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Abstract
The preferred spring development of the Pacific Meridional Mode (PMM) is investigated through a combined observational 
analysis and modeling approach. A mixed-layer heat budget analysis shows that the PMM experiences its strongest growth 
two months prior to its mature phase, and the growth is primarily attributed to the surface latent heat flux (LHF) anomaly, via 
the wind-evaporation-SST (WES) feedback. The spring-fall difference in the LHF anomaly is caused by both the anomalous 
and seasonal mean wind fields. Idealized atmospheric general circulation model experiments (GCM) show that given the 
same PMM heating, atmospheric anomalous wind and LHF responses are much stronger in boreal spring than in boreal 
fall, which favors a greater WES feedback. Experiments with an intermediate air-sea coupled model with specified SST and 
surface wind mean state demonstrate that a PMM-like SSTA perturbation grows fastest in boreal spring among all seasons, 
indicating that the tropical mean wind and SST fields in spring are most favorable for the PMM development. Finally, we 
show that the atmospheric teleconnection between mid-latitude North Pacific and PMM is much more pronounced during 
the development of PMM in boreal spring than in boreal fall.
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1 Introduction

A coupled sea surface temperature (SST) and surface wind 
anomaly pattern over the subtropical northeastern Pacific 
was defined as the Pacific Meridional Mode (PMM) (Chi-
ang and Vimont 2004). The PMM is characterized by a 
northeast-southwest tilted SSTA structure and correspond-
ing anomalous southwesterlies or northeasterlies, extending 
from Baja California all the way to central-western equato-
rial Pacific. Accompanied with a positive PMM-like SSTA 
pattern is a low-level cyclonic anomaly to the west, with 
pronounced low-level southwesterly anomalies being in 
phase with the tilted positive SSTA. The anomalous south-
westerly offsets the mean northeasterly trade wind, leading 

to a positive wind-evaporation-SST (WES) feedback (Xie 
and Philander 1994; Li and Philander 1996). It was shown 
that the PMM might act as a precursory signal for the forma-
tion of an El Niño Southern Oscillation (ENSO) event and 
a bridge connecting mid-latitude and tropical Pacific (e.g., 
Alexander et al. 2010).

The PMM may be triggered by perturbations from trop-
ics or mid-latitudes. Previous studies suggested the possible 
impact of the North Pacific Oscillation (NPO) (Vimont et al. 
2009), Aleutian Low (AL) (Chen et al. 2020; Zhang et al. 
2022), North Pacific Tripole (NPT) (Zhang et al. 2021), North 
American Dipole (NAD) (Ding et al. 2019) and North Tropi-
cal Atlantic (NTA) (Ham et al. 2013). The common forcing 
scenario of these modes is that they induce anomalous south-
westerlies or northeasterlies in the PMM region. These anoma-
lous winds may further trigger the anomalous SST through 
the aforementioned positive wind-evaporation-SST feedback.

It has been suggested that the PMM may exert a great 
impact on ENSO development and initiation (e.g., Amaya 
2019). So far two mechanisms were proposed. The first is the 
seasonal foot-printing mechanism (SFM) (Vimont et al. 2003a; 
Amaya et al. 2019a). It means that the spring-pronounced posi-
tive (negative) PMM can persist until the following summer 
and the atmospheric response to the PMM SSTA which is 
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called summer deep convection (SDC) can induce westerlies 
(easterlies) at the equator. In the end, it can trigger a positive 
(negative) ENSO event. The other is a so called trade wind 
charge (TWC) mechanism (Anderson et al. 2013; Amaya 
2019; Chakravorty et al. 2020). The positive PMM can drive 
southwesterly wind stress anomalies from west-central pacific 
to north subtropical pacific and easterly wind stress anomalies 
in east equatorial pacific, leading to a an off-equatorial wind 
stress curl. This wind stress curl can transport mass equator-
ward, providing a favorable environment for the development 
of the positive ENSO event. Therefore, the PMM was consid-
ered as a predictor for statistical ENSO prediction (e.g., Lor-
enzo et al. 2015; Stuecker 2018; Zhang et al. 2009a, b; Zheng 
et al. 2023). However, PMM-ENSO connection has its own 
complexity. Recent studies suggested that spring-pronounced 
PMM has the asymmetric impact on winter ENSO (Zheng 
et al. 2021a, b). Under the background of the global warm-
ing, the PMM’s impact on ENSO appears to be enhanced (Jia 
et al. 2021).

While the PMM pattern may occur in all seasons, its 
maximum intensity occurs in boreal spring (Wu et al. 2009; 
Alexander et al. 2010; Vimont 2010; Zhang et al. 2014; Mar-
tinez-Villalobos and Vimont 2016, 2017). To understand the 
season-dependent feature of the PMM, various hypotheses, 
including the tropical mean state impact (e.g. Vimont et al. 
2003b, 2009; Chang et al. 2007; Zhang et al. 2009a, b, 2021; 
Amaya et al. 2019; Amaya 2019) and the season-dependent 
mid-latitude forcing (e.g. Vimont et al. 2003b, 2009; Chang 
et al. 2007; Zhang et al. 2016; Amaya 2019), were sug-
gested, but these hypotheses lacked of solid theoretical and 
observational approving. The objective of the current study 
is to conduct a combined theoretical, observational and mod-
eling study to reveal the role of the seas-dependent tropical 
mean state in the growth rate of the PMM-like perturbation 
and the effect of the season-dependent mid-latitude forcing 
on the PMM.

The remaining part of this paper is organized as follows. 
In Sect. 2, data, models and methods to be used in the cur-
rent study are briefly described. In Sect. 3 we diagnose the 
relative roles of mean and anomalous surface winds as well 
as the sea-air specific humidity differences in modifying sur-
face LHF anomalies during the PMM developing stage. In 
Sect. 4, we examine the impact of the mean state in affecting 
the growth of a PMM-like perturbation in a simple coupled 
atmosphere–ocean model. In Sect. 5, we further analyze the 
seasonal dependence of North Pacific atmosphere teleconnec-
tion during the PMM developing stage. Finally, a conclusion 
is given in the last section.

2  Data, models and methods
2.1  Data

The observational datasets used in the current study 
include (1) monthly SST field from the Hadley Centre 
Global Sea Ice and Sea Surface Temperature (Rayner 
2003), (2) monthly 10 m wind, sea level pressure (SLP), 
surface heat-flux fields from the NCEP-DOE Reanalysis 
2 (NCEP2) (Kanamitsu et al. 2002), (3) monthly ocean 
current, potential temperature and mixed-layer depth fields 
from NCEP Data Assimilation system (GODAS) (Saha 
et al. 2006), and (4) Global precipitation data from GPCC 
(Schneider et al. 2015). All the data above are interpolated 
to 2° × 2° grid points using linear interpolation. Monthly 
climatological fields from 1980 to 2018 are subtracted 
from the original fields to obtain the anomalies.

2.2  Models

2.2.1  An atmospheric GCM

The first model used in the current study is an atmospheric 
general circulation model (GCM), ECHAM version 4.6 
(ECHAM 4.6), which was developed by the Max-Plank 
Institute for Meteorology (Roeckner et al. 1996). This 
model is applied to investigate the seasonal dependence of 
the surface wind and LHF anomaly responses to the same 
PMM-like heating in boreal spring and fall. The model 
is run at a 2.8° × 2.8° (T42) horizontal resolution and 
19 vertical levels in a hybrid sigma pressure coordinate 
system. This model was previously used to study 
atmospheric responses to a specified SSTA or anomalous 
heating field (e.g., Zhu et al. 2014; Chen et al. 2016; Jiang 
and Li 2021; Pan et al. 2021a, b).

The horizontal pattern of the specified diabatic heating 
field is the same as PMM regressed precipitation pattern. 
Vertically it has an idealized profile with a maximum 
in middle troposphere, following Pan et  al. (2021b). 
The amplitude of the heating is estimated based on the 
following equation:

where Q̇ is the heating rate (unit: K/day), pre denotes the 
precipitation rate (unit: mm/day), Lv = 2.5 × 106J∕kg is 
vaporization latent heat per unit mass, Cp = 1004J ⋅ kg−1K−1 
is the specific heat of the air, Cp = 1004J ⋅ kg−1K−1 is the 
air density, and H = 8000m denotes the scale height of the 
atmosphere.

(1)Q̇ =
preLv

ρaCpH
,
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2.2.2  An intermediate coupled atmosphere–ocean model

A Cane-Zebiak type coupled atmosphere–ocean model 
(Zebiak and Cane 1987) is used. The atmospheric 
component of the coupled model is a first-baroclinic mode 
shallow water model (Gill 1980), in which the heating 
anomaly depends on the perturbation and mean SST. The 
governing equations of the model are as follows:

where � and �p are Rayleigh friction and Newtonian damp-
ing coefficients, c0 denotes the first baroclinic mode gravity 
wave speed, T ′ and T  denote anomalous and mean SST, and 
�

′

�
 represents the anomalous surface wind. The atmospheric 

model simulates the anomalous surface wind response to a 
SSTA forcing under a specified background-mean SST.

The oceanic component includes a reduced gravity 
shallow water model that describes the changes of ocean 
thermocline ( h ) and upper-ocean current ( � ), a horizontal 
momentum equation that describes current shear ( ̃�  ) 
between the mixed layer and the layer below (Zebiak and 
Cane 1987), and a mixed-layer temperature ( T  ) equation 
that predicts the SSTA change caused by 3-dimensional 
temperature advection and surface latent heat flux anomalies. 
The governing equations of the oceanic component may be 
written as:

(2)ε��
�
+ βy� × �

�
�
= −

1

ρa
∇p�,

(3)
�pp

� + c2
0

(
∇ ⋅ �

�
�

)
= −

(
�T �

)
exp

((
T − 30◦C

)
∕16.7◦C

)
,

(4)
��

�t
+ f� × � = −g�∇h +

τ

ρH
− r� + ν∇2

�,

(5)
�h

�t
+ H∇ ⋅ � = −rh + κ∇2h,

(6)f� × �̃ =
τ

ρH1

− rs�̃,

(7)

�T
�t

+ v1 ⋅ ∇
(

T + T
)

+ v1 ⋅ ∇T

= −
[

M
(

w + w
)

−M
(

w
)]

Tz −M
(

w + w
)

Tz

+
Q

�CwH1
− �T + �∇2T ,

(8)�1 = � +
H2

H
�̃,

where �1 denotes mixed-layer current, w is vertical velocity 
at the base of the mixed layer determined by the divergence 
of the mixed-layer current, H and H1 represent the depth of 
the average ocean thermocline and oceanic mixed layer, Q 
denotes the surface heat flux, and τ denotes surface wind 
stress. All dependent variables with (without) an overbar 
denote the mean (anomaly) field.

The surface wind stress and latent heat flux anomalies may 
be written as:

where ρa = 103kg∕m3 is the surface air density, 
Cp = 4000J∕kg is the drag coefficient, �

�
=
(
us, vs

)
 

represents horizontal surface wind speed at 10  m, 
Lc = 2.5 × 106J∕kg is vaporization latent heat per unit 
mass, qs

(
Ts
)
 is the saturation specific humidity at SST Ts , 

q0 is air specific humidity at 10 m, �
�
 stands for basic-state 

surface wind field, and �′

�
 represents surface wind anomaly 

field. A minus sign in the buck formula above indicates 
that a positive LHF anomaly increases the SSTA. Given 
the observational fact that the latent heat flux is a primary 
surface flux component affecting the PMM related SSTA, 
we consider only the LHF effect in Eq. 7. For details about 
the simple couped model, the readers are referred to Li and 
Philander (1996) and Li (1997b). The background mean 
state fields are specified from the GODAS dataset.

2.3  Methods

2.3.1  Mixed layer heat budget analysis

To understand the role of ocean dynamics processes and 
surface heat fluxes in causing the PMM development, an ocean 
mixed layer heat budget analysis (Chen et al. 2016, 2021; Jiang 
and Li 2019, 2021; Chen and Li 2021) was performed. The 
mixed layer temperature anomaly (MLTA) tendency equation 
may be written as:

where T  represents the mixed layer temperature; ��⃗� repre-
sents three-dimensional (3D) ocean current; the first term in 
the right-hand side of Eq. (11) represents the 3D temperature 
advection, ��⃗� ⋅ ∇T = u

𝜕T

𝜕x
+ v

𝜕T

𝜕y
+ w

𝜕T

𝜕z
 . Recent studies sug-
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a
C
D
V0V
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s
,
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(12)Qnet = QLHF + QSW + QLW + QSHF
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gested that  term w
�T

�z
 should be replaced by 

(
�h

�t
+ w−h + u−h

�h

�x
+ v−h

�h

�y

)
T−T−h

h
 in which h represents the 

mixed layer depth to explicitly describe the entrainment at 
the base of the mixed layer (Vijith et al. 2020; Cheng et al. 
2022). However, our calculation shows that the difference of 
the 3D temperature advection is small (less than 3%). Qnet 
denotes the net ocean surface heat flux containing surface 
latent heat flux ( QLHF ), sensible heat flux ( QSHF ), shortwave 
radiation ( QSW  ) and longwave radiation ( QLW  ); 
ρ = 103kg∕m3 is the density of water, Cp = 4000J∕kg is the 
specific heat of water, and H denotes the monthly mean 
ocean mixed layer depth. The mixed layer heat budget 
analysis was estimated based on the GODAS and NCEP2 
datasets.

2.3.2  Decomposition of surface latent heat flux anomalies

To reveal the relative roles of anomalous wind speed and 
anomalous air-sea specific humidity difference in causing 
the LHF anomaly, we use Taylor Expansion to simplify the 
Eq. (10) to:

where CD = 1.4 × 103 is the drag coefficient. The first term 
in the right-hand side of Eq. (13) (term1) represents the LHF 
anomaly caused by the wind anomaly, and ||��

||
�

=
�

�

�
⋅�

�

|||
�

�

|||

 

which is derived using Taylor’s first order expansion is used 
in calculation. The second term (term2) denotes the 
contribution from the air–sea specific humidity difference 
anomaly. The third term (term3) represents the nonlinear 
contribution of the anomalous wind and air-sea specific 
humidity difference fields. In the tropics, the second term in 
general is a damping term as the anomalous air-sea specific 
humidity difference is proportional to the underlying SST 
anomaly (Li and Philander 1996; Li 1997b). Thus, the most 
efficient way to heat the ocean surface is through the 
reduction of the surface wind speed when the anomalous 
wind vector is against the mean wind vector.

3  Factors causing the phase locking of PMM: 
An observational analysis.

An Empirical Orthogonal Function (EOF) analysis (Cheng 
et  al. 1995) of the monthly SSTA field in the tropical 
Pacific (20°S–30°N, 150°E–85°W) during 1980–2018 was 
conducted to reveal the spatial patterns and time evolution 
of dominant modes. As expected, the first EOF mode is 

(13)Q
�
LHF

= −ρ
a
C
E
L
V

(
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||
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q
s
− q

a

)
+
||
|
�

�

||
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s
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)

characterized by a pronounced ENSO structure, with the 
largest SSTA in the equatorial eastern Pacific (Fig. 1a). 
This mode explains 53.4% of total variance. The second 
mode exhibits a PMM-like structure, with a maximum 
SSTA elongated from northeastern tropical Pacific to 
equatorial western Pacific (Fig. 1b). The second mode 
explains 13.2% of total variance. Associated anomalous 
wind fields were derived by regressing the surface wind 
field onto the principal components (PCs) of the two lead-
ing EOF modes (shown in Fig. 1c).

There are two other methods to define PMM. A 
traditional mothed to obtain the leading patterns is 
through the Maximum Covariance Analysis (MCA) of 
both the anomalous SST and wind fields in the tropical 
Pacific (20°S–30°N, 150°E–85°W) (Chiang and Vimont 
2004). A recent study defined the PMM index as the 
regional average SSTA over 5°N–25°N, 160°W–120°W 
after regressing out the cold tongue index (CTI, SSTA 
averaged over 180°–90°W, 6°S–6°N) (Richter et al. 2022). 
The results from the two methods are quite similar to that 
shown in Fig. 1b. The temporal and spatial correlations 
between the EOF-based PMM and the two methods 
exceed 0.9 and pass the confidence level of 99.9% using 

the student-t test (seeing Supplementary Figs. 1 and 2). It 
is worth mentioning that some previous studies defined 
the second EOF mode of the tropical Pacific SSTA as El 
Niño Modoki (Ashok et al. 2007). A caution is needed 
to interpret the El Niño Modoki as the PMM, because 
the former has a peak phase in northern winter, while the 
PMM has a peak season in northern spring. There is also a 
debate regarding how to define the central Pacific El Niño 
events (Xiang et al. 2013).

To reveal the season-dependent intensity of PMM, an 
off-equatorial (beyond 5°N) region (green box shown in 
Fig. 1b), named the key PMM region (KPR), is selected 
based on the criterion of the SSTA in Fig. 1b being greater 
than 0.17 K. Therefore, KPR makes our research focus 
on the SSTA mode that tilts northeast-southwest and is 
outside the equator. The time correlation between KPR-
averaged SSTA and PMM PC is 0.74 meaning that the 
KPR region explains most variability of the PMM. In 
fact, the KPR keeps almost unchanged with different 
PMM definitions and the selection criteria for KPR 
SSTA will not change the conclusions of our subsequent 
observation analysis (Seeing Supplementary Table 1 and 
Supplementary Fig. 1).

To inspect the seasonal intensity, Fig. 1d shows the 
variances of the two leading modes at each season. While 
the ENSO mode is strongest in boreal winter (DJF), the 
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PMM retains the greatest strength in boreal spring (MAM) 
and is weakest in boreal autumn (SON). It has been shown 
that the ENSO phase locking is likely attributed to a sea-
son-dependent coupled instability (Li 1997a; Chen and Jin 
2020) and anomalous wind forcing in western Pacific asso-
ciated with the development of a Philippine-Sea anoma-
lous anticyclone (Wang et al. 2000, 2003). The cause of 
the phase locking of PMM, however, remains elusive.

To understand the phase locking of the PMM, we first 
analyze the time evolution of PMM and associated SSTA 
tendency for all seasons. Figure 2a shows that the area-
averaged SSTA over the KPR has the fastest growth rate 
2 months prior to the PMM peak, which can be regarded 
as the PMM developing phase. A mixed-layer ocean heat 
budget analysis during the developing phase was further 
carried out in the region. The diagnosis result indicates 
that the thermodynamic (i.e., surface heat flux) term, par-
ticularly the surface LHF component, played the main role 
in the development of the PMM SSTA in the KPR. The 

sensible heat flux (SHF) also plays a role, but much less 
vital compared to the LHF term, as shown in Fig. 2b. The 
diagnosed MLTA tendency is quite close to the observed 
SSTA tendency, adding the confidence of the mixed-layer 
heat budget analysis result.

Given the dominant role of the surface LHF anomaly in 
contributing the PMM tendency, we next investigate the 
difference of the observed LHF anomaly in two extreme 
seasons, boreal spring (March–April–May, MAM) and 
boreal autumn (September–October–November, SON). 
Because of the two-month difference between the peak 
phases of the SSTA and its tendency, the LHF analysis for 
boreal spring (fall) is confined to January–February–March 
(July–August–September).

Figure 3a shows the diagnosed result of the decomposed 
LHF terms for boreal spring and fall. As seen in Fig. 3a, 
term1 is a dominant term for both the spring and fall sea-
sons. There is a marked difference in the LHF anomaly 

Fig. 1  The result of the EOF method. Regression of the the first and 
second EOF patterns (a-b) of the SSTA (shaded, unit: °C) in the 
tropical Pacific during 1980–2018, and green box in (b) outlines the 
PMM key region (KPR), where SSTA is larger than 0.17 K and loca-

tion is North of 5°N. Vectors are 10 m wind anomaly fields regressed 
onto PC1 and PC2. (c) Normalized PC1 and PC2. (d) Variance of the 
two leading EOF modes as a function of season
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between boreal spring and fall. Such a difference is critical 
in generating the PMM season-dependence.

The LHF term1 difference depends on both the anoma-
lous wind and the mean wind fields in the two corresponding 

Fig. 2  a The KPR mean SSTA (orange line, right y-axis) and SSTA 
tendency (bar, left y-axis) regressed on PMM PC. All the SSTA is 
above 95% confidence level; the bars filled with blue (white) denotes 
above (below) 95% confidence level. b The KPR mean mixed layer 
heat budget analysis term (bar) regressed on 2-month lag PMM PC. 

The bars filled with green (white) denotes above (below) 95% con-
fidence level. The “Thermodym” means thermal dynamics term, 
“MLTA_t” means MLTA tendency and “SSTA_t” means SSTA ten-
dency

Fig. 3  The result of Linearized LHF anomaly analysis. a The KPR 
average LHF anomaly three terms and summary in the JFM and JAS. 
b–c Shadings are JFM and JAS’s LHF anomaly term1 spatial pat-
tern. Quivers are 10 m wind anomalies in JFM and JAS regressed on 

MAM and SON PMM PC. Contour is SLP anomaly in JFM and JAS 
regressed on MAM and SON PMM PC. (Contour interval: 0.4 hPa; 
red for positive and blue for negative). The difference between (b) 
and (c) are show in (d) 
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seasons. Figure 3b and c illustrate the horizontal patterns 
of the surface wind anomaly and the term1 LHF fields for 
the two seasons. Note that southwesterly anomalies occupy 
nearly the whole KPR in the spring season (Fig. 3b). The 
wind anomalies offset the mean northeasterlies, reducing 
the more LHF transported by the ocean to the atmosphere, 
meaning heating the ocean, leading to warmer SSTA over 
KPR. On the contrary, in the fall season, southwesterly 
anomalies occupy only a small area of the KPR, reducing 
less LHF from ocean to atmosphere and getting less warm 
SSTA in KPR (Fig. 3c). The difference map (Fig. 3d) indi-
cates clearly that the anomalous wind speed induced LHF 
field plays a critical role in generating the preferred develop-
ment of PMM in boreal spring.

It is worth mentioning that the term1 difference is con-
tributed by both the anomalous wind and the seasonal mean 
wind differences between the two seasons. Figure 4 illus-
trates the mean surface wind fields in JFM and JAS. North-
easterly mean trade winds are much stronger and more pro-
nounced in JFM than in JAS. In boreal spring, the equatorial 
cold tongue is weakest (Li and Philander 1996; Philander 
et al. 1996), which leads to the weakest cross equatorial flow 
and southernmost location for the ITCZ. As a result, strong 
northeasterly trade winds cover the most of tropical North 

Pacific (Fig. 4a). This allows most efficient WES feedback 
north of the equator. In contrast, the equatorial cold tongue 
is strongest in boreal fall, and as a result, the ITCZ shifts 
northward, and the northeasterly trades cover a smaller area. 
This leads to a less efficient WES feedback over the KPR.

The argument above implies the importance of the 
mean wind in generating the anomalous LHF, that is, 
even given the same anomalous wind field, a greater LHF 
anomaly would be generated in association with boreal 
spring PMM due to the seasonal difference in the mean 
wind field. On the other hand, Fig. 3b–c show clearly that 
there is a marked difference in the anomalous surface 
wind fields. In JFM, the PMM anomalous wind is closely 
linked to a North Pacific Oscillation (NPO) like patterns 
(Rogers 1981) in mid-latitude North Pacific, whereas in 
JAS the anomalous wind is primarily linked to equatorial 
SSTA and its link to mid-latitude North Pacific is weak. 
This observational result motivates us to further examine 
the cause of the anomalous wind patterns associated with 
PMM during the two extreme seasons.

Idealized numerical model experiments were further 
carried out to elucidate the role of the mean state in affect-
ing the anomalous wind response to PMM. Two sets of 
ECHAM model experiments are designed. As shown in 

Fig. 4  Climatological mean 10  m wind fields (vectors) in JFM (a) 
and JAS (b). Contour shows the mean northeast component of the 
wind at 10 m, meaning ( − 1

√
2

u −
1
√
2

v) . Orange shading denotes the 

region where the northeast component exceeds 4.5  ms−1 in the north-

easterly trade zone. The black box denotes a contrasting region 
between pronounced northward cross-equatorial flow in JAS and 
southward retreat of the cross-equatorial flow in JFM. And KPR 
mean northeast wind speed is 6.54 m/s (4.30 m/s) in JFM (JAS)

Table 1  List of numerical 
experiments with ECHAM4.6

Experiments Description

CTRL Forced by global climatological monthly SST field
EXP_PMM Forced by the global climatological SST and a PMM-like 

diabatic heating anomaly over the tropical Pacific (30˚N–30˚S, 
120˚E–90˚W)
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Table 1, in the control experiment, the model is integrated 
for 30 years with prescribed observed climatological SST 
field derived from the HadISST dataset. In the sensitivity 
experiment (EXP_PMM), a PMM-like diabatic heating, 
which is derived from PMM regressed precipitation pat-
tern (shown in Fig. 5a), was specified. By subtracting the 
control experiment from the sensitivity simulation results, 
one may examine the anomalous atmospheric response to 
the same PMM forcing in different seasons under different 
mean states.

Figure 5b–c shows the anomalous wind, LHF and SLP 
responses in JFM and JAS. Same as the observed, the anom-
alous wind associated with PMM may extends to the mid-
latitude North Pacific in JFM, whereas it is confined in the 
tropics in JAS. The atmospheric modeling result implies that 
the tropical-mid-latitude teleconnection is much more active 
during JFM than during JAS. Because of the season-depend-
ent teleconnection feature, the anomalous wind and associ-
ated LHF anomaly are most pronounced in the whole PMM 
regions in JFM, whereas they are only confined to the south-
ern PMM region. The season-dependent anomalous wind 
response is better seen in the difference map (Fig. 5d). The 
difference in the anomalous wind response leads to distinct 

LHF anomaly patterns and thus distinct PMM SSTA growth 
rates, contributing to the seasonal dependence of the PMM.

It is worth mentioning that there is a marked difference in 
the mid-latitude circulation between Figs. 3b and 5b. This 
implies that the NPO-like pattern in North Pacific shown in 
Fig. 3b is not a direct response to the PMM heating, rather it 
might be a precursory condition for the generation of PMM. 
The simulated SLP field over North Pacific (Fig. 5b), to a 
certain extent, resembles the AL pattern. Recent studies 
showed that this pattern plays an important role in the 
PMM-ENSO cycle (Zhang et al. 2022), and is responsible 
for recent increased emergence of the central Pacific ENSO 
(Chen et al. 2023). We will further explore the relationship 
between the North Pacific atmospheric circulation and the 
development of the PMM in Sect. 5.

4  Season‑dependent growth rates 
of a PMM‑like perturbation in a simple 
coupled model

In this section, we aim to demonstrate that the boreal 
spring season is the season when PMM develops fastest 
using an intermediate coupled atmosphere–ocean model, a 

Fig. 5  The PMM-like heating (a) added to ECHAM model and 
experiment results in JFM (b) and JAS (c). In (b) and (c), vectors 
denote 10  m wind anomaly (black (grey) vector is above (below) 
95% confidence level), contour are SLP anomalies. (Contour inter-

val: 0.4 hPa; red for positive and blue for negative), and shadings are 
LHF anomalies and green dots show the LHF anomaly values passing 
the confidence level of 95% using the student-t test. (d) the difference 
between (b) and (c) is shown
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Cane-Zebiak type model described in Sect. 2. To focus on 
the perturbation development in the off-equatorial region, we 
intentionally suppress the ENSO mode by applying a strong 
thermal damping (with a revised time scale of 60 days) in 
the equatorial zone (4°N and 4°S). Figure 6a shows the lati-
tudinal distribution of this thermal damping. The damping 
coefficient is a constant in the equatorial zone and decreases 
linearly to zero at 10°N and 10°S. Two parallel experiments, 
namely EXP_S and EXP_F, are designed to investigate the 
growth of a specified initial weak SSTA perturbation that 
has the same pattern as in Fig. 1b but with a smaller ampli-
tude (0.8 times of Fig. 1b values) and different amplitudes 
don’t influence experimental results (seeing Supplementary 
Table 2). In EXP_S, the mean state condition in JFM is 
specified as a background basic state. In EXP_F, the JAS 
mean state condition is specified.

As expected, the initial PMM-like perturbation grows 
in both the season through the WES feedback. Figure 6b 
shows the time evolution of the area-averaged SSTA in 
the PMM region from the two experiments, while Fig. 6c 
and d illustrate unstable mode patterns averaged during 
the initial 30 days. Note that in the bottom panel both the 
SST and wind anomaly fields have been normalized so that 
one can see clearly their horizontal patterns. As seen from 
Fig. 6c and d, the most unstable mode in both the experi-
ments illustrates a northeast-southwest tilted SSTA pattern 
similar to the observed. A low-level cyclonic circulation 
anomaly appears to the northwest of the tilted warm SSTA 
zone, as a Rossby wave response to the SSTA forcing.

The time evolutions of the area-averaged PMM SSTA 
intensity show an exponential growth characteristic, with 
a much stronger growth in the boreal spring season. One 
may estimate the PMM growth rate based on the time 

Fig. 6  The damping coefficients, pattern and strength of the experi-
ments. a The meridional distribution of a thermal damping coefficient 
in the SSTA equation with latitude. b Evolutions of the PMM inten-
sity index in EXP_S (solid red), EXP_F. c–d The anomalous SST 

and wind patterns of the most unstable mode in the simple coupled 
model, averaged during the first 30 days, in EXP_S (c) and EXP_F 
(d). The green quadrilateral box is used to calculate the PMM inten-
sity index
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evolution curves, say, from day 5 to day 30, using the least 
squares method. Our calculation shows that the growth 
rate is 1.1   year−1 in EXP_S and in 0.3   year−1 EXP_F. 
Additional experiments with the boreal winter and sum-
mer mean-state conditions were carried out, and the result 
indicates that their growth rates are somewhere between 
EXP_S and EXP_F. Therefore, the intermediate coupled 
model experiments demonstrate that the PMM grows fast-
est and thus is most pronounced under the boreal spring 
mean state condition. The result implies that the tropical 
mean state, in particular the mean wind field, in critical in 
generating the season-dependent PMM feature.

5  Possible effects of extratropical 
atmospheric forcing in PMM season 
preference

In addition to the tropical mean state, extratropical atmos-
pheric forcing may also play a role in contributing to the sea-
sonal preference of PMM. It has been shown in Sect. 3 from 
both the observational analysis and AGCM experiments that 
PMM appears more linked to mid-latitude North Pacific 
atmosphere in boreal spring than in boreal fall. The previous 
study suggested that NPO may trigger PMM development 

(e.g. Chang et al. 2007; Vimont et al. 2009; Zhang et al. 
2022). This motivates us to further explore the impact of 
signals outside the tropics on the development of PMM.

The EOF analysis of the SLP anomaly field in the North 
Pacific domain (10°N–55°N, 130°E–110°W) was caried out 
to reveal the spatial patterns and time evolutions of the two 
leading modes. The first mode is characterized by a low-
pressure center near Aleutian Islands (hereafter the AL 
mode, Pickart et al. 2009) (Fig. 7a). It explains 43.1% of 
total variance. The southeasterly anomalies to the southeast 
corner of the AL mode are overlapped with northern PMM 
region, and thus they may be conducive to the development 
of PMM. The second mode is characterized by a north–south 
dipole pattern (Rogers 1981; Yeh and Kirtman 2004; Park 
et al. 2013; Chen and Wu 2018) and is named as the NPO 
mode (Fig. 7b). It explains 15.2% of total variance. The low 
pressure anomaly associated with the NPO mode may induce 
strong southwesterlies in the subtropical PMM region, trig-
gering the development of PMM.

A lagged (2-month) correlation analysis with the PMM 
time series indicates that both the AL and NPO modes are 
significantly correlated with PMM in boreal spring and such 
lagged correlations are much weaker in boreal fall (Fig. 7c). 
This indicates that there are significant atmospheric 

Fig. 7  The result of the EOF method on SLP anomaly (10°N ~ 55°N, 
130°E ~ 110°W). The first and second EOF patterns (a–b) of the SLP 
anomalies (contour interval: 0.4  hPa, red for positive and blue for 
negative) during 1980–2018, and green box in (a) and (b) denotes 
KPR (the same as Fig. 1(b)). Vectors are 10 m wind anomaly fields 
regressed onto PC1 and PC2. Shadings are 2-month lag SSTA 

regressed on EOF PCs. All plotted values passed the 95% confidence 
t-test. c The correlation between EOF PCs and 2-month lag PMM PC 
(d) Regress KPR area-averaged LHF anomaly on simultaneous EOF 
PCs. e Variance of the two leading EOF modes as a function of sea-
son. Filled bars in (c) ~ (e) mean values pass the 95% confidence test 
and red for the JFM and blue for the JAS
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precursory signals in North Pacific during the PMM devel-
opment stage.

The impact of the mid-latitude North Pacific modes (i.e., 
the AL and NPO modes) on PMM may further inferred from 
the regressed LHF anomaly shown in Fig. 7d. Note that the 
area-averaged LHF anomalies over the KPR regressed to the 
AL and NPO modes are much greater and statistically more 
significant in boreal spring than in boreal fall (Fig. 7d). Such 
the season-dependent forcing characteristic may be further 
validated from the strength of the two mid-latitude modes 
(Fig. 7e). Both the AL and NPO modes have much greater 
variances and are much more pronounced in boreal spring 
than in boreal fall.

To sum up, significant atmospheric precursory signals 
appear in North Pacific in boreal spring prior to the PMM 
development and such signals are much weaker and 
insignificant in boreal fall. The mid-latitude signals in 
boreal spring may trigger the development of PMM through 
induced anomalous wind in subtropics. Therefore, the mid-
latitude forcing may provide an additional mechanism for 
the PMM seasonal preference.

6  Conclusion

In this study we investigate the physical mechanism 
responsible for the PMM preference in boreal spring 
through a combined observational and modeling study. In 
the observational analysis, we conducted a mixed-layer heat 
budget diagnosis, and revealed that the LHF anomaly is a 
dominant term affecting the PMM SSTA development. A 
further decomposition of the LHF term shows that the wind 
speed related component plays a dominant role while the 
air-sea specific humidity difference related contribution is 
much weaker. The seasonal difference of the LHF anomaly 
over the PMM region between boreal spring and fall arises 
from both the anomalous and mean wind fields. The mean 
wind effect on the LHF anomaly is further demonstrated 
with idealized AGCM experiments in which the same PMM 
heating anomaly is specified.

An intermediate coupled atmosphere–ocean model 
is further utilized to investigate the season-dependent 
growth of the PMM perturbation. Two idealized numerical 
experiments are designed, in which the background mean 
wind and SST fields are specified from the boreal spring 
and fall conditions. Initially a PMM-like SSTA perturbation 
with a moderate amplitude is specified. The numerical 
experiments demonstrate clearly that PMM is the most 
unstable mode in the off-equatorial region and that the 
strongest growth of the PMM perturbation occurs in boreal 
spring. This points out the important role of the tropical 
mean state in controlling the seasonal preference of PMM.

The possible role of the mid-latitude North Pacific 
atmospheric forcing in affecting the seasonal dependence 
of PMM is further explored. Two dominant atmospheric (AL 
and NPO) models in North Pacific were found, and they 
are significantly correlated with PMM at a two-month lead 
in boreal spring but much less so in boreal fall. The result 
implies an additional mid-latitude forcing mechanism in the 
PMM phase-locking.

It is worth mentioning that a simple coupled model is 
used in the current study to reveal the mean state effect. 
While the simple model has an advantage to separate the 
anomaly and mean fields, it involves various assumptions. 
For example, a constant oceanic mixed layer is assumed in 
the current framework, and only surface latent heat flux is 
considered in the surface heat flux term. The atmospheric 
heating in the model is simply proportional to the underlying 
SSTA. A further study with a more sophisticated coupled 
atmosphere–ocean model is needed to test the season-
dependent characteristic of PMM and to confirm the current 
simple model results.

The effect of ENSO on the seasonal dependence of PMM 
remains an open question. Some studies have indicated 
that the seasonal variance and dependence of PMM do not 
change after removing the influence of ENSO in a coupled 
GCM (Zhang et al. 2021). However, this does not imply 
that ENSO has no impact on PMM seasonal dependence. 
For instance, DJF-pronounced ENSO generates an AL-like 
pattern, which is a Pacific North American (PNA) pattern 
(Wallace and Gutzler 1981) at high levels, leading to PMM 
development in the following year’s JFMAM season (as 
shown in Sect. 5; Zhang et al. 2022). Therefore, further 
research is necessary to understand the role of ENSO in 
PMM phase-locking.
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