15 APRIL 2020

WANG ET AL.

Intraseasonal Oscillation

XUDONG WANG

Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disaster/KLME/ILCEC, Nanjing University
of Information Science and Technology, Nanjing, China, and Scripps Institution of Oceanography, University of California,

San Diego, La Jolla, California

SHANG-PING XIE

Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California

ZHAOYONG GUAN

Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disaster/KLME/ILCEC, Nanjing University

of Information Science and Technology, Nanjing, China

(Manuscript received 22 October 2019, in final form 6 January 2020)

ABSTRACT

Summer atmospheric interannual variability in the Indo-northwestern Pacific (NWP) is coupled with
tropical sea surface temperature (SST) variability. This study investigates the importance and origin of at-
mospheric internal variability in the Indo-NWP region. Using the reanalysis and the 30-member atmospheric
model simulation, two SST-related interannual modes are identified in the Indo-NWP region during boreal
summer with the month-reliant empirical orthogonal function analysis. The first mode is related to concurrent
El Nifio—Southern Oscillation originating from the eastern equatorial Pacific whereas the second mode
features an anomalous anticyclone (AAC) in post—El Nifio summers over the NWP region, known as the
Indo-western Pacific Ocean capacitor. The SST-induced modes show temporal persistence from June to
August. The residual variability is the focus of this study. The dominant mode of the residual variability
displays an AAC structure over the NWP but little month-to-month persistence, indicative of atmospheric
internal dynamics unrelated to SST forcing. Further investigation suggests the monthly internal AAC arises
from the summer intraseasonal oscillation (ISO). The broad band of ISO yields nonzero monthly means that
project strongly onto the AAC pattern. Finally, the anomalies of rainfall and low-level circulation in summer
2016 are investigated. The reversal of the low-level circulation pattern from an AAC in July to an anomalous
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Atmospheric Internal Variability in the Summer Indo—Northwestern Pacific: Role of the

cyclone over the NWP in August 2016 is due to the ISO-induced internal variability.

1. Introduction

Summer climate over the Indo—northwestern Pacific
(NWP) is strongly affected by El Nifio—Southern
Oscillation (ENSO). Following the major El Nifio event
in winter 1997/98, atmospheric convection and tropical
cyclone activity were both suppressed over the tropical
NWP region in summer 1998, consistent with the Indo—
western Pacific Ocean capacitor (IPOC) effect (Xie et al.
2016). In May to July of 2016, rainfall and tropical cyclone
count were below normal over the NWP, similar to the
circumstances in 1998 (Li et al. 2017; Takaya et al. 2017).
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In August 2016, however, convection and tropical cyclone
activity unexpectedly increased over the NWP (Huangfu
et al. 2018; Chowdary et al. 2019). This study is motivated
by the wish to understand the deviations of NWP climate
anomalies from the post-El Nifio IPOC effect.

In the tropics, sea surface temperature (SST) vari-
ability is an important driver for variability in rainfall
and atmospheric circulations, both locally and remotely
(Deser et al. 2010). ENSO is the dominant mode of in-
terannual variability with global influence (Alexander
et al. 2002; Trenberth et al. 2002). ENSO develops in
boreal summer, peaks in winter, and decays rapidly in
the following spring. ENSO influence on the Indo-NWP
spans two summers, concurrent and subsequent. During
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El Nifio developing summer, the tropical convection
center shifts eastward from the Maritime Continent to
the central-western Pacific, weakening the Walker cir-
culation. The weakened Walker circulation in the Indian
Ocean causes Indian monsoon rainfall to decrease
(Rasmusson and Carpenter 1983; Webster and Yang
1992; Mishra et al. 2012). Suppressed convection over
the northwestern Pacific during El Nifio further affects
East Asia climate through the westward extension of the
anomalous subtropical high (Zhang et al. 1999). During
post—El Nifio summer, El Nifio itself has dissipated in
the equatorial eastern Pacific, but its climatic impact
lingers over the tropical Indo-northwest Pacific region,
affecting the Indian summer monsoon (ISM) onset,
rainfall, and surface air temperature over India (Mishra
et al. 2012; Zhou et al. 2019). The ENSO-induced
tropical Indian Ocean warming excites the warm tro-
pospheric Kelvin wave propagating into the western
Pacific. The associated Ekman divergence in the NWP
suppresses convection and triggers an anomalous anti-
cyclone (AAC) in the NWP (Xie et al. 2009). The SST
cooling in the NWP also helps maintain the AAC
through the atmospheric Rossby wave response (Wang
et al. 2003; Wu et al. 2010). The El Nifio-related AAC
over the NWP further affects East Asia through the
meridional Rossby wave train, the so-called Pacific—
Japan teleconnections (PJ; Nitta 1987; Kosaka et al.
2013; Xu et al. 2019).

The instraseasonal oscillation (ISO), especially the
Madden-Julian oscillation (MJO), is planetary-scale
waves with periods of 30-60 days propagating east-
ward along the equator (Madden and Julian 1971, 1972;
Zhang 2005). The tropical ISO exhibits remarkable
seasonal variations (Wang and Rui 1990; Adames et al.
2016; Jiang et al. 2018). In boreal summer, the ISO shows
complex propagating features. Prominent northward and
northeastward propagations of the summer ISO were
found over the Asian monsoon region (Yasunari 1980;
Annamalai and Slingo 2001). The summer monsoon ISO
(MISO) in the Indian Ocean propagates from the south
of the equator to the Indian peninsula and foothills of the
Himalayas, affecting the monsoon onset (Murakami et al.
1986; Joseph et al. 1994) and active/break cycles of the
monsoon (Webster et al. 1998; Annamalai and Slingo
2001; Zhou et al. 2019). The northeastward propagation
of ISO also causes the flooding and heat waves over
the East Asian monsoon region (Mao and Wu 2006;
Hsu et al. 2017).

Low seasonal predictability of India summer rainfall
indicates the existence of significant internal variabil-
ity over the Asian monsoon region (Goswami 1998).
Several studies suggested connections between MISO
and seasonal mean interannual variability over the Indian
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Ocean. Goswami and Mohan (2001) showed that the
intraseasonal and interannual variability of the ISM
shares a common spatial pattern. Goswami and Xavier
(2005) further indicated that MISO is responsible for
internal interannual variability of the ISM. To the extent
that MISO is not modulated by SST variations, they
argued the internal interannual variability of ISM is
decoupled from SST forcing. Sperber et al. (2000) sug-
gested that strong monsoons are associated with higher
probability of occurrence of active phases of ISO.

The present study examines the interannual variabil-
ity from June to August in the Indo-NWP region and
the relationship to atmospheric internal variability, the
summer ISO in particular. We wish to address the fol-
lowing questions: How much of the observed variance
can be explained by the internal variability over the
Indo-NWP? How does the leading internal mode look?
Is it distinct from the SST-forced modes? How much
does the summer ISO contribute to the internal vari-
ability? Previous studies mainly focused on the MISO
and its relationship with the ISM variability over the
Indian Ocean (Goswami and Mohan 2001; Goswami
and Xavier 2005) but they paid little attention to the
ISO-interannual variability relationship in the NWP
region, where the intraseasonal to interannual variabil-
ity is comparable in magnitude to that in the Indian
Ocean (Goswami 2012). Our analysis for 1979-2017
shows that the internal variability indeed arises from
the summer ISO, but the leading mode is distinct from
the ISM mode in spatial structure, with large loading
in the NWP. We return to discuss the unusual climate
state in August 2016 over the Indo-NWP and evaluate
the contributions of the summer ISO.

The rest of the paper is organized as follows. Section 2
describes the data and methods. Section 3 briefly shows
the rainfall and circulation anomalies in summer 2016.
Section 4 examines the SST-related and internal vari-
ability over the Indo-NWP. Section 5 discusses relation-
ship between the internal variability and the summer
ISO. Section 6 analyzes the ISO contributions for the
unusual climate state in August 2016. Section 7 summa-
rizes and discusses our results.

2. Datasets and methods
a. Observations

We use the daily European Centre for Medium-Range
Weather Forecasts interim reanalysis (ERA-Interim;
Dee et al. 2011) winds and precipitation with a hori-
zontal resolution of 1.5° X 1.5°. The monthly SST dataset
is from the Met Office Hadley Centre (Rayner et al.
2003), with 1° X 1° resolution.
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The present study focuses on intraseasonal and in-
terannual variability. For the interannual variability, the
monthly anomalies are derived relative to the climato-
logical mean over the whole period (1979-2017) after
removing the linear trend and the decadal variability
(longer than 10 years) by using the Lanczos high-pass
filter. For the intraseasonal variability, we use the
20-100-day Lanczos bandpass filter (Duchon 1979).

b. AMIP simulation

To examine the atmospheric variability associated
with the global SST forcing, we utilize a 30-member
ensemble of ECHAMS atmospheric model simulations
[available online at the Facility for Climate Assessments
(FACTS) website; see https://www.esrl.noaa.gov/psd/
repository/alias/facts]. The ECHAMS model was run at
spectral T159 (~0.75° X ~0.75°) horizontal resolution with
17 vertical levels. The model is forced with historical global
SSTs based on Hurrell et al. (2008), which are a merged
product of the monthly mean Hadley Centre Sea Ice and
SST dataset version 1 (HadISST1; Rayner et al. 2003) and
version 2 of the NOAA weekly optimum interpolation
(OI) SST analysis (Reynolds et al. 2002). A complete de-
scription of the model can be found in Roeckner et al.
(2003). Each ECHAMS run covers the period of 1979-
2017, starting with different initial conditions.

We use the raw output to compute the ensemble mean,
and the ensemble spread of the ECHAMS AMIP runs.
As the 30 members share the same external forcing, the
ensemble mean represents the prescribed SST-forced
variability. Obtained by subtracting the ensemble mean
from the raw output, the ensemble spread captures at-
mospheric internal variability as different initial condi-
tions of each member run randomize the phasing of
atmospheric internal variability.

¢. Methodology

We perform month-reliant EOF analysis of normalized
850- and 200-hPa zonal and meridional wind anomalies in
the Indo-western Pacific (10°S-25°N, 40°~140°E) during
June to August to extract leading modes of the monthly
variability. Unlike the conventional EOF for a single
month or season, the month-reliant EOF investigates the
wind anomalies in a sequence from June to August. Each
eigenvector represents a set of three sequential monthly
spatial patterns that share the same yearly principal
component (PC).

For the summer ISO, we conduct an EOF analysis
of daily normalized upper and lower troposphere wind
anomalies in the Indo-NWP from June to August over
the period of 1979-2017. We compared with the boreal
summer intraseasonal oscillation (BSISO) indices of
Lee et al. (2013), derived from the first two leading
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multivariate EOFs of outgoing longwave radiation (OLR)
and 850-hPa zonal wind anomalies in the Asian monsoon
region. Our EOF modes are almost identical to the BSISO
modes and capture a more robust northward propa-
gation than Real-time Multivariate MJO (RMM) indi-
ces (Wheeler and Hendon 2004).

3. Climate anomalies in summer 2016

We start by comparing the monthly evolution of rainfall
and lower tropospheric wind anomalies from June to
August during summer 2016 between observations and
the ECHAMS AMIP ensemble mean. In the tropical
northwestern Pacific (Figs. 1a,b), a weak anticyclone is
observed, accompanied with decreased rainfall from June
to July. Meanwhile, a cyclonic circulation accompanied by
enhanced precipitation is found east of Japan. In general,
during post-EI Nifio summer, the AAC appears over the
Indo—western Pacific in response to the concurrent Indian
Ocean warming, along with a cyclonic circulation to the
north as a part of the Pacific-Japan teleconnection pattern
(Nitta 1987; Kosaka and Nakamura 2010; Kosaka et al.
2013; Xie et al. 2016). Summer 2016 follows a major El
Nifio event of 2015/16, but the weak anticyclone disap-
pears in August replaced with a cyclonic circulation and
increased rainfall over the NWP region (Fig. 1c). This
peculiar reversal of circulation and rainfall patterns from
July to August cannot be explained by the IPOC effect
that persists through summer. To evaluate the SST effect,
we analyze the precipitation and 850-hPa wind anomalies
in the ECHAMS5 AMIP ensemble mean (Figs. 1d—f). A
weak IPOC mode is found in the NWP but southward
shifted slightly as compared to the observations from June
to July (Figs. 1d,e). Unlike observations, the model en-
semble mean displays a sustained AAC over the NWP in
August (Fig. 1f). The discrepancies of rainfall and low-
level wind anomalies in August between observations and
the model ensemble mean suggests that SST forcing has
limited impact on the establishment of the anomalous
cyclone in the NWP. Indeed, previous results found that
the positive SST anomalies over the Indo-NWP persists
from June to August in 2016 (Huangfu et al. 2018;
Chowdary et al. 2019; Chen et al. 2019). Since the atmo-
spheric variability in AMIP ensemble mean is mainly
driven by the prescribed SSTs, the inconsistency between
observations and the model ensemble mean is due to at-
mospheric internal variability.

4. Separating the SST effect and internal variability
a. SST-induced variability

To obtain the SST-forced variability, we first conduct
a month-reliant EOF analysis of normalized upper and
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FIG. 1. Monthly mean rainfall (shading; mm day ') and lower-level wind (vectors; ms ') anomalies from June to
August in 2016: (a)—(c) observations and (d)-(f) ECHAMS AMIP ensemble mean.

lower tropospheric wind anomalies from June to August
for 1979-2017 in both observations and model ensemble
mean. Figures 2a—f show monthly anomalies of rainfall
and 850-hPa winds from June to August regressed onto
the first principal component (PC;®") of month-reliant
EOF. The first EOF mode (EOF}T) of observations
explains 13.8% of the total wind variance and is related
to concurrent developing El Nifio events (Figs. 2a—c).
The correlation between the first mode and concurrent
summer Niflo-3.4 index amounts to 0.86. During El Nifio
summers, the westerly wind anomalies prevail in the
tropical western Pacific, increasing rainfall in the equa-
torial western Pacific and decreasing precipitation over
the Maritime Continent and Indian peninsula (Webster
and Yang 1992). The anomalous westerly winds advance
eastward gradually from June to August, coupled with
the eastward shifting of convection center. The first
EOF mode of the ensemble mean captures 24.2% of the
total wind variance and resembles the observations
(Figs. 2d—f). Correlation between the ensemble mean

PC®T and concurrent Nifio-3.4 index is 0.83. The PCSST
correlation between observations and the model en-
semble mean amounts to 0.76 (Fig. 4a), suggesting that
the AMIP ensemble mean shows skill in simulating the
SST-forced variability. Two strong El Nifio events (1997
and 2015) are well captured in observations and the
model ensemble mean.

The second month-reliant EOF mode (EOF5"") of
observations (Figs. 3a—c) captures 12.3% of the total
wind variance and is well separated from the first and
third modes by the criterion of North et al. (1982). The
second mode is the IPOC, which often occurs during
post-El Nifio summers (Xie et al. 2016). Indeed, the
correlation of the second PC (PC5°") with preceding DJF
Nifio-3.4 index and concurrent JJA north Indian Ocean
(NIO) SST index (0°-20°N, 40°-~110°E) amounts to 0.58
and 0.71, respectively. Prominent features during post-EIl
Nifio summer include a warming tropical Indian Ocean
and South China Sea and an AAC over the NWP region,
resulting from positive feedback of the regional ocean—
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FIG. 2. The rainfall (shading; mm day ') and lower-level winds (vectors; ms~ ) regressed against the first month-
reliant EOF PCSST: (a)—(c) observations and (d)-(f) ECHAMS AMIP ensemble mean. Stippling represents the
rainfall anomalies >99% confidence level, based on the ¢ test.

atmosphere coupling that prolongs the El Nifio influ-
ence (Du et al. 2009; Kosaka et al. 2013; Zhou et al. 2018).
The NIO warming is associated with the anomalous
easterly winds on the south flank of the NWP AAC,
which reduce the monsoon southwesterlies and surface
evaporation. The NIO warming, on the other hand an-
chors the NWP AAC via the Kelvin wave—convection
adjustment (Xie et al. 2009, 2016). The IPOC mode is
captured in the model ensemble mean (Figs. 3d—f) and
explains 20.4% of total wind variance. Correlations of
PC5’" in the model ensemble mean with antecedent DJF
Nifio-3.4 index and concurrent NIO index are 0.46 and
0.68, respectively. The imperfect correlation with ante-
cedent ENSO indicates coupled IPOC variability unre-
lated to ENSO (Wang et al. 2020). The correlation of
PC5T between observations and the model ensemble
mean is 0.58 (Fig. 4b). The persistence of the IPOC pat-
tern from June to August in EOF;‘ST suggests that slow
evolving SST forcing over the Indo-Pacific basin induces a
prolonged atmospheric pattern in post-ENSO summer.
In 2016, PC5°T of the ensemble mean indicates a weak

IPOC mode while the observed anomalies are nearly at a
neutral state (Fig. 4b).

The third month-reliant EOF (EOF5°") in observa-
tions (Figs. 5a—c) shows little month-to-month per-
sistence in spatial pattern: an intensified ISM with
southwesterly wind anomalies in the lower troposphere
and weakened East Asian summer monsoon with an
anomalous anticyclone over the coastal region of China
in June. Then the rainfall pattern and low-level circu-
lation change suddenly in July and turn into an anom-
alous cyclone over the NWP in August with westerly
wind and increased rainfall anomalies in its south flank.
However, the AMIP ensemble mean (Figs. 5d-f) ex-
hibits enhanced rainfall anomalies and relatively weak
winds in the north Indian Ocean from June to August.
The PCS®" correlation between observations and the
model ensemble mean is only 0.07. Since atmospheric
variability in the model ensemble mean is mainly driven
by the SST forcing, the low correlation of PC§ST and
inconsistency of the EOF§ST spatial pattern between
observation and the model ensemble mean indicate that
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FIG. 3. As in Fig. 2, but for the month-reliant EOF PC3®T.

only the first two EOF modes are related to the under-
lying SST in observations. The negative Indian Ocean
dipole (IOD)-like (Saji et al. 1999) wind anomalies in
EOF?ST in observations, compared to the ensemble mean,
are possibly due to the artifact of the month-reliant EOF
method and may involve local air—sea interaction, which
is unrelated to the ENSO forcing (Yang et al. 2015).

According to the month-reliant EOF analyses, an
AAC over the NWP should persist during 2016 summer
that follows a major El Nifio event. However, the weak
IPOC mode disappeared in August. Thus, the anomalous
cyclone in August 2016 (Fig. 1c) over the NWP might be
induced by the atmospheric internal variability.

b. Atmospheric internal mode

To extract the internal variability in August, we first
use a linear regression model:

A = ai" XPCPT +a55T x PCST + 4™, (1)

where A is the observational August mean upper and
lower tropospheric wind anomalies, PC;*" and PC5®" are

the first two month-reliant EOF time series in observa-
tions, a;°T and @557 denote the regression coefficients
against the PC;®" and PC5®", and the residual A™ is
considered atmospheric internal variability. Then, we
conduct an EOF analysis of normalized residual A™ in
the Indo-western Pacific region. Figure 6a shows rainfall
and low-level wind anomalies regressed onto the first
internal EOF PC (PC™™) in August. The dominant at-
mospheric internal mode in August shows a meridional
rainfall dipole in the western Pacific with decreased
precipitation centered on the south flank of the anom-
alous anticyclone in the NWP and increased rainfall
over the Maritime Continent. The first mode accounts
for 19.8% of total monthly wind variance and is well
separated from the second mode. This internal mode
(EOF™) does not significantly correlate with the con-
current or antecedent Nifio-3.4 index (—0.01 and 0.14,
respectively). Aside from the opposite sign of rainfall
and wind anomalies between Figs. Sc and 6a, the spatial
pattern of EOF;" resembles the EOF™ in August.
Since the atmospheric internal variability is random in
phase, we further check the atmospheric monthly
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FIG. 4. Scatterplot between the month-reliant EOF PCs in observations and in the AMIP ensemble mean, for
(a) PCSST and (b) PCSST. Black lines are the linear regressions. Red dots show two major El Nifio developing
summers (1997 and 2015) and post-El Nifio summers (1998 and 2016).

evolution related to the August EOFil"t by regressing the indicative of atmospheric internal variability of little
monthly rainfall and wind anomalies from June to temporal persistence. Interestingly, the August internal
August onto the August internal PCilm. The spatial pat- mode also resembles the IPOC mode with the pattern
tern resembles the PC§ST of observations (not shown), correlation of 850-hPa zonal wind anomalies amounting
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FIG. 5. As in Fig. 2, but for the month-reliant EOF PC5*".
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FIG. 6. August rainfall (shading; mm day™!) and low-level wind (vectors; ms™ ') anomalies regressed against
(a) the monthly internal EOF PC in observations and (b) the first EOF PC™ of model ensemble spread. Stippling
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ensemble spread EOF1 in each member. Different color dots represent each member run, and the black curve
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shows the 30-member mean.

to 0.51. Although the NWP AAC is coupled with the
external SST forcing (e.g., Indian Ocean warming) and
regional air-sea interactions (Xie et al. 2009, 2016;
Wang et al. 2018), it is also sustained through the kinetic
energy conversions from the lower-level mean flow
(Kosaka and Nakamura 2010; Huangfu et al. 2018; Hu
et al. 2019).

In the AMIP model, the internal variability is simply
the ensemble spread. Here we use the EOF method
based on tandem 30-member ensemble spread to repre-
sent the atmospheric internal mode in August. Figure 6b
shows the rainfall and 850-hPa wind anomalies regressed
against the ensemble spread EOF PC1 (PCipd). The first
EOF mode (EOF™) of ensemble spread captures 18% of
total wind variance and is separated from the second
mode. The atmospheric internal mode in the intermember
spread is almost identical to the internal mode EOF™ in
observations. Compared to the observed EOF}", the
model result shows the ““‘southwest-northeast” tilted wind
pattern, consistent with the westward shift of tropical
rainfall anomalies. The IOD-like low-level easterly wind
anomalies over the eastern Indian Ocean in EOF™ can-
not be found in the ensemble spread, indicating that the
IOD is not part of atmospheric internal mode in obser-
vations. The phase of PC?pd is random and the ensemble-

mean PCP in each year is nearly zero (Fig. 6d). The
model results confirm the robustness of the internal mode
in observations as extracted with the EOF method.
Figure 6¢ shows the PC time series of the August in-
ternal EOF™ in observations. The value of internal
PCilnl amounts to —2.9in 2016, the largest in magnitude
over the 39-yr record. This suggests that the internal
variability plays an important role over the NWP in
August 2016.

5. Internal mode due to the summer ISO

In sections 3 and 4, we compared the structure of
the August internal mode between observations and
the model ensemble spread. The results suggest that the
unusual cyclone over the NWP in August 2016 is mainly
due to the atmospheric internal variability. Shao et al.
(2018) recently suggested the anomalous cyclone in
August 2016 is related to the summer intraseasonal os-
cillation. The evolution of 7-day mean precipitation and
850-hPa wind anomalies from 6 July to 30 August 2016
(Fig. 7) supports that the enhanced convection propa-
gates into the NWP in early August. The anomalous
cyclone persists over the NWP from early August to
23 August and then advances northward rapidly. Here we
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7-day Pre and UV850 Anomalies: 2016
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FIG. 7. Seven-day mean precipitation (shading; mm day ~*

12 3 456 7 8 910

) and 850-hPa wind (vectors; m s~ ') anomalies from 6 Jul

to 30 Aug 2016.

examine the relationship between the monthly internal
mode and summer ISO over 39 years of 1979-2017.

a. Summer ISO

Figures 8a and 8b show the precipitation anomalies
and 850-hPa winds regressed onto the first two EOF PCs
of summer ISO (PC and PC5°). The first ISO mode
(EOF}) captures 15.9% of total wind variance during
the summer with zonally elongated rainfall anomalies.

The increased rainfall anomalies are located in the
equatorial eastern Indian Ocean and the Maritime
Continent, accompanied with negative anomalies from
the Bay of Bengal, South China Sea, and their vicinity
(Fig. 8a). Low-level wind anomalies show an anomalous
anticyclonic circulation over the South China Sea to the
NWP region. The easterly wind anomalies related to the
anomalous anticyclone are northeasterly in the western
Indian Ocean, causing the break of the summer
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southwest monsoon (Goswami and Mohan 2001;
Annamalai and Slingo 2001). The second EOF mode
(EOF5°) accounts for 11.3% of total wind variance
(Fig. 8b), with a northwest-southeast-tilted rainband
from the west coast of India to the Maritime Continent,
accompanied with decreased precipitation anomalies
over the NWP region. The EOF5° features an AAC in
the NWP of a broader meridional structure that is zon-
ally displaced compared to the AAC in EOF:°. The
strengthened southwesterlies in the northwestern Indian
Ocean indicate the active phase of the Indian summer
monsoon (Annamalai and Slingo 2001). Indeed, PC:°
and PC5° are correlated at 0.49 at 9-day lead (Fig. 8c).
PC™ and PC5° show greatest coherence at the 30-40-
day range with a 90° phase difference (not shown). The
strong coherence between PCS° and PCS° provides
justification for combining them for a summer ISO in-
dex. Note that EOF3 and EOF4 represent the higher-
frequency variations with the greatest coherence in the
10- to 20-day range and at the 30-day scale. EOFs 3 and 4
account for 12.9% of total variance and have small
contributions to the monthly variability (not shown).
Figure 9 shows the composite of the precipitation
and circulation fields for each of the eight phases.
Following Wheeler and Hendon (2004), a life cycle of
summer [SO is broken down into eight distinct phases.
For the composite, each ISO phase has an amplitude
[(PCils")2 + (PCiZS")z] greater than 1. If the ISO has an
amplitude smaller than 1, it is considered inactive.
Positive rainfall anomalies associated with PC° first
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FI1G. 8. (a),(b) Spatial structure of daily
rainfall (shading) and 850-hPa wind (vectors)
anomalies regressed onto the first two nor-
malized ISO EOF PCs. (c) The lag correla-
tions between the PC and PCL°.

appear over the equatorial eastern Indian Ocean in
phase 1, and then propagate northward reaching India
from phases 2 to 6 and the Bay of Bengal in phases 3-6.
The convection over the equatorial eastern Indian Ocean
also propagates eastward from phase 1 and reaches the
Maritime Continent in phases 2-3. Then, the convection
propagates northward reaching the South China Sea
in phases 4-5, the NWP in phases 6-7 and East Asia
with reduced amplitude in phase 8. Note that phase
7 features a meridional rainfall dipole between the
Maritime Continent and the NWP region. The spatial
pattern of ISO phase 7 is similar to the August monthly
internal mode (Fig. 6a). This suggests the common
spatial features between the monthly internal mode and
summer ISO.

b. Mechanism for monthly internal mode

Now we examine the relationship between the August
internal mode and the summer ISO. The August inter-
nal mode features the largest rainfall and wind varia-
tions over the NWP region, with much smaller loading
over the Indian Ocean (Fig. 6). In contrast, summer ISO
shows large rainfall and wind variations in the Indian
Ocean (Fig. 9). Here we average ISO anomalies over
August to explore the ISO relationship to the August
internal mode. That is,

31 Aug (EOFiSOPCiso + EOFisoPCiSO)
AT = z 1 1 3 2 2 . (2)

1 Aug
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ISO PCs: June to August
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FIG. 9. The life cycle composite of rainfall (shading) and 850-hPa wind (vectors) anomalies reconstructed based on
PC}® and PC3° of ISO in 8 phases. The number shown in the bottom right corner is the total days in each phase.

where A™¢ is the August mean of reconstructed ISO
wind anomalies based on the ISO modes 1 and 2.
Figure 10 shows the first two EOF modes (EOF|* and
EOF;*). EOF* explains 57.4% of total variance for
the August mean of ISO variability. The spatial pattern
is strikingly similar between the ISO reconstructed
monthly mean EOF* (Fig. 10a) and the August internal
mode EOF™ (Fig. 6a). The pattern correlation between
EOF;*® and EOF" in 40°-140°E, 10°S-25°N are 0.8 for
low-level zonal wind and 0.78 for precipitation. The
temporal correlation between the PC}* and PC™
amounts to 0.65 (above the 99% significance level by
using the ¢ test). Compared to EOF™, the spatial pattern
of EOF* shows weak low-level wind anomalies in the
Indian Ocean, suggesting limited contributions of IOD
to the internal AAC over the NWP. The EOF; explains
42.6% of total variance and shows a slight weakening of
all Indian summer monsoons (Fig. 10b). PCF® is some-
what correlated with PCI™ (not shown) with the corre-
lation coefficient of 0.45, suggesting associations of ISO
with the Indian summer monsoon internal variability
(Goswami and Mohan 2001; Goswami and Xavier 2005;
Zhou et al. 2019). The common spatial pattern between
EOF and EOF™ suggests that the ISO is an important
contributor to the monthly internal mode. However,
the convection center of the monthly-mean internal
mode is mainly located in the NWP and resembles phase
7 of ISO rather than ISO EOF modes (phases 1 and
3in Fig. 9).

The change in spatial pattern from ISO to the monthly
internal mode might be due to the broadband nature of
the ISO spectra (Fig. 11). The spectrum of PC* shows a
peak at 60-90 days and secondary peak at 30—40 days
while PCizSo has a strongest peak at 50-60 days and sec-
ondary peak at 3040 days. Although the largest coher-
ence between PC}° and PC5° is at 35-40 days, the ISO of a
broader (30-90 days) band contributes to the monthly
variability. We separate the intraseasonal variability into
three bands (20-30, 3040, and 40-90 days), and the re-
sults show that high-frequency (20-30 day) ISO contrib-
utes little to the monthly mean variations (not shown).

Figure 12 shows the fractional variance of August
internal zonal wind explained by PC|*°. The EOF*® ac-
counts for more than 40% of monthly internal variance
over the South China Sea and the NWP region. In
summer, there is low-level confluence between the
monsoonal westerlies and easterly trade winds over the
NWP. The wave-mean flow interaction can amplify
the monthly perturbations through the barotropic energy
conversions, which is proportional to [—(97/dx)(u/*/2)]
(Kosaka and Nakamura 2006, 2010). Hu et al. (2019)
showed that the replenishing time scale of monthly
anomalies by the barotropic energy conversion is about
5 days, fast enough to excite the intraseasonal to monthly
perturbations within the low-level confluence zone. In
addition, Huangfu et al. (2018) found that monthly
anomalies over the NWP in August 2016 were associated
with an eastward extension of the monsoon trough, with
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FIG. 10. August rainfall (shading) and 850-hPa wind (vectors)
anomalies regressed onto the normalized ISO-reconstructed EOF:
(a) PCY and (b) PC5*. Stippling represents the rainfall anomalies
>99% confidence level, based on the ¢ test.

the barotropic energy conversions through the merid-
ional shear of the mean zonal wind, u/v'(9u/dy). The
diabatic heating in cumulus convection further amplifies
the anomalies (Kosaka and Nakamura 2010). These
studies suggest that the AAC grows on the barotropic
conversion and convective feedback. In support of this
notion, the reconstructed EOF[ that represents the
AAC explains large fractional variance only in the mean
confluence zone (Fig. 12) even though ISO variance
in zonal wind is high also over the north Indian
Ocean (Fig. 8a).

6. Reconstructing the anomalies of summer 2016

We use the following regression model to reproduce
the monthly anomalies for each summer month of 2016:

A'=aT x PCPT + a55T x PC3ST

n Z(b1 X PC} ;jbz XPCS )’ 3)
where A’ is the monthly mean anomaly due to the SST
forcing (the first two terms on the right-hand side) and
ISO (last term of the right-hand side), and M is the
number of days of the month. Table 1 shows the pattern
correlation coefficients of reconstructed anomalies A’
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Low fre

with the raw monthly anomalies in 2016 over the NWP
AAC domain (5°-35°N, 100°-155°E). By adding the ISO
monthly mean to the regression model, we can success-
fully reproduce the monthly anomalies in each month of
2016 summer with a pattern correlation of zonal wind
amounting to 0.82 in August. We further reconstruct the
monthly anomalies without the ISO contribution (shown
in parentheses in Table 1). The SST forcing by itself fails
to reproduce the August anomalies over the NWP with a
negative pattern correlation. By contrast, ISO does not
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FIG. 12. Fraction of total variance of 850-hPa zonal wind explained
by ISO-reconstructed monthly PC{*. Black arrows show climato-
logical wind (m's™*) while blue contours denote the streamfunction
anomalies (at intervals of 4 X 10°ms™! from 8 X 10° to 16 X
10°ms ™) of EOF at 850 hPa.
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TABLE 1. Pattern correlations over 5°-35°N, 100°-155°E
between the regression model reconstruction Eq. (3) and raw
monthly anomalies for rainfall and low-level winds from June to
August in 2016. For comparison, parentheses indicate the SST
effect only.

Precipitation U850 V850
June 0.31 (0.3) 0.54 (0.57) 0.29 (0.35)
July 0.58 (0.4) 0.71 (0.77) 0.4 (0.38)
August 0.63 (—0.006) 0.82 (—0.47) 0.59 (—0.16)

contribute to the rainfall and wind anomalies in June and
July in 2016. Figure 13 compares the reconstructed
August anomalies over the Indo-NWP region with and
without the ISO contribution. Without the ISO con-
tribution, an anomalous anticyclone persists in August
(Fig. 13a). By adding the ISO into the regression
model, the low-level anomalous circulation turns cy-
clonic (Fig. 13b). The comparison shows that the anom-
alies of August 2016 are mainly due to the summer ISO.

7. Summary and discussion

We have investigated variability in monthly-mean
atmospheric circulation over the Indo-western Pacific
by using the EOF method in observations as well as
an AMIP model ensemble. We show that the first two
leading month-reliant EOF modes are related to the
SST forcing, specifically concurrent and antecedent
ENSO events. This is broadly consistent with the liter-
ature (Wang et al. 2003; Xie et al. 2009; Wang et al. 2018;
Hu et al. 2019). The low-level circulation and rainfall
patterns associated with slowly evolving oceanic forcing
show strong spatial coherence and temporal persistence
from June to August. Forced by observed SSTs, the
AMIP ensemble mean well simulates Indo-western
Pacific rainfall and circulation variations associated
with ENSO.

We then examined the August-mean internal vari-
ability by subtracting the SST effects from the raw
monthly anomalies. The leading internal mode in August
resembles the IPOC mode with an AAC over the NWP
albeit with little spatial coherence with either June or July
anomalies. This suggests that the AAC can be forced by
the ocean—atmosphere coupling (Xie et al. 2009, 2016)
and may arise also from the atmospheric internal dy-
namics. During boreal summer, the low-level confluence
exists between the monsoonal westerlies and easterly
trade winds over the NWP, where perturbations gain ki-
netic energy from the mean flow through the barotropic
energy conversions (Kosaka and Nakamura 2010; Hu
et al. 2019). Thus, the mean zonal wind confluence helps
anchor the AAC over the NWP. A similar internal mode
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FIG. 13. Precipitation (shading; mm day ') and 850-hPa wind
(vectors; ms ') anomalies in August 2016 reproduced by (a) the
SST forcing (PCSST + PCSST) and (b) the SST forcing and the ISO
contribution (PCT + PCST + PCE® + PCE).

is found in other summer months, anchored in the mean
confluence zone (not shown). The resemblance of the
monthly internal mode with the IPOC indicates the
structure of the mean flow is important for the NWP
AAC formation. The lack of temporal persistence and
spatial coherence in the internal mode from June to
August is due to random phasing. The leading EOF
mode for AMIP ensemble spread resembles the ob-
served internal mode in further support of our obser-
vational analysis.

We identified a relationship between the monthly in-
ternal mode and the summer ISO. The first EOF mode
of ISO-reconstructed monthly mean is very similar to
the monthly internal mode, both with the AAC over the
NWP. The broadband spectrum of the ISO contributes
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to the monthly internal mode. About 50% of total
monthly internal variance of low-level zonal wind over
the NWP can be explained by the summer ISO (Fig. 12).
While a similar relationship between the summer
monsoon ISO and the interannual variability has been
identified over a limited domain of the Indian Ocean
(Goswami and Mohan 2001; Goswami and Xavier
2005), we showed that the ISO contribution to the in-
ternal variability is largest over the NWP. Our results
indicate strong interactions across different time scales
over the NWP.

Following the major El Nifio of 2015/16, an AAC
develops over the NWP in June-July 2016, consistent
with the IPOC. The anomalous circulation switches to
cyclonic in August 2016 over the NWP. The AMIP en-
semble mean fails to reproduce the anomalies of August
2016, suggesting limited SST contributions. We show
that the unusual circulation and rainfall anomalies in
August 2016 arise from the summer ISO. In fact, the
ISO-related internal mode sets the 39-yr record of
1979-2017 in magnitude in August 2016.

We separate SST-forced and atmospheric internal
variability based on the linear regression. Goswami and
Xavier (2005) suggest that nonlinear interactions be-
tween MISO and seasonal mean internal variability,
with land surface processes playing a role. In addition,
Li et al. (2017) found that the NWP climate anomalies
in August 2016 are related to the Silk Road telecon-
nection, with wave energy propagation along the mid-
latitude westerly jet (Xu et al. 2019). Further studies are
needed in these areas.
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