mode on the
Asian-Australian monsoon system in a precise manner, the
biennial mode should be considered together with the sea-
sonal cycle in Fig. 7. In boreal summer of the cold phase,
when the seasonal cycle of precipitation band resides in the
northern hemisphere (Fig. 7a—d), Asian monsoon precipi-
tation decreases over the Indochina peninsula and ocean
areas in the Bay of Bengal, South China Sea and the Phil-
ippine Sea (Fig. 8a—d). On the other hand, monsoon pre-
cipitation increases over India and in eastern and central
China since the intensified southwesterly from the anoma-
lous anticyclonic circulation over the western North Pacific
transports more moisture to the continent (Xie et al. 2009;
Yang et al. 2007; Wu et al. 2009). In austral summer of the
cold phase, when the seasonal precipitation band lies in the
southern hemisphere (Fig. 7e-h), the positive precipita-
tion anomaly over the northern part of Australia makes the
monsoon precipitation stronger and also the onset of the
Australian rainy season earlier (Fig. 8e—h).

As is evident in Fig. 8, the impact of the biennial mode
is dramatically different between the two hemispheres,
since both the SSTA and the ensuing atmospheric circula-
tion differ significantly during the rainy seasons in the two
hemispheres. Some studies (Chang and Li 2000; Meehl
et al. 2003; Meehl and Arblaster 2002; Yu et al. 2003)
show that the biennial changes in the Indian monsoon pre-
cipitation and the ensuing Australian monsoon precipita-
tion are of the same sign. In the present study, the sign of
anomalous precipitation over the Indian continental region
is the same as that over Australia, but is opposite over the
ocean areas of the Bay of Bengal, South China and Phil-
ippine Seas. In general, the biennial contribution of SSTA
to the Asian monsoon in the Bay of Bengal, the Indochina
peninsula, the South China Sea and the Philippine Sea is
achieved via the local meridional circulation, whereas its

@ Springer

contribution to the Australian monsoon is through the tropi-
cal zonal circulation.

4 Summary and concluding remarks

It was scrutinized how atmospheric variables evolve in time
and space in association with the TBO as characterized by
the biennial mode of SSTA. The biennial mode is separated
from the seasonal cycle and the other internal variability (e.g.
low-frequency variability of ENSO discussed in Yeo and
Kim 2014) via CSEOF and regression analysis. In addition,
it was investigated how the biennial mode exerts impacts on
the Asian-Australian monsoon precipitation, which repre-
sents the seasonal cycle of precipitation with a distinct spa-
tio-temporal evolution from that of the biennial mode.

The SSTA evolution associated with the biennial mode
exhibits not only a strong seasonality but also a delicate
difference in timing in the tropical Pacific and the Indian
Oceans. As a result, atmospheric circulation over the tropical
EIWP region changes significantly from boreal summer to
austral summer. In boreal summer, the local meridional cir-
culation is prominent in the tropical EIWP region, whereas
the strengthened tropical zonal circulation is more dominant
in austral summer. A fundamental reason for this difference
is that the tropical EIWP region is affected in a subtle way by
SSTA both in the Pacific and the Indian Oceans. The inten-
sity and size of SSTA over the central-eastern Pacific Ocean
and the timing of SSTA transition in the Pacific and the
Indian Oceans are considered as key factors for the metic-
ulous circulation change in the tropical EIWP region. As a
result, the effect of the biennial mode in the monsoon pre-
cipitation differs significantly between the two hemispheres.

Figure 9 depicts a simple schematic of the circulation
and SSTA change during the cold phase of the biennial
mode. During JJAS, relatively narrow and weak SSTA
over the central-eastern Pacific and the residual SSTA over
the tropical Indian Ocean induce air-sea interaction via
the equatorial zonal circulation and the local (90°-150°E)
meridional circulation. The northern branch (6°-20°N) of
the local meridional circulation is linked to the low-level
anticyclonic circulation arising from the anomalous high
over the western North Pacific. Accordingly, the downward
motion and low-level moisture divergence in the northern
tropical ocean region accompanies the negative precipita-
tion anomaly during boreal summer. The effect of zonal
circulation is important in boreal summer. In fact, the
upward branch of the zonal circulation in the 90°-150°E
band is instrumental for the development of the meridi-
onal circulation. During NDIJF, relatively wide and strong
SSTA over the central-eastern Pacific and the new phase of
the basin-wide SSTA over the tropical Indian Ocean result
in air-sea interaction via the intensified zonal circulation.
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Fig. 9 Schematic diagram of circulation (upper) and SSTA (lower)
change in the cold phase of the biennial mode in a JJAS and b NDJF.
(upper panel) Pink shading indicates anomalous high and light blue
shading indicates anomalous low. Blue vectors denote vertical circu-

To the north and south of the upward branch of the zonal
circulation, low-level cyclonic circulation develops as a
Rossby wave-type response to the warming in the western
Pacific. The ensuing SLPA pattern also helps the develop-
ment of the low-level cyclonic circulations. The upward
motion and low-level moisture convergence in the south-
ern tropics, henceforth, produces positive precipitation
anomaly during austral summer. During the cold phase,
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lation and upper-level wind. Black arrows represent anomalous low-
level horizontal circulation. (Lower panel) Red shading means warm
SSTA and blue shading cold SSTA. Orange (cyan) implies that SSTA
is weaker than that for red (blue)

therefore, precipitation is reduced over the oceanic area
in the northern tropics, and it is increased with an earlier
onset of monsoon in Australia. In the warm phase, the situ-
ation reverses. It should be noted that there exists strong
asymmetries in the two hemispheres, not only because
of the seasonal variation of SSTA in the tropics but also
because of the different atmospheric responses arising
from the SSTA forcing.
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