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Abstract
A large-scale anomalous anticyclone (AAC) is a recurrent pattern in post-El Niño summers, extending from the tropical 
Northwest Pacific (NWP) to the North Indian Ocean. In boreal summer, there is a strongly confluent lower-level flow between 
the monsoonal westerlies and easterly trades over the Indo-Northwest Pacific. The effect of this basic state confluent flow on 
the AAC is investigated with energetics analysis and numerical modeling. The results show that the lower-level mean flow 
over the Indo-Northwest Pacific aids the AAC development. Specifically, the conversion of kinetic energy from the mean 
confluent flow to perturbations helps amplify easterly anomalies over the Indo-Northwest Pacific in post-El Niño summers. 
The enhanced easterly wind anomalies provide a positive feedback onto the AAC by inducing surface Ekman divergence to 
suppress convection over the NWP. Moreover, the structure of the optimal diabatic heating for the AAC pattern is determined 
using a method similar to the Green’s function approach. The optimal forcing features heating in the tropical Indian Ocean 
and cooling in the NWP. This suggests that barotropic energy conversion in the confluence zone and the El Niño-induced 
positive (negative) sea surface temperature anomalies over the TIO (NWP) together lead to the AAC development over the 
Indo-Northwest Pacific in post-El Niño summers.
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1  Introduction

El Niño-Southern Oscillation (ENSO) is the dominant 
mode of tropical interannual variability. It affects the cli-
mate around the globe through atmospheric teleconnections 
(Trenberth et al. 2002) and by inducing sea surface tempera-
ture (SST) responses in other ocean basins (Lau and Nath 
1996; Klein et al. 1999). An anomalous anticyclone (AAC) 
often develops in the lower troposphere over the Indo-North-
west Pacific in boreal summer following an El Niño event 
(Fu and Ye 1988; Zhang et al. 1996; Wang et al. 2003), and 
is an important bridge that links ENSO to Asian climate. 
The El Niño-induced AAC is of great socioeconomic impact 
on populated regions of East, Southeast and South Asia. 
It weakens Northwest Pacific (NWP) summer monsoon by 
suppressing convection (Wang et al. 2000), enhances the 
East Asian summer monsoon by transporting moisture from 
the tropics (Chang et al. 2000), and decreases South Asian 
summer monsoon rainfall when extending westward to the 
northern parts of Indian (Chowdary et al. 2017). For exam-
ple, anomalous southwesterly winds on the northwest flank 
of the AAC could cause floods in mountainous central China 
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due to orographic lift (Hu et al. 2017). In addition, the AAC 
may result in warm summer in southern China and cool 
summer in northeastern China by modulating atmospheric 
circulation and precipitation (Hu et al. 2011, 2012).

The AAC in El Niño decaying summers is early revealed 
by Fu and Ye (1988) and found to be existent in 1986/1987 
and 1991/1992 El Niño events by Zhang et al. (1996). The 
formation of AAC is considered to be linked with El Niño-
induced SST anomalies in other basins. In El Niño decaying 
summers, there is prominent SST warming in the tropical 
Indian Ocean (TIO) and slight cooling in parts of the NWP 
(Klein et al. 1999; Xie et al. 2002; Xiang et al. 2013; Jiang 
et al. 2017). The warming in the TIO could excite a warm 
tropospheric Kelvin wave propagating into the Western 
Pacific, induce Ekman divergence in the subtropical NWP 
to suppress convection, and trigger an AAC in the NWP (Xie 
et al. 2009), while the cooling in the NWP could lead to an 
AAC by suppressing local convection (Wang et al. 2003; Fan 
et al. 2013; Xiang et al. 2013; Jiang et al. 2017). The SST 
anomalies in different ocean basins may cooperate together 
to develop the AAC (Lau and Nath 2009; Wu et al. 2010; 
Xie et al. 2016). These SST anomalies over the TIO-NWP 
cooperate to maintain the AAC in summer, while recent 
studies (Stuecker et al. 2013, 2015; Zhang et al. 2016) sug-
gested that the AAC initiation in preceding winter involves 
nonlinear interactions of ENSO and the background annual 
cycle (Xie and Zhou 2017).

In a modeling experiment by Kosaka et al. (2013) in 
which interannual variability is suppressed over the eastern 
equatorial Pacific, the AAC is still recurrent without involv-
ing ENSO process. Xie et al. (2016) demonstrated that the 
AAC could arise from inter-basin ocean–atmosphere feed-
back. The zonal contrast between the North Indian Ocean 
(NIO) warming and NWP cooling is in favor of an AAC. In 
return, an AAC further enhance NIO warming and NWP 
cooling through affecting evaporation and solar radiation. 
But in simulations from atmospheric general circulation 
model (AGCM) forced by climatological SST, the leading 
pattern of interannual atmospheric variability in the sum-
mer Indo-Northwest Pacific still features as an AAC (Zhou 
et al. 2018; Srinivas et al. 2018). This suggests that the AAC 
can arise from atmosphere-only process in absence of any 
coupling with ocean.

Questions arise: why does the AAC frequently appear 
over the Indo-Northwest Pacific in boreal summer? Is it 
related to the structure of the mean flow there? In summer, 
there is a strongly confluent lower level flow between the 
monsoonal westerlies and North Pacific easterlies. Such a 
climatological confluence zone favors zonally elongated per-
turbations due to kinetic energy conversion from the mean 
flow (Simmons et al. 1983; Branstator 1985, 1990; Kosaka 
and Nakamura 2006). The zonally elongated wind anoma-
lies can gain kinetic energy from the confluence zone by 

weakening the zonal gradient of basic state zonal momen-
tum. Branstator (1990) shows that zonally varying back-
grounds at mid and high latitudes are important for preferred 
locations for enhanced low-frequency variability of recur-
ring structures. Kosaka and Nakamura (2006) suggested 
that the low-level confluent flows over the Indo-Northwest 
Pacific favor the development of the Pacific–Japan pattern. 
Does the confluent flow in the Indo-Northwest Pacific favor 
the development of the AAC?

The present study investigates the role of the basic state 
in Indo-Northwest Pacific in the development of the AAC. 
We show that the strongly confluent lower-level mean flow 
over the Indo-Northwest Pacific helps anchor the AAC. The 
conversion of kinetic energy from the mean flow amplifies 
easterly anomalies over the Indo-Northwest Pacific in El 
Niño decaying summers. Furthermore, the enhanced easterly 
winds anomalies north of the equator can trigger the AAC by 
inducing surface Ekman divergence. Using a method similar 
to the Green’s function approach (Branstator 1985) based 
on a linear atmospheric model, we show that deep atmos-
pheric heating over the TIO and cooling over the NWP is 
the optimal atmospheric thermal forcing for the AAC pattern 
formation.

The rest of the paper is organized as follows. Section 2 
describes the data and methods used in this paper. Section 3 
examines the horizontal and vertical structure of atmos-
pheric circulation anomalies in post-El Niño summers. 
Section 4 explores whether the summer basic state in the 
Indo-Northwest Pacific favors the development of the AAC 
through energetics analyses and numerical modeling. Sec-
tion 5 discusses the role of moist feedback in the AAC devel-
opment. Section 6 determines the optimal thermal forcing 
for the AAC. Section 7 is a summary with discussion.

2 � Data and methods

Monthly mean winds, geopotential height, and air temper-
ature are from the National Centers for the Environmental 
Prediction-Department of Energy (NCEP-DOE) atmos-
pheric reanalysis (https​://www.esrl.noaa.gov/psd/data/
gridd​ed/data.ncep.reana​lysis​2.html) at a resolution of 2.5° 
latitude × 2.5° longitude from 1979 to present (Kanamitsu 
et al. 2002). The Global Precipitation Climatology Project 
(GPCP; https​://www.esrl.noaa.gov/psd/data/gridd​ed/data.
gpcp.html) monthly precipitation dataset is available from 
1979 that combines gauge observations and satellite pre-
cipitation data into 2.5° latitude × 2.5° longitude global 
grid (Adler et al. 2003). The global gridded monthly SST 
dataset of the UK. Met Office Hadley Centre (HadISST; 
available at https​://www.metof​fi ce.gov.uk/hadob​s/hadis​st/) 
on a 1° latitude × 1° longitude grid is available from 1870 

https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html
https://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html
https://www.esrl.noaa.gov/psd/data/gridded/data.gpcp.html
https://www.metoffice.gov.uk/hadobs/hadisst/
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onward (Rayner et al. 2003). We use November–January 
mean (NDJ) Niño3.4 (5°S–5°N, 170°W–120°W) SST 
index to track ENSO, which is highly similar with the 
NDJ Niño3 index (not shown).

The linear baroclinic model (LBM) used in this study 
consists of primitive equations linearized about a given 
basic state. The model has a horizontal resolution of T42 
and 20 vertical levels based on the sigma coordinate sys-
tem, a horizontal (vertical) diffusion, Rayleigh friction, 
and Newtonian damping. The horizontal diffusion has a 
damping time scales of 6 h for the smallest wave, and 
the Rayleigh friction and Newtonian damping have a time 
scale of 1 day−1 for sigma levels below 0.9, (5 day)−1 for 
sigma level of 0.89, (15 day)−1 for sigma level of 0.83, 
(30 day)−1 for sigma level between 0.83 and 0.03, and 
1 day−1 for sigma levels above 0.03. The diffusion and 
damping coefficients are the default values in the LBM. 
Details of the model formulation are given in Watanabe 
and Kimoto (2000). In this study, we use the dry version 
of the LBM to study the linear atmospheric responses to 
different thermal forcing and basic states. To obtain the 
steady atmospheric response to forcing, the model is inte-
grated for 50 days, and the averages from 20 to 50 days 
are used. Simmons et al. (1983) showed that the outcome 
of a linear model is somewhat sensitive to the choice of 
diffusion and damping coefficient. So, we also test the sen-
sitivity of the LBM’s results to the choice of diffusion and 
damping coefficient, and found that the spatial structure of 

the LBM’s results is not sensitive to exact values (figure 
not shown).

3 � Atmospheric circulation anomalies 
in post‑El Niño summers

Figure 1a shows the regression of JJA (June–July–August)-
mean 850-hPa winds and the correlation of rainfall and of 
vertically averaged air temperature in the free troposphere 
(from 850 to 200-hPa) with the preceding NDJ Niño3.4 SST 
index during 1979–2016. Consistent with previous studies 
(Wang et al. 2003; Xie et al. 2009), the strongest surface 
atmospheric anomalies appear over the Indo-Northwest 
Pacific, including decreased rainfall and an anomalous 
anticyclone. On the south flank of the AAC, strong easterly 
anomalies develop from the International Date Line to the 
Arabian Sea. Hereafter, this atmospheric circulation anom-
aly pattern is referred to as the AAC pattern. Tropospheric 
temperature displays a Matsuno (1966) and Gill (1980) pat-
tern with the maximum correlation over the eastern TIO. 
A Kelvin wave wedge penetrates into the Western Pacific 
along the equator and two off-equatorial Rossby wave tails 
over Africa and the western Indian Ocean. These results are 
consistent with the Kelvin wave-induced Ekman divergence 
mechanism of Xie et al. (2009) for the AAC pattern.

Figure  1b shows the latitude-height section of JJA 
90°–150°E averaged air temperature and zonal wind anoma-
lies regressed onto the preceding NDJ Niño3.4 SST index. 

(a) (b)

Fig. 1   a Correlation of JJA precipitation (colors) and vertically aver-
aged (850–200  hPa) air temperature (contours) with and regression 
(vectors, ms−1) of 850-hPa winds onto the normalized preceding NDJ 
Niño3.4 SST index. b Height-latitude section of 90°–150°E averaged 
air temperature anomalies (colors, k) and zonal wind anomalies (con-

tours, interval at 0.3 ms−1) regressed onto the normalized preceding 
NDJ Niño3.4 SST index. Shading denotes the correlations or anoma-
lies passing the 95% confidence level. Only the anomalous winds 
exceeding the 95% confidence level are shown
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In the tropics, there are easterly (westerly) wind anomalies 
below (above) the level around 400-hPa and positive temper-
ature anomalies throughout the troposphere. Both the west-
erly wind and air temperature anomalies above 600 hPa are 
nearly symmetric about the equator, indicative of the Kelvin 
wave structure. In the lower troposphere by contrast, easterly 
anomalies are much stronger north than south of the equator, 
suggesting that the asymmetry of atmospheric anomalies is 
mainly confined at the lower troposphere.

4 � The effect of summer basic state

This section investigates in two steps whether the confluence 
zone over the Indo-Northwest Pacific facilitates the devel-
opment of the AAC pattern. First, we conduct energetics 
analyses to show that the AAC gains energy from the mean 
flow in observations. Second, we illustrate the effect of the 
basic state on the AAC with LBM simulations. The method 
used in this section is linear, so it can also be applied to 
the case with westerly wind perturbations that appear in La 

Nina’s cases. For simplicity, we only discussed the effect of 
basic state on the easterly wind anomalies in post-El Niño 
summers in this study.

a. Energetics analyses
Following Kosaka and Nakamura (2006), the barotropic 

growth of the local kinetic energy ( KE ) associated with per-
turbations from the basic state is given by

Here u′ and v′ are the anomalous 850-hPa zonal and 
meridional winds shown in the Fig. 1a, ub is the observed 
climatological JJA winds at 850-hPa shown in Fig. 2a, KEH 
is horizontal perturbed kinetic energy, and CK is conversion 
of local kinetic energy from the basic state to perturbations. 
Positive conversion of local kinetic energy means perturba-
tions gain kinetic energy from the mean flow. The Eq. (1) is 

(1)

�KEH

�t
≈

(v�2 − u�2)

2

(
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�x
−
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)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
CKx

− u�v�
(
�ub

�y
+

�vb

�x

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
CKy

,

(2)CK = CKx + CKy,

(3)KEH = (u�2 + v�2)∕2.

(a) (b)

(c) (d)

Fig. 2   a JJA 850-hPa wind climatology (vectors). b Conversion of kinetic energy (CK) at 850 hPa from the basic state to perturbations based on 
the Eq. (1). The first c and second d parts of CK at 850 hPa in the Eq. (1)
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also the same as that in Simmons et al. (1983) if the mean 
flow is considered non-divergent.

Figure 2a show the climatological (1979–2015) JJA-mean 
horizontal winds at 850-hPa in the observations. There are 
strong southwest monsoon winds from the NIO to East Asia 
and strong easterly trades from the central Pacific. The mon-
soon and trade winds converge into a broad confluence zone 
over the Indo-Northwest Pacific. Here the confluence zone 
refers to the region of negative �ub

�x
 . For simplicity, we set 

the confluence zone as the region of 5°–20°N, 90°–150°E. 
According to the Eq.  (1), zonally elongated circulation 
anomalies ( u′2 > v′2 ) can induce positive CK in a region of 
zonal flow confluence. Consistent with this theoretical pre-
diction, the CK is positive in the confluence zone (Fig. 2b), 
suggesting that the AAC in post-El Niño summers gains 
kinetic energy from the mean flow.

In the Eq. (2), CK can be divided into two parts: CKx and 
CKy . The first part ( CKx ) represents the conversion of kinetic 
energy between a mean confluent flow and perturbations, 
while the second part ( CKy ) denotes the conversion between 
a mean horizontal shear and perturbations. The maximum 
positive CKx is distributed from the NWP to the east of the 
Bay of Bengal (Fig. 2c) which is consistent with the promi-
nent zonal confluence there, while the maximum positive 
CKy is located over the Arabian Sea (Fig. 2c). The area-mean 
CK , CKx and CKy over the zonal confluence zone (5°–20°N, 
70°–150°E) are 0.68 × 10−6 m−2s−3 , 0.56 × 10−6 m−2s−3 , and 
0.12 × 10−6 m−2s−3 , respectively, indicating CKx plays a 
dominant role in the total conversion of local kinetic energy 
across this region. To measure the efficiency of CK in main-
taining of the easterly wind anomalies in the south flank of 
the AAC, we evaluate the time scale: �CK =

⟨KEH⟩
⟨CK⟩  , where the 

bracket 〈 〉 represents area mean over 5°–20°N, 90°–150°E. 
The value of �CK denotes how long it takes for the kinetic 
energy of perturbations to be fully replenished through CK . 
The �CK is 4.8 days, which may be efficient enough to coun-
ter damping processes there.

Note that the Eq. (1) does not include the redistribution 
of kinetic energy from one place to another (Lau and Lau 
1992). In a baroclinic system, the local eddy kinetic energy 
balance equation is written as

(4)

�KE

�t
=

(v�2 − u�2)

2

(
�ub

�x
−

�vb

�y

)
− u�v�

(
�ub

�y
+

�vb

�x

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
CK

− u� + ub

(
�KE

�x

)
− v� + vb

(
�KE

�y

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
KA

−
R

P
��T �

⏟⏟⏟
KP

− u�
�Φ�

�x
− v�

�Φ�

�y
− �� �Φ

�

�P
+ KR
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.

Here, u′ , v′ , ub , vb and KE is similar to that in the Eq. (1) 
but for all levels, P is atmospheric pressure, T ′ is anomalous 
air temperature, Φ� is anomalous geopotential height, and 
�′ is anomalous vertical velocity. The equation is similar 
to that used in Lau and Lau (1992). The only difference is 
that a time-mean operator was added in each term in Lau 
and Lau (1992) analyses, as it was used to diagnosis the 
transient eddy kinetic energy balance. According to Lau and 
Lau (1992), the term CK denotes the barotropic conversion 
of perturbed kinetic energy from the basic state, which is 
the same as that in the Eq. (1). The term KA represents the 
advection of perturbed kinetic energy by the horizontal time-
mean and perturbed flow. The term KP describes the conver-
sion from perturbed available potential energy to perturbed 
kinetic energy through the rising (sinking) motion of warm 
(cold) air parcels. KZ represents the generation (destruction) 
of KE by local convergence (divergence) of the perturbed 
geopotential flux. The last term KR denotes the net gen-
eration or dissipation of eddy kinetic energy by frictional, 
feedback from sub-seasonal eddies and other subgrid-scale 
effects. Following Lau and Lau (1992), we set the term KR 
as the opposite sign of the sum of CK, KA, KP and KZ to 
make the time-rate of change of KE to zero.

The distributions of the CK, KA, KP, KZ and KR at 
850 hPa are shown in Fig. 3. The CK is the same as that in 
Fig. 2b with notable positive value in the confluence zone 
(shown by rectangle region in Fig. 3a). The KA is negative 
(positive) in the south (north) part of the confluent zone 
(Fig. 3b), likely caused by the northward advection of KE by 
climatological southwesterly monsoons. The KP is broadly 
positive in the TIO but negative in the Indo-Northwest 
Pacific at 850 hPa. The negative KP over the Indo-Northwest 
Pacific should be caused by the sinking motion of warm air 
parcel associated with the AAC pattern (Fig. 1). The KZ is 
positive in most regions from the Bay of Bengal to the NWP 
except in the east part of the confluent zone. In the lower 
troposphere, the KZ is dominated by the advection of per-
turbed geopotential height by cross-isobaric component of 
the horizontal wind perturbations ( −u� �Φ

�

�x
− v�

�Φ�

�y
 ), so it 

tends to be positive value in the lower troposphere (Lau and 
Lau 1992). This cross-isobaric flow results in an increase of 
KE at the expense of the eddy geopotential energy in the 
lower troposphere. The KA and KZ terms mainly describe 
the redistribution of energy from one location to another, and 
the two terms should be not considered as real sources or 
sinks. The sum of CK, KA, KP and KZ is prominently posi-
tive from the NIO to the NWP, which supplies kinetic energy 
to the AAC pattern. The KR is negative in almost every-
where indicating its damping effect. The area-mean CK, KA, 
KP and KZ over the zonal confluence zone (5°–20°N, 
90°–150°E) are 0.68 × 10−6 m−2 s−3, −0.06 × 10−6 m−2 s−3 , 
−0.44 × 10−6 m−2 s−3 , and 1.4 × 10−6 m−2 s−3, respectively, 
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and their total is 1.59 × 10−6 m−2 s−3 . Thus, the 850 hPa dis-
turbed kinetic energy of the AAC pattern in the confluent 
zone is mostly contributed by CK and KZ. Since KZ does not 
explicitly depend on the background state, it cannot deter-
mine where the perturbations can grow fast. Thus, although 
the value of KZ is larger than CK in the confluence zone, the 
preferable location of AAC is mainly determined by CK.

Figure 4 shows the latitude-height section of zonally 
averaged (110°–150°E) CK, KA, KP, KZ and KR associ-
ated with the AAC in post-El Niño summers. The maxi-
mum positive CK, above 1.5 × 10−6 m−2 s−3 , is distributed 
from 5° to 20°N in the lower troposphere below 700 hPa, 

in agreement with the confluent time-mean flow there. The 
KA shows a negative–positive–negative structure from 5° 
to 20°N in the lower troposphere, consistent with north-
ward advection of perturbed kinetic energy by southwest 
monsoons. The KP is weak in the lower levels below 
700  hPa while features a prominent negative–posi-
tive–negative structure from the equator to 25°N in the 
upper levels above 700 hPa. The positive KP from 5° to 
12°N should result from the rising of warm air (not 
shown), while the negative KP from 10° to 25°N should 
be caused by the sinking of warm air. It is noticed that the 
vertical section of KP over the AAC is different from that 

(a) (b)

(c) (d)

(e) (f)

Fig. 3   The 850 hPa horizontal distributions of CK (a), KA (b), KP(c), KZ (d), their sum (e) and KR (f) for the atmospheric perturbations in post-
El Niño summers. Each term is described in the Eq. (4)
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associated with the transient eddies over the NWP shown 
by Lau and Lau (1992). Associated with transient eddies, 
the rising (sinking) motions are generally accompanied by 
warm (cold) air parcel; thus, the KP is coherent positive. 
By contrast, the sinking motion on the south part of the 
AAC (from 12° to 25°N) is accompanied by warm air 
(Fig. 1), so the KP for the AAC pattern is dominated by 
negative values, indicating that transient eddies and the 
AAC pattern in the NWP are generated by different pro-
cesses. The KP associated with transient eddies is mainly 
caused by the local diabatic heating (Lau and Lau 1992). 
While in the AAC pattern, the positive air temperature 
anomalies over the NWP are partly caused by remote 

oceans (Xie et al. 2009). Thus, the KP in this case is not 
totally governed by the local diabatic heating. As shown 
in the Eq. (4), the KZ can be divided into three terms, and 
the last term ( −�� �Φ

�

�P
 ) is equal to − KP; thus, the KP in the 

middle and upper troposphere is offset by the KZ (Fig. 4c, 
d). In the lower levels, the KZ is dominated by 
−u�

�Φ�

�x
− v�

�Φ�

�y
 , and the cross-isobaric flow could increase 

KE at the expense of the eddy geopotential energy. From 
5° to 12°N, the KZ term is positive below 800 hPa but 
negative in the upper levels, suggesting it acts to redistrib-
ute the KE from the upper and middle troposphere, gener-
ated by KP, to the lower levels. The sum of CK, KA, KP 

(a) (b) (c)

(d) (e) (f)

Fig. 4   Latitude-height section of 110°–150°E averaged CK (a), KA (b), KP(c), KZ (d), their sum (e) and KR (f) for the atmospheric perturbations 
in post-El Niño summers. Each term is descripted in the Eq. (4)
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and KZ is positive in the lower troposphere (Fig.  4e), 
which could help the AAC pattern counter damping 
(shown in Fig. 4f).

Figure  5 shows the vertical integral (from 1000 to 
200 hPa) of local baroclinic energy conversion CP, defined 
as

where f  the Coriolis parameter, 𝜎 = (RT̄∕Cpp) − dT̄∕dp , 
and the other variables are the same as the Eq. (4). The 
square bracket denotes a vertical integral that was taken from 
the 1000 to the 200 hPa level. In the Indo-Northwest Pacific, 
the CP is dominated by negative value. In summer, the Asian 
continent is a warm center (contours in Fig. 5), and the 
meridional gradient ( �T

�y
 ) and the zonal gradient ( �T

�x
 ) of mean 

air temperature over the Indo-Northwest Pacific are gener-
ally positive and negative, respectively. As shown in Fig. 1, 
the AAC-related v′T ′ and u′T ′ are respectively positive and 
negative; so, both of them act to enhance the summer clima-
tological temperature gradient. Consequently, the baroclinic 
conversion from the mean state to the AAC pattern is nega-
tive over the Indo-Northwest Pacific, indicating that the CP 
act to damp the AAC pattern.

The energetics analyses indicate that the ACC pattern 
can gain kinetic energy in the lower troposphere. In detail, 

(5)CP =

[
−
f

�
v�T �

�ub

�P
+

f

�
u�T �

�vb

�P

]
,

perturbed kinetic energy of the AAC pattern is mostly con-
tributed by the term of CK and KZ. The result confirms that 
the conversion of local kinetic energy from the basic state 
in the confluence zone in the Indo-Northwest Pacific favors 
the developing of the AAC.

b. LBM experiments
To test the dependency of the AAC on the summer atmos-

pheric basic state over the Indo-Northwest Pacific, we con-
duct two LBM experiments: EXP1 and EXP2, forced by the 
same heating over the TIO but with different basic states. 
Figure 6a, b show the prescribed heat source imposed in 
model. In the horizontal, the heating has a cosine-squared 
pattern (Fig. 6a). This vertical profile of the heating peaks 
at 0.45 sigma level (about 450-hPa) with 1 K day−1. The 
heating structure and magnitude is comparable to that of Xie 
et al. (2009). The TIO heat source mimics the effect of posi-
tive SST and rainfall anomalies in post-El Niño summers. 
The EXP1 uses the observed JJA-mean climatological basic 
state from 1979 to 2016 (Fig. 6c), while the EXP2 uses a 
basic state with the confluence zone over the Indo-Northwest 
Pacific having been artificially removed (Fig. 6d). The basic 
state in EXP2 is computed by the following procedure. From 
only 70°E to 170°E replace the basic state to the zonal mean 
of that in EXP1 from only 60°E to 180°. Then at the western 
and eastern boundaries, within 50°E to 70°E and 170°E to 
170°W, let values linearly transition from the EXP1 60°E to 

Fig. 5   Vertically integrated baroclinic energy conversion (CP in the Eq. (5); colors), superimposed on the JJA climatological mean temperature 
at the 500 hPa level (contours, °C)
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180° zonal mean to those averaged between 50°E–60°E and 
180°–170°W, respectively. Outside of these use equivalent 
values to those in EXP1.

Figure 7 compares results from two experiments forced 
by the same TIO heating but under different background 
states. In EXP1, there are strong easterly wind response at 
850-hPa over the Indo-Northwest Pacific extending from the 
International Date Line to the Arabian Sea together with an 
anomalous cyclone in the Arabian Sea (Fig. 7a). Although 
the heating is symmetric about the equator, the low-level 
wind responses are highly asymmetric, with a stronger 
response north than south of the equator. The wind response 
pattern in EXP1 is similar to that in the observations in 
post-El Niño summers in the tropical region (Fig. 1a). The 
major difference is that the anticyclonic circulation north 
of the easterly winds anomalies is not clear in EXP1. This 
is likely due to the absence of moist processes in the dry 
model. Compared to EXP1, the easterly responses over the 
Indo-Northwest Pacific in EXP2 are much weaker (Fig. 7b). 
Since the confluence zone over the Indo-Northwest Pacific 
is removed in EXP2, the CK at 850 hPa in EXP2 is much 

weaker than that in EXP1 (Fig. 7a, b), which likely results in 
weaker easterly responses over the Indo-Northwest Pacific 
in EXP2 than in EXP1.

Figure 7c shows the latitude-height section of 90°–150°E 
averaged air temperature and zonal wind responses in LBM 
EXP1. In the tropics, there are easterly winds below 350-
hPa, westerly winds above 350-hPa, and maximum positive 
temperature responses around 350-hPa. The pattern broadly 
agrees with Gill’s solution to symmetric heating (Gill 1980) 
and observations in post-El Niño summers (Fig. 1a). The air 
temperature and zonal wind responses are nearly symmetric 
about the equator in the middle and upper troposphere, but 
the zonal wind anomalies are much stronger north than south 
of the equator at the lower levels, consistent with observa-
tions (shown in Fig. 1b). In LBM EXP2 (Fig. 7d) with zonal-
mean basic state, the asymmetry in the lower-level zonal 
wind is much weaker than in EXP1. The simulated results 
confirm that zonal variations in the mean flow, specifically 
the confluence, enhance zonal wind anomalies over the Indo-
Northwest Pacific, consistent with the energetics analysis.

(a) (b)

(c) (d)

Fig. 6   Horizontal (a) and vertical (b) distribution of atmospheric dia-
batic heating over the TIO (K day−1) for both LBM EXP1 and EXP2. 
The basic state horizontal wind structures (vectors) at 0.94995 sigma 

level in LBM EXP1 (c) and EXP2 (d). In the EXP2, the confluence 
zone over the Indo-Northwest Pacific is removed
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To understand why the response of low-level zonal wind 
in the Indo-Northwest Pacific is stronger in EXP1 than 
EXP2, we compare the CK of the two experiments. Fig-
ure 8a, b show the vertical cross section of zonally averaged 
(110°–150°E) CK of the EXP1 and EXP2, respectively. The 
most striking difference exists in the lower troposphere north 
to the equator where the CK is significant positive in the 
EXP1 but very weak in the EXP2. The difference is due to 
the confluence zone over the Indo-Northwest Pacific is arti-
ficially removed in basic state of the EXP2, so the term CKx 
is reduced. The result indicates that the zonally elongated 
perturbations in the lower troposphere over the Indo-North-
west Pacific in EXP1 more easily obtained kinetic energy 
from the basic state than that in EXP2, so they are stronger 
in EXP1.

5 � The moist feedback

This section further discusses how the easterly wind anoma-
lies over the NWP help form the AAC pattern through moist 
feedback. Figure 9a shows the wind responses at 850-hPa 
(black arrows) and 1000-hPa (magenta arrows) in the LBM 
EXP1 experiment. At 850-hPa, easterly winds in the NWP 
at 850-hPa peak around 10°N. At 1000-hPa, surface friction 
turns the winds northeasterly, leading to surface divergence 
in the NWP and convergence in the equatorial region. In 
comparison, the easterly anomalies and their-induced sur-
face divergence in the EXP2 is much weaker than the EXP1 
(Fig. 9b). The observed wind anomalies at 850-hPa and 
1000-hPa in El Niño decaying summer are shown in Fig. 9c. 
From the equator to 20°N, the wind structure at 850-hPa 
and 1000-hPa and the surface divergence in LBM EXP1 

(a) (b)

(c) (d)

Fig. 7   The 850-hPa wind responses (vectors) and CK (colors) in LBM EXP1 (a) and EXP2 (b). Latitude-height section of 90°–150°E averaged 
zonal wind (contours, interval at 0.3 ms−1) and air temperature (colors, K) anomalies in LBM EXP1 (c) and EXP2 (d)
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resemble the observations. The easterly wind–induced diver-
gence can suppress convection and lead to negative diabatic 
cooling in the atmosphere, which in turn favors the AAC 
developing (Xie et al. 2009; Hamouda and Kucharski 2019). 
The dry LBM mode does not include this moist process, so 
the anticyclonic circulation to the north of the easterly wind 
anomalies is weak in EXP1.

To test how this easterly wind–induced off-equatorial 
divergence aids the AAC pattern formation in the presence 
of moist process, we conduct an experiment (EXP3) with a 
supplementary negative heat source added over the NWP. 
For simplicity, the negative heating is prescribed in an ellip-
tical region over the NWP (shown in Fig. 10), with the peak 
magnitude of − 0.6 K day−1 at 0.45 sigma level. The location 
of the negative heat source is determined by the center of the 
easterly wind–induced divergence, and the magnitude of the 
negative heat source is comparable to the observed heating 
in post-El Niño summers (figure not shown). The structure 
of wind responses in the EXP3 resemble the observed AAC 
(Fig. 1a), with an anticyclone over the NWP and easterlies 
in 5°–20°N from the Arabian Sea to the International Date 
Line. The results indicate that there exists a moist feedback 
between atmospheric circulation and convective activities in 
the AAC formation. On one hand, enhanced easterly wind 
anomalies over the Indo-Northwest Pacific can lead to sur-
face divergence in the subtropical NWP, which may suppress 
convective activities. On the other hand, the suppressed con-
vective activities can trigger the AAC pattern and in turn 
enhance easterly wind over Indo-Northwest Pacific. As 
suggested by Xie et al. (2009), the moist feedback play an 
important role to enhance the AAC pattern. Some issues 
should also be noticed. The dry LBM experiments cannot 
simulate the detailed interactive processes between circula-
tion and convection involved with the AAC, which deserved 
further study in the future.

The LBM results support our hypothesis involving the 
following adjustments: the TIO warming forces the Kelvin 
wave; the mean confluent flow in the Indo-Northwest Pacific 
amplifies the lower-level easterly wind anomalies via kinetic 
energy conversion; and the enhanced easterly winds anoma-
lies lead to an AAC pattern over the NWP by inducing sur-
face Ekman divergence.

6 � Optimal forcing for the AAC pattern

This section is to investigate what kind of atmospheric 
forcing is most effective in exciting the AAC pattern. We 
divide the region from 35°S to 35°N into 96 box regions, 
each 10° latitude × 30° longitude. In each box region, we 
impose a heat source. The heat source has a cosine elliptical 
pattern, with a peak of 1 K day−1 at 0.45 sigma level in the 
vertical. The horizontal distributions and vertical profile of 
the heat source are shown in Fig. 11. We obtain the steady 
linear response by time-integrating LBM. The 96-member 
responses to each localized heating together constitute an 
ensemble. We can test the relative contribution of each 
localized heating to the AAC based on the ensemble. The 
method is similar to the so-called Green’s function approach 
introduced by Branstator (1985), who showed that the gen-
eral solutions to a linear system are simply integrals of the 
Green’s function weighted by the forcing distribution.

We perform an empirical orthogonal function (EOF) 
analysis on the 96 zonal wind responses at 850-hPa over 
the Indo-Northwestern Pacific (5°–20°N, 90°–150°E) in 
the ensemble simulations. The two leading EOF modes 
explain 46% and 30%, respectively, well separate by the 
criterion of North et al. (1982). Figure 12a, b show the 
regression of 850-hPa winds onto the first and the second 
principle components (PC1 and PC2), respectively. For 

Fig. 8   Latitude-height section 
of 110°–150°E averaged CK in 
LBM EXP1 (a) and EXP2 (b)

(a) (b)



5736	 K. Hu et al.

1 3

simplicity, we use the regressions of winds onto PC1 and 
PC2 to represent the first and second leading EOF (EOF1 
and EOF2) modes. The EOF1 mode (Fig. 12a) mainly 
features an AAC pattern over the NWP and anomalous 
easterly winds on the south flank extending from the Inter-
national Date Line to the Arabian Sea. The EOF1 mode 
resembles the observed AAC pattern in post-El Niño 
decaying summers. The EOF2 mode (Fig. 12b) displays 
easterly wind anomalies over the TIO and western Pacific 
and enhanced southwest monsoon from the NIO to East 

Asia. As only the EOF1 mode is related to the AAC pat-
tern, we mainly focus on the EOF1 mode. Even analyzing 
on a larger domain such as 10°S–25°N, 50°–150°E, the 
same EOF1 pattern is reproduced, suggesting it is not sen-
sitive to domain selection.

Since the EOF1 mode is similar to the AAC pattern, PC1 
could represent the contribution of each heat source to the 
AAC pattern. Figure 13a shows PC1 in terms of the geo-
graphic location of the heat sources. The maximum positive 
values are distributed in the TIO, while negative values in 

Fig. 9   The wind anomalies at 
850-hPa (black vectors) and 
1000-hPa (magenta vectors) and 
the divergence (colors) at 1000-
hPa in the LBM EXP1 (a) and 
EXP2 (b). c is the same as a but 
for the observed regression of 
JJA winds onto the preceding 
NDJ Niño3.4 SST index from 
1979 to 2016

(a)

(b)

(c)
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the subtropical NWP. The magnitude of negative values in 
the subtropical NWP is slightly larger than the magnitude of 
positive value in the TIO, suggesting that the AAC pattern 

is more efficiently forced by local forcing. Thus, the opti-
mal forcing for EOF1 is diabatic heating over the TIO and 
cooling over the NWP. We also calculate the area-mean 

Fig. 10   The 850-hPa wind response (vectors, ms−1) to positive atmospheric heating over the TIO and negative heating over the NWP (colors, 
K day−1) in LBM EXP3 with the observed JJA-mean basic state

(a) (b)

Fig. 11   The horizontal distribution (a) and vertical profile (b) of heating of the 96-member simulations in the LBM Green’s function. For sim-
plicity, the 96 members of heating are shown in one map



5738	 K. Hu et al.

1 3

zonal wind over the Indo-Northwest Pacific (5°–20°N, 
70°–150°E) in each response of the 96-member LBM’s 
simulations. Figure 13b show the area-mean zonal winds 
in horizontal distribution of heat sources, which represents 
the heating contribution to the easterly wind anomalies over 
the Indo-Northwest Pacific. The pattern is very similar to 
that in PC1, indicating that the combination of atmospheric 
heating over the TIO and cooling over the NWP is effective 
in forcing the AAC or the easterly wind anomalies over the 
Indo-Northwest Pacific. The pattern of the optimal forc-
ing is consistent with the previous results that the forma-
tion of AAC is linked with SST warming in the TIO (Xie 
et al. 2009) and cooling in the NWP (Wang et al. 2003; 
Fan et al. 2013; Xiang et al. 2013; Jiang et al. 2017). A 
similar Green function analysis was performed by Hirota 
and Takahashi (2012) who calculated a number of linear 

responses to external forcing distributed homogeneously 
over the Northern Hemisphere. The dominant atmospheric 
mode of their homogenous forcing experiment features a 
tripolar pattern from the Philippines to the East Siberia. The 
tripolar pattern includes an AAC over the subtropical NWP. 
Their result shows that the AAC pattern over the subtropical 
NWP, as a part of the tripolar pattern, can be thought of as 
an atmospheric internal mode.

7 � Summary and discussion

We have investigated the effect of the basic flow over 
the Indo-Northwest Pacific on interannual variability in 
atmospheric circulation by diagnostic and experimen-
tal approaches. We show that the mean flow over the 

Fig. 12   The regressions of 850-
mb winds (arrows, ms−1) onto 
the two leading PCs of 96-mem-
ber LBM simulation. The EOF 
analysis is performed over the 
Indo-Northwestern Pacific 
(5°–20°N, 90°–150°E). The first 
and the second mode explain 
46% and 30% of the variance, 
respectively. Only the anoma-
lous winds exceeding the 95% 
confidence level are shown

(a)

(b)
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Indo-Northwest Pacific promotes to anchor the AAC. Spe-
cifically, the climatological confluence zone acts to amplify 
the TIO warming-induced easterly wind anomalies via 
kinetic energy conversion from the mean flow. The enhanced 
easterly wind anomalies in turn induce Ekman divergence 
at the surface over the off-equatorial NWP and trigger an 
AAC pattern through moist feedback. Circulation-convective 
feedback and the mean flow structure are both important in 
creating the preferred AAC pattern.

We use a method similar to the Green’s function approach 
to determine the structure of the optimal thermal forcing 
for the AAC pattern. Positive diabatic heating over the TIO 
and negative heating over the NWP prove to be effective in 
exciting the AAC pattern. The result is broadly consistent 
with observational analyses that SST cooling in the NWP 
(Wang et al. 2003; Fan et al. 2013; Xiang et al. 2013; Jiang 

et al. 2017) and the SST warming in the TIO (Yang et al. 
2007; Li et al. 2008; Xie et al. 2009; Chowdary et al. 2010) 
significantly contribute to the development of an AAC.

The ENSO effect on the AAC displays considerable inter-
decadal modulations. In recent decades, El Niño induces 
significant warming and positive rainfall anomalies in the 
TIO, a pattern that could trigger the AAC (Wang et al. 2008; 
Huang et al. 2010; Xie et al. 2010). However, El Niño’s tel-
econnection to SST in other basins may vary on interdecadal 
time scale (Huang et al. 2010; Chowdary et al. 2012) and 
under global warming (Hu et al. 2014; Jiang et al. 2018; He 
et al. 2019). For example, the El Niño-induced TIO-warming 
could not persist into boreal summer during 1948–1976, fol-
lowing a weakening in the impact of El Niño on AAC (Xie 
et al. 2010; Huang et al. 2010). In addition to ENSO, other 
tropical variability such as the Indian Ocean dipole (Guan 

Fig. 13   a The normalized PC1 
(colors) of the 96-member 
LBM’s simulation in horizontal 
distribution of heat sources. b is 
the same as a but for the area-
mean zonal wind at 850-hPa 
over the Indo-Northwest Pacific 
(5°–20°N, 90°–150°E)

(a)

(b)
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and Yamagata 2003) and Atlantic SST anomalies (Rong 
et al. 2010) may also contribute to the AAC development. 
Our results likely suggest that any external forcing that leads 
to a similar heating structure as the optimal thermal forcing 
pattern could lead to an AAC anomaly. This result may help 
us to better understand the relationship between AAC and 
tropical air–sea couple modes, as well as improved predic-
tion of the AAC and its associated climate anomalies.
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