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Abstract
Observational evidence showed that the leading mode of precipitation variability over the tropical Pacific during boreal 
spring experienced a pronounced interdecadal change around the late 1990s, characterized by a precipitation pattern shift 
from an eastern Pacific (EP) type to a central Pacific (CP) type. The distinct impacts of such a precipitation pattern shift 
on the extratropical atmospheric teleconnection were examined. An apparent poleward teleconnection extending from the 
tropics to the North Atlantic region was observed after 1998, while, there was no significant teleconnection before 1998. To 
understand why only the CP–type precipitation mode is associated with a striking atmospheric teleconnection after 1998, 
diagnostic analyses with the Eliassen–Palm flux and Rossby wave source (RWS) based on the barotropic vorticity equation 
were performed. The results show that for the EP–type precipitation mode, no significant RWS anomalies appeared over 
the subtropical Pacific due to the opposite effect of the vortex stretching and absolute vorticity advection processes. For 
the CP–type precipitation mode, however, there are both significant vorticity forcing source over the subtropical CP and 
clear poleward–propagation of Rossby wave. The spatial distribution of the CP–type precipitation pattern tends to excite 
a conspicuous anomalous southerly and a well–organized negative vorticity center over the subtropical CP where both the 
mean absolute vorticity gradient and mean divergence flow are large, hence, the interaction between the heating–induced 
anomalous circulation and the basic state made the generation of Rossby waves conceivable and effective. Such correspond-
ing teleconnection responses to the prescribed heating were also examined by using a Linear Baroclinic Model (LBM). It 
turned out that significant poleward teleconnection pattern is only caused by the CP–type precipitation mode, rather than 
by the EP–type precipitation mode. Further sensitive experiments demonstrated that the change in spring basic state before 
and after 1998 played a relatively minor role in exciting such a teleconnection pattern, when compared with the tropical 
precipitation anomaly pattern change.
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1 Introduction

The variability of tropical precipitation has received much 
attention due to its pronounced fluctuation on different 
time–scales and its tremendous impacts on the atmos-
pheric circulation both in the tropics and in the extratropics 
(Hoskins and Karoly 1981; McBride et al. 2003; Wu et al. 
2012; Guo et al. 2015, 2017; Chu et al. 2017). Since tropical 
precipitation is primarily governed by the El Niño–South-
ern Oscillation (ENSO) in the interannual time scale, the 
interannual variation of tropical precipitation in the mature 
winter has been extensively investigated in previous studies 
(Ashok et al. 2007; Taschetto and England 2009; Weng et al. 
2009; Chung and Li 2013; Guo et al. 2017). However, an 
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accumulation of evidence suggested that the precipitation 
during the boreal spring [March–May (MAM)] is also char-
acterized by energetic variations on both the interannual and 
interdecadal time–scales, which are distinguish with those 
in other seasons (e.g. Cai and Cowan 2009; Taschetto and 
England 2009; Feng and Li 2011; Feng et al. 2011; Guo 
et al. 2016). On the interannual time scale, MAM was con-
sidered to be the time when the impacts of central Pacific 
(CP) and eastern Pacific (EP) El Niño are the most different 
from each other (Cai and Cowan 2009; Taschetto and Eng-
land 2009). On the interdecadal timescale, Guo et al. (2016), 
which is referred as “GWW2016” thereafter for the sake of 
convenience, showed that the leading mode of the MAM 
precipitation anomaly has experienced a pronounced inter-
decadal change around 1998 over the tropical Pacific Ocean 
based on the empirical orthogonal function (EOF) analy-
sis. In GWW2016 (see Figs. 2 and 3 in that work), the first 
mode of EOF analysis (EOF1) during the pre–1998 period 
(1980–1998) is characterized by a zonal dipole pattern with 
positive precipitation anomalies over the equatorial EP and 
negative ones over the equatorial western Pacific (WP). In 
contrast, the EOF1 during the post–1999 (1999–2013) shows 
a positive center over the equatorial CP and a negative center 
over the western North Pacific (WNP). That is, the main 
precipitation mode during the period of 1980–2013 experi-
enced an interdecadal shift from the EP–type to the CP–type 
around 1998 in boreal spring. Further analyses found that 
such an interdecadal change of precipitation anomaly mode 
is tightly relevant to the interdecadal enhancement of zonal 
advection feedback over the equatorial CP, which favors the 
westward shift of the anomalous warm and wet center from 
EP to CP.

It was noted that the EP–type precipitation mode is 
closely associated with the occurrence of strong conven-
tional El Niño events before the late 1990s, such as the 1982 
and 1998 events. However, the 2015/16 El Niño, which is 
well–known as one of the strongest El Niño events during 
the past decades (Jacox et al. 2016; Chen et al. 2017; Lim 
et al. 2017; Paek et al. 2017), is suggested to be a mixed 
case of both the EP and CP type (Lim et al. 2017; Paek et al. 
2017). Whether the interdecadal change in the precipitation 
mode in GWW2016 is still robust after taking into account 
the 2015/16 El Niño event remains unknown. To address this 
question, it is necessary to extend the studying period to the 
present (namely, 1980–2016).

It has been demonstrated that the diabatic heating vari-
ability associated with tropical anomalous precipitation has 
significant influence on the circulations both in the tropics 
and in the extratropics (Hoskins and Karoly 1981; McBride 
et al. 2003; Wu et al. 2012; Guo et al. 2015, 2017; Chu et al. 
2017). Rossby wave propagation, which could be forced by 
the anomalous tropical diabatic heating, was considered as 
an important linkage between the extratropical circulation 

and tropical precipitation anomaly. Hence, extensive studies 
have been conducted to investigate the relationship between 
the tropical forcing and the extratropical teleconnection 
patterns (Wallace and Gutzler 1981; Yoo et al. 2012; Chu 
et al. 2013, 2017; Zheng et al. 2013; Park and An 2014; 
Guo et al. 2015, 2017; Jia et al. 2015). By considering the 
shift of tropical spring precipitation from the EP to CP type 
around 1998 (GWW2016), it is interesting to ask whether 
the extratropical teleconnection motivated by the different 
tropical precipitation anomaly pattern changes accordingly.

The objective of this study is to address the question 
whether the extratropical teleconnection pattern exhibits 
significant interdecadal variation accompanying with the 
interdecadal change in the tropical precipitation interannual 
variability. Better understanding of such interdacadal change 
of the interannual variability in the tropical and extratropical 
atmospheric circulation around the late 1990s can be useful 
for the improvement of the climate prediction on the inter-
decadal time scale. The rest of the paper is organized as fol-
lows. The dataset and methodology used in the present work 
are described in Sect. 2. The robustness of the interdecadal 
change in the leading mode of precipitation was discussed 
in Sect. 3. The possible impacts of the anomalous precipita-
tion modes on the teleconnection patterns are examined in 
Sect. 4 and the numerical experiment results are shown in 
Sect. 5. Final section is devoted to summary and discussion.

2  Datasets and methodology

2.1  Data

The datasets used in this work consist of (1) monthly varia-
bles obtained from the European Centre for Medium–Range 
Weather Forecasts (ECMWF) Interim reanalysis data 
(ERA–Interim) with a horizontal resolution of 2.5° × 2.5° 
(Dee et  al. 2011); (2) monthly precipitation data from 
the Global Precipitation Climatology Project Version 2.2 
(GPCPv2.2) with both the observations and satellite precipi-
tation data onto 2.5° × 2.5° global grids (Adler et al. 2003); 
(3) monthly mean Hadley Center sea surface temperature 
(HadISST) with horizontal resolution of 1° × 1°(Rayner et al. 
2003). The spring mean is the average of MAM. The clima-
tology is taken as the average for the period of 1981–2010. 
Compared with GWW2016, all the datasets were updated to 
the spring of 2016 (covering from 1980 to 2016), in order 
to examine the robustness of the interdecadal change in the 
leading mode of precipitation around 1998 with the latest 
super El Niño considered.
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2.2  Rossby wave source

Following the previous studies (Sardeshmukh and Hoskins 
1988; Shimizu and de Cavalcanti 2011), the barotropic vor-
ticity equation after decomposing the total wind into the 
divergent and rotational component can be written as:

where � is the absolute vorticity, V� is the divergence wind, 
V� is the rotational wind and D is the horizontal divergence. 
The left hand of Eq. (1) can be considered as Rossby wave 
propagation terms. The right hand represents the Rossby 
wave forcing terms, namely, Rossby wave source (RWS), as 
described in Eq. (2):

Here, S represents RWS term. The source of Rossby wave 
is associated with the divergent flow, divergence, absolute 
vorticity and its gradient. In Eq.  (2), −�D is the vortex 
stretching term (or the divergence term) and the other is 
absolute vorticity advection by divergent flow. Equation (2) 
can be rewritten in the form of RWS anomaly:

Here the prime represents the departure from the clima-
tology and the overbar is the climatology. For convenience, 
these four terms are referred as S1, S2, S3 and S4 in Eq. (4). 
S1 and S2 are the vorticity source forced by the interac-
tion between anomalous divergence and mean vorticity, and 
by the interaction between mean divergence and anoma-
lous vorticity, respectively. S3 denotes the mean absolute 
vorticity advection by anomalous divergence flow and S4 
represents the anomalous absolute vorticity advection by 
mean divergence flow. RWS is a helpful tool to examine 
the generation of Rossby waves excited by diabatic heating 
at both tropics and extratropics (Lu and Kim 2004; Kosaka 
and Nakamura 2006; Yu and Zwiers 2007; Johnson and 
Kosaka 2016). Thus, the forcing processes associated with 
heating–induced teleconnection patterns, namely the genera-
tion of Rossby waves, were examined by using RWS in the 
present study.

2.3  Plumb flux

Three–dimensional Eliassen–Palm flux, proposed by Plumb 
(1985), was widely used as a powerful diagnostic tool of the 
three–dimensional propagation of Rossby waves (e.g. Black 
and Dole 1993; Yu and Zwiers 2007). Following Plumb 

(1)
(
�

�t
+ V� ⋅ ∇

)
� = −�D − V� ⋅ ∇�

(2)S = −�D − V� ⋅ ∇�

(3)S� = −�∇ ⋅ V�
� − � �∇ ⋅ V� − V�

�
⋅ ∇� − V� ⋅ ∇� �

(4)S� = S1 + S2 + S3 + S4

(1985), the horizontal component of the Plumb flux in the 
form of geostrophic wind can be written as:

Here, u,v are the horizontal geostrophic wind, Φ is the 
geopotential, Ω is the Earth’s rotation rate, R is the Earth’s 
radius, p = pressure/1000 mb and (φ, λ) are latitude and 
longitude, respectively. The perturbations deviating from 
the time mean are denoted by primes. With the application 
of this Plumb flux, the features of Rossby wave propaga-
tion incited by different diabatic heating patterns could be 
identified.

2.4  Linear baroclinic model (LBM)

LBM is a simple dry model, based on a linearized atmos-
pheric general circulation model (AGCM) developed at the 
Center for Climate System Research (CCSR), University of 
Tokyo, and the National Institute for Environmental Studies 
(NIES), Japan (Watanabe and Kimoto 2000). It was widely 
used to examine the atmospheric response to the idealized 
diabatic heating (e.g. Peng and Whitaker 1999; Watanabe 
and Kimoto 2000; Lu and Lin 2009; Guo et al. 2015; Wang 
et al. 2016). The version with a horizontal resolution of 
T42 and 20 vertical levels using a sigma coordinate sys-
tem is used in this study. The specific heating patterns were 
imposed into this model (using a time integration method 
and running up to 30 days) and the last 10–day average, 
referring as the steady atmospheric response to such pre-
scribed diabatic heating, was analyzed.

3  The interdecadal change in anomalous 
precipitation pattern with the 2015/16 El 
Niño considered

Based on the leading mode of precipitation anomalies over 
the tropical Pacific during 1980–2013, the corresponding 
principal component (PC) exhibits a sudden flatness after 
1998 (GWW2016). GWW2016 has demonstrated that the 
CP–type precipitation pattern becomes the dominant mode 
after 1998 while the EP–type one blurred to some degree. 
Hence, the robustness of such an interdecadal change of the 
interannual variability in precipitation mode was investi-
gated in the present section by extending the study period 
to 2016 spring.

The precipitation and sea surface temperature (SST) 
anomaly patterns in the decaying spring of three strong El 
Niño cases (1983/1998/2016) were shown in Fig. 1. The SST 

(5)FH = p cos� ×
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and the associated precipitation anomalies in 1983 and 1998 
exhibit a zonal dipole pattern with warm/wet condition over 
the central–eastern Pacific and cold/dry over the western 
Pacific (Fig. 1a, b), which resembles the typical SST and 
precipitation distribution of EP–type precipitation mode. In 
2016, the center of both SST and precipitation anomalies 
shifted to the central Pacific with weaker SST anomalies 
(Fig. 1c). The maximum of the SST anomaly center is up 
to 1K in 2016, compared to the other two case (up to 3K 
in 1983 and 1998). Precipitation anomaly pattern in 2016 
showed similar features as the CP–type mode to some extent 
(Figs. 1b, 3a in GWW2016), implying that the CP–type pre-
cipitation mode may be still dominant after 1998.

To verify it, an EOF analysis was performed based on the 
MAM precipitation anomaly from 1980 to 2016 (Fig. 2). 
After extending the study period to 2016, the principal com-
ponent of the first EOF mode (PC1, red line in Fig. 2c) still 
exhibits a sudden flatness after 1998. The principal com-
ponent of the second EOF mode (PC2) shows pronounced 
interannual variability during the whole period, possibly 
becoming a leading mode after 1998. The EOF analysis 
during 1980 to 2016 is consistent with our previous work 
(see Fig. 1 in GWW2016). The result is indicative of a sig-
nificant change in the interannual precipitation variability 

around 1998. The EOF method was also applied during the 
pre–1998 (1980–1998) and post–1999 (1999–2016) period 
respectively with the associated PC1s presented in Fig. 2c. 
Noted that the pre–1998 PC1 is greatly consistent with the 
PC1 for 1980–2016 period and the post–1999 PC1 is in line 
with the PC2 for the whole period, verifying that the leading 
mode shifts from an EP–type pattern to a CP–type pattern 
around 1998. An interdecadal westward shift of the tropical 
precipitation leading mode around 1998/99 in boreal winter 
has also been noted in Jo et al. (2015). There may be a need 
of further examination to figure out the seasonal evolution 
of tropical precipitation mode from winter to spring on the 
interdecadal time scale. However, it is out of the scope in 
the present work. Overall, the observational results in the 
present work reveal that such an interdecadal change in the 
leading mode of tropical precipitation is robust even though 
the latest super El Niño occurred.

Accompanied by the interdecadal shift of the tropical pre-
cipitation interannual variation around 1998/99, the associ-
ated atmospheric circulation and SST anomaly patterns have 
been accordingly changed (figure not shown). For instance, 
the leading mode of tropical Pacific SST anomaly in spring 
shifted from an EP to a CP type after 1998 (see Fig. 4 in 
GWW2016). Simultaneously, the regressed vertical veloc-
ity anomalies at 500 hPa onto the post–1999 PC1 exhibit a 
zonal pattern with anomalous ascending over the equatorial 
CP and anomalous sinking over the WNP. In contrast, the 
anomalous Walker circulation during the pre–1998 period 
locates more eastward than that during the post–1999 period. 
These changes in the associated atmospheric circulation and 
oceanic condition around 1998/99 were statistically signifi-
cant and distinguishable, giving us confidence to further ana-
lyzing the different teleconnection patterns related to distinct 
precipitation modes.

4  A significant teleconnection associated 
with the CP–type precipitation pattern 
after 1998

4.1  Observational evidence

By considering the remarkable change in the leading mode 
of spring precipitation around 1998, it is worthy to inves-
tigate whether the atmospheric circulation modulated by 
the distinguishable precipitation modes differs. To achieve 
this, the regression maps of precipitation and vertically inte-
grated diabatic heating anomalies onto the pre–1998 and 
post–1999 PC1s were shown in Fig. 3. During the pre–1998 
period, the dominant precipitation pattern is identified as an 
EP type, with negative precipitation anomalies over the WP 
and northern CP near the equator, and positive precipitation 
anomalies over the equatorial central–eastern Pacific when 

(a)

(b)

(c)

Fig. 1  Spatial pattern of the anomalies of precipitation (shading, unit: 
mm  day−1) and sea surface temperature (SST) (contour, unit: K) in 
the spring of a 1983, b 1998 and c 2016. The interval of SST anom-
aly contour is 0.5 K. The stippling indicates significance at the 99% 
confidence level
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the pre–1998 PC1 is positive. In contrast, a triple pattern 
(dry condition over the WNP and the equatorial southeastern 
Pacific; wet condition over the equatorial and subtropical 
CP) appears over the tropical Pacific during the post–1999 
period, which is identified as a CP type. The correspond-
ing diabatic heating anomaly matches precipitation very 
well. The maximum of the vertical integrated diabatic heat-
ing is about 11.9 W m−2 for the EP warming region and 
− 11.0 W m−2 for the WP cooling region during the pre-1998 
period (Fig. 3a). During the post-1999 period, the regressed 
heating forcing is 11.4 W m−2 over the CP and − 7.7 W m−2 
over the WNP (Fig. 3b). As a response to the different heat-
ing patterns, the distinguishable atmospheric teleconnection 
circulations were proposed in this study.

The regressed geopotential height and horizontal wind 
at lower and upper level were presented in Fig. 4. For the 
EP–type precipitation mode, a pair of significant anticyclonic 
centers straddles over the equatorial central–eastern Pacific 
at the upper level (Fig. 4b). Anomalous cyclonic and anticy-
clonic circulation appear over the eastern United States and 
North Atlantic Ocean with a barotropic structure, while the 
anticylonic circulation over the tropical EP is somewhat with 
a baroclinic structure. Besides, an anomalous cyclonic center 

located over the North Pacific, however, is insignificant and 
feeble (Fig. 4a, b). In term of the CP–type pattern after 1998, 
alternating positive and negative centers extend from the tropi-
cal Pacific to North Atlantic Ocean at the lower level (Fig. 4c), 
following the great circle route (Hoskins and Karoly 1981). 
A more apparent teleconnection pattern was observed in the 
upper level (300 hPa), with anomalous anticyclonic circulation 
over the central–eastern Pacific, cyclonic center over the North 
Pacific, anticyclonic center over western Canada, cyclonic cir-
culation over the North Atlantic Ocean and relatively feeble 
anticyclonic circulation over the tropical Atlantic (Fig. 4d). 
That is, the CP–type precipitation mode during the post–1999 
period was closely associated with a pronounced teleconnec-
tion pattern propagating from the tropics to the Arctic Pole, 
while the teleconnection pattern over the North Pacific during 
the pre–1998 period is quite weak.

4.2  Possible mechanism of the distinct 
teleconnection associated with EP and CP type 
precipitation patterns

For the underlying processes in the stimulation of extratropi-
cal atmospheric circulation by the tropical diabatic heating, 

Fig. 2  Spatial distribution of a 
the first EOF mode, b the sec-
ond EOF mode and c the corre-
sponding principle components 
(PCs, red and blue lines) of the 
precipitation anomalies over the 
tropical Pacific in spring for the 
period of 1980–2016. The black 
and green dash lines denote the 
PCs of the first EOF precipita-
tion mode for the period of 
1980–1998 and 1999–2016, 
respectively

(a)

(b)

(c)
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many previous studies emphasized the Rossby wave propa-
gation (e.g. Hoskins and Ambrizzi 1993; Webster and Chang 
1998; Yoo et al. 2012; Guo et al. 2015, 2017). The forc-
ing and propagating processes of heating–induced Rossby 
waves were carefully examined by the regressions of the 

RWS and Plum flux onto the pre–1998 and post–1999 PC1s, 
respectively (Fig. 5). During the pre–1998 period, the RWS 
anomalies are significant over the tropical CP and EP and 
extremely weak over the subtropical Pacific. Besides, no 
evident poleward–propagating Plumb flux anomalies appear 

Fig. 3  Regression maps of 
the precipitation anomalies 
(shading; unit: mm  day−1) and 
diabatic heating anomalies 
integrated from 1000 hPa to 
100 hPa (contour; unit: W m−2) 
onto the a pre–1998 PC1 and 
b post–1999 PC1. The contour 
interval for diabatic heating is 
4.0 W m−2. The stippling indi-
cates significance at the 95% 
confidence level

(a)

(b)

(a)

(b)

(c)

(d)

Fig. 4  Regression maps of the geopotential height (shading; unit: m), 
horizontal winds (gray vector; unit: m  s−1) and vertically integrated 
diabatic heating anomalies (contour; unit: W m−2) onto the a, b pre–

1998 PC1 and c, d post–1999 PC1 at (upper panel) 850 hPa and (bot-
tom panel) 300 hPa. The stippling and black vectors indicate signifi-
cance at the 95% confidence level
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in the extratropic (Fig. 5a). Hence, it is suggested that the 
feeble teleconnection pattern associated with the EP pre-
cipitation mode may be ascribed to the weak generation and 
propagation of Rossby waves. In contrast, significant nega-
tive RWS anomalies appear over the northern CP (between 
10°N–20°N and 155°E–150°W) during the post–1999 
period, accompanied by a striking northward/northeastward 
propagation of Plumb flux (Fig. 5b). The CP–type precipita-
tion pattern might favor the generation of vorticity source 
over the northern CP and thus the propagation of Rossby 
waves. Since RWS is composed of the vortex stretching 
term and vorticity advection term, the relative contributions 
of these two terms before and after 1998 were examined 
(Fig. 6). During the pre–1998 period, vortex stretching term 
is opposite to the vorticity advection term over the CP to the 
north of 10°N (Fig. 6a, b). Their combined effects could not 
effectively generate the significant vorticity source before 
1998. On the contrary, both vortex stretching and vorticity 
advection term feature significant negative anomalies over 
the northern CP (Fig. 6c, d). The contribution rate of vortex 
stretching term to the total RWS (within the box in Fig. 6c) 
after 1998 is approximately 67%, much higher than that of 
the vorticity advection term (33%, within the box in Fig. 6d). 
In sum, the weak (significant) teleconnection pattern might 

result from the adverse (reinforced) effect of vortex stretch-
ing process and absolute vorticity advection by divergence 
flow during the pre–1998 (post–1999) period.

To further explain why only CP–type precipitation 
mode after 1998 is associated with remarkable generation 
and propagation of Rossby waves, the four terms (S1–S4) 
in Eq. (4), that is, the interaction processes between the 
mean state ( V�  and �  ) and perturbations ( V ′

�
 and � ′ ), 

were examined. The regression maps of S1–S4 during 
the pre–1998 period were shown as Fig. 7. Note that the 
variables with primes indicate the regressions onto the 
pre–1998 and post–1999 PC1s, which could be consid-
ered as the anomalous circulation induced by the differ-
ent precipitation modes. For the S1 term ( −�∇ ⋅ V �

�
 ), the 

interaction between the mean absolute vorticity and the 
heating–related divergence, is extremely weak in tropics 
due to the small climatological absolute vorticity. The 
mean absolute vorticity increases along the latitude and 
its gradient is large over the East Asian westerly jet region 
and subtropical central–eastern Pacific between 10°N and 
30°N, where the isolines of absolute vorticity are dense 
(contours in Fig.  7a). The anomalous divergence flow 
associated with the EP–type precipitation mode shows 
convergence over the tropical WP and CP and divergence 

Fig. 5  Regression maps of the 
300–hPa Rossby wave source 
(RWS) (shading; unit:  s−2), 
horizontal Plumb flux (vec-
tor; unit:  m2 s−2) and vertically 
integrated diabatic heating 
anomalies (contour; unit: 
W m−2) onto the a pre–1998 
PC1 and b post–1999 PC1. The 
contour interval for diabatic 
heating is 4.0 W m−2. The stip-
pling indicates significance at 
the 95% confidence level

(a)

(b)
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over the tropical EP (vectors in Fig. 7a). To the north of 
10°N, negative S1 anomalies appear over the subtropical 
CP, where the divergence anomalies are significant and 
mean absolute vorticity is large. For the S2 ( −� �∇ ⋅ V� ),the 
interactive process between anomalous absolute vorticity 
and mean divergence, is negative over the northern CP. 
It is jointly contributed by the coupling of climatological 
southerly wind and the anomalous negative vorticity (con-
tours in Fig. 7b) excited by the EP precipitation pattern. 
S3 term ( −V�

�
⋅ ∇�  ), that is, the mean absolute vorticity 

advection by anomalous divergence flow, is featured by 
positive anomalies over the northern CP region (within 
the target area in Fig. 7c). The anomalous northerly associ-
ated with the EP–type precipitation mode, together with 
large absolute vorticity gradient, gives rise to the signifi-
cant S3 anomalies. Because of the deformed and weak 
vorticity anomaly between 170°E and 120°W induced by 
the specific EP precipitation mode, S4 term is trivial over 
the northern CP and EP (Fig. 7d). Overall, the opposite 
effect of S1 and S3 (consistent with Fig. 6a, b) leads to 

the insignificant RWS anomalies during the pre–1998 
period. The S3 term ( −V�

𝜒
⋅ ∇𝜁> 0) offset S1 ( −�∇ ⋅ V �

�

< 0) possibly due to the heating–induced northerly wind 
( V′

�
< 0) over the studying area and the divergence to its 

north ( ∇ ⋅ V �
𝜒 > 0 ). In short, the divergence flow excited 

by tropical EP precipitation anomalies plays a vital role 
in the feeble teleconnection pattern during the pre–1998 
period.

The behaviors of S1–S4 vary greatly during the 
post–1999 period (Fig. 8). The CP–type precipitation pat-
tern is associated with a well–organized convergence flow 
over the WNP and divergence flow over the CP (vectors 
in Fig. 8a, c) and a zonal–elongated strong negative vorti-
city center over the northern CP (contours in Fig. 8b, d). 
Hence, such strong divergence flow induced by tropical 
diabatic heating, together with the mean absolute vorticity 
distribution and its gradient, causes the significant nega-
tive S1 and S3 anomalies over the northern CP (Fig. 8a, 
c). In addition, the interaction between the heating–excited 
negative vorticity center and climatological convergence 

(a)

(b)

(c)

(d)

Fig. 6  Regression maps of the (upper panel) vortex stretching and 
(bottom panel) absolute vorticity advection terms shown in Eq.  (2) 
onto the a, b pre–1998 PC1 and c, d post–1999 PC1 at 300  hPa. 
The stippling indicates significance at the 95% confidence level. 

The boxes in (a) and (b) denote the focused area (7.5°N–25°N; 
155°E–150°W). In (c) and (d), the boxes represent the area between 
7.5°N–20°N and 155°E–150°W
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favors the significant negative anomalies of S2 (Fig. 8b). 
S4 term ( −V� ⋅ ∇� � ) is partly determined by the gradient 
of anomalous absolute vorticity. Hence, weak negative 
S4 anomalies are observed to the north of this negative 
absolute vorticity center and strong positive S4 anomalies 
to its south (Fig. 8d). All of the four physical processes 
contribute to the total RWS anomalies over our interested 
area (Fig. 5b). Over the target area, the area-averaged S2 
term approximately offsets the area-averaged S4 term. The 
contribution rates of S1 and S3 to the total value are 39.5 
and 60.5%, respectively, suggesting a relative dominant 
role of S3. Consequently, both the anomalous divergence 
southerly flow and negative absolute vorticity exert great 
impacts on the generation of Rossby wave and the observa-
tional teleconnection pattern from the tropics to mid–high 
latitudes after 1998.

In sum, the observational evidence shows that the 
EP–type precipitation mode is associated with a shapeless 

vorticity anomaly center and weak divergence flow to the 
north of the precipitation center, leading to a feeble tele-
connection pattern at the mid–high latitudes. The CP–type 
precipitation pattern, which could induce a well–organ-
ized vorticity anomaly center and significant divergence 
southerly, possibly results in the effective generation of 
Rossby wave.

5  Numerical results

It has been demonstrated that the divergence flow and 
vorticity anomaly induced by distinguishable precipita-
tion modes might primarily determine the existence of 
significant teleconnection patterns. To further verify our 
hypothesis, several experiments based on LBM were car-
ried out (Table 1).

(a)

(b)

(c)

(d)

Fig. 7  Regression maps of the S1–S4 anomalies (shading; unit: 
 s−2) onto the pre–1998 PC1. In (a) and (c), the contour denotes 
the mean absolute vorticity for 1980–1998 and the vector is the 
regressed divergence wind onto the pre–1998 PC1 at 300  hPa. In 
(b) and (d), the contour denotes the regressed absolute vorticity 

onto the pre–1998 PC1 and the vector is the mean divergence wind 
for 1980–1998  at 300  hPa. The stippling indicates significance at 
the 95% confidence level. The boxes denote the area (7.5°N–25°N; 
155°E–150°W)
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5.1  LBM experiments

The spatial distributions of the ideal heating prescribed 
in the model and the responding 300–hPa geopotential 
height responses were presented in Fig. 9 (Exps. 1 and 2 in 
Table 1). According to the spatial structure and magnitude 
of observational EP–type precipitation and associated dia-
batic heat (Fig. 3a), the heating sink (source) was placed 
onto the WP (EP) with a heating rate at the center of − 1.6 
(1.3) K day−1 at the sigma level of 0.45 (Fig. 9a–c). Fig-
ure 10a shows the vertical profiles of the heat forcing over 
the WP and EP with a vertical extremum of − 1.6 and 
1.3 K day−1 respectively. As a response to heat sink over 
the WP, an anomalous cyclonic and weak anticyclonic cir-
culation appear over the subtropical WP at the upper level 
(Fig. 9a). On the contrary, the EP heating experiment is 
featured by a completely opposite pattern, with positive 
geopotential height anomaly over the tropics and nega-
tive nearby Japan (Fig. 9b). The joint effect of WP and 
EP heating anomalies is practically negligible (Fig. 9c). 
The responses to the WP and EP forcing are actually the 

(a)

(b)

(c)

(d)

Fig. 8  Same as Fig. 7, but onto the post–1999 PC1. The mean absolute vorticity and divergence wind are averaged during 1999–2016. The boxes 
denote the area (7.5°N–20°N; 155°E–150°W)

Table 1  Four groups of the numerical experiments, including the 
details of heat forcing and basic state imposed into LBM

Experiment Forcing Basic state

Exp. 1 EP–type WP − only 1980–1998
(pre–1998)EP − only

WP + EP
Exp. 2 CP–type WNP − only 1999–2016

(post–1999)CP − only
WNP + CP

Exp. 3 EP–type WP − only 1999–2016
(post–1999)EP − only

WP + EP
Exp. 4 CP–type WNP − only 1980–1998

(pre–1998)CP − only
WNP + CP
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 9  Response of 300–hPa geopotential height (shading; unit: 
m) and horizontal winds anomalies (vector; unit: m s−1) to the heat 
forcing over the a WP, b EP and c WP + EP with the basic state of 
1980–1998 (Exp. 1 in Table 1) and d WNP, e CP and f WNP + CP 
with the basic state of 1999–2016 (Exp. 2 in Table 1). The contour 

shows the horizontal distribution of the heat forcing for each case at 
the sigma level of 0.45. The interval for heat forcing is 0.4 K day−1. 
The stippling indicates significance of geopotential height at the 95% 
confidence level

Fig. 10  Vertical profile of the 
specific heating (K day−1) at 
sigma levels in the cases of heat 
forcing a over the WP and EP 
during the pre–1998 period, b 
over the WNP and CP during 
the post–1999 period. Heat sink 
is dashed. The numbers in (a) 
and (b) represent the maximum 
and minimum heating rate at 
sigma level of 0.45

(a) (b)
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results adding the WP–only and EP–only numerical cases 
together due to the linearity of the LBM used in the pre-
sent work. However, the experiment with both WP and 
EP forcing is still shown here to further investigate the 
joint contribution of precipitation anomaly over differ-
ent regions to the variation of the teleconnection pattern 
clearly. Note that, in the case of sole EP heating, the anti-
cyclonic center is located in the western North Pacific, 
far northwest to the heating center. Besides, the whole 
wave–like pattern excited by the EP heating seemly shifts 
westward and is slightly inconsistent with previous stud-
ies that focused on the ENSO induced circulation (Horel 
and Wallace 1981; Hoskins and Karoly 1981). This might 
be due to the boreal spring which is studied in our work. 
The tropical heat forcing for the EP type is placed more 
southeastward than the traditional precipitation distribu-
tion associated with the ENSO events. In addition, the 
subtle differences were also observed between the obser-
vations (Fig. 4b) and the model response of the Exp. 1. 
Previous studies have suggested that the transient eddy 
feedback may modify the extratropical responses to the 
tropical thermal forcing (Lin and Derome 1997, 2004). 
Hence, such differences between observation and simula-
tion might be attributable to the lack of eddy forcing in the 
LBM. Besides, the idealized shape of heat forcing imposed 
into the model also may lead to some discrepancies. How-
ever, this problem is not fully understood and needs further 
analysis. Nonetheless, the model indeed produced a feeble 
atmospheric teleconnection, generally consistent with the 
observations. It gives a hint that the WP and EP precipita-
tion, featured by a zonally elongated positive and nega-
tive anomalies, may have opposite effects on exciting the 
extratropical teleconnection patterns.

The CP–type precipitation pattern was idealized in 
LBM as an elliptic heat sink (source) over the WNP (CP) 
with a heating rate at the center of − 1.5 (1.9) K day−1 at 
the sigma level of 0.45 (Fig. 9d–f) and their vertical pro-
file were presented in Fig. 10b. Suppressed precipitation 
over the WNP could induce alternating cyclonic and anti-
cyclonic circulations from the tropics to the Beaufort Sea 
(Fig. 9d). In contrast, enhanced precipitation anomalies with 
a comma–like shape over the CP is associated with a signifi-
cant teleconnection pattern extending from tropic Pacific to 
the North Atlantic Ocean, which is featured by anomalous 
anticyclonic circulation along the north edge of precipita-
tion center, cyclonic near Japan, anticyclonic over the Arctic 
Ocean and weak cyclonic circulation over the Baffin Island 
and Greenland (Fig. 9e). Thus, their conjunct impacts on 
the extra–tropical circulation (Fig. 9f) are mainly deter-
mined by the CP precipitation anomalies. Model simulation 
(Fig. 9f) shows high similarity to the observational result 
(Fig. 4d), though some subtle differences still can be found 
at mid–high latitudes. Overall, the model experiments in this 

subsection add support to the conclusion that the CP–type 
precipitation mode could induce a significant teleconnection 
pattern from the subtropical CP to the North Atlantic Ocean.

5.2  Role of basic state in exciting teleconnection 
patterns

As mentioned in Sect 4.2, all of S1–S4, which delineate 
the interactive physical processes between heating–induced 
anomaly circulation and mean state, are conductive to the 
generation of Rossby wave during the post–1999 period. The 
role of mean state during the pre-1998 and post-1999 period 
in exciting different teleconnection patterns during the two 
periods will be addressed in this subsection.

First, the interdecadal differences of climatological diver-
gence flow and absolute vorticity before and after 1998 were 
examined (Fig. 11). There is a significant positive center of 
absolute vorticity over the subtropical CP, indicating inter-
decadal intensification of absolute vorticity and change in 
the absolute vorticity gradient. They may affect the RWS 
variability through S1 and S3 terms. In addition, the diver-
gence is enhanced over the WP and the southerly is also 
significantly reinforced over the subtropical CP during the 
post–1999 period (also could be seen in Figs. 7b and 8b). 
Thus, the RWS may be modulated by the changed mean 
divergence and divergence wind through S2 and S4 terms. 
Therefore, the observational evidence shows that the basic 
state indeed experiences a significant change during the 
two periods, especially over the subtropical CP. Question 
still remains whether such an interdecadal change in basic 
flow before and after 1998 is responsible for the teleconnec-
tion excitation and propagation. To figure it out, sensitive 
experiments to the basic state were performed (Exps. 3 and 
4 shown in Table 1). Exp. 3 uses the EP–type heat forcing 
(WP and EP), together with the observed spring climatology 

Fig. 11  The differences of mean absolute vorticity (shaded; unit:  s−1) 
and divergence wind (vector; unit: m s−1) between the pre–1998 and 
post–1999 periods (post–1999 minus pre–1998). The stippling and 
thick vectors indicate differences at or above the 95% confidence level
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for the post–1999 period, while Exp. 4 uses the CP–type 
heat forcing (WNP and CP) based on the climatology for 
the pre–1998 period. The comparison between Exps. 3 and 
1 (Exps. 4 and 2) could help understanding the role played 
by changes of the basic state.

The model output of these two sensitive experiments are 
shown as Fig. 12. The result of Exp. 3 exhibits high similar-
ity to that of Exp. 1 both the spatial patterns and the magni-
tude of atmospheric responses. Even though the mean state 
was replaced by the post–1999 climatology, the response to 
the EP–type precipitation mode is insignificant and shape-
less. Similarly, the model result of Exp. 4 is analogous to 
that of Exp. 2, indicating that the change of spring basic state 
before and after 1998 is not a crucial factor that determines 
the generation and propagation of teleconnection patterns. 
The spatial distribution of the negative/positive precipitation 
anomalies seems to hold the key to the significant telecon-
nection appearance.

It is worthy to note that in traditional view the tropical 
precipitation pattern associated with the canonical El Niño 
was supposed to be related with a significant Pacific–North 
American (PNA)–like teleconnection in winter (Hoskins 
and Karoly 1981). However, the EP–type precipitation 
mode could not induce remarkable teleconnection in the 
present work. To figure it out, another sensitive experiment 
(EP–type heat forcing with the winter–mean basic state) was 
carried out using the LBM. It was found that the EP–type 
precipitation pattern identified in our work could excite 
a PNA–like teleconnection with the basic flow in winter 
(figure not shown). Considering the ineffectively genera-
tion of a poleward wave train in spring (Fig. 9c), hence, the 
atmospheric responses to thermal forcing in spring is quite 
different from that in winter. It was demonstrated that the 
basic state change between 1980 and 1998 and 1999–2016 in 
spring plays a trivial role in the excitation of teleconnection 
pattern, however, the differences of the basic flow between 

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 12  Same as Fig. 9, but for the Exps. 3 and 4
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the winter and spring could result in extremely distinguish-
able teleconnection patterns.

6  Summary and discussion

Our previous study (GWW2016) has shown that the leading 
mode of precipitation anomaly in spring shifted from an 
EP–type to a CP–type pattern around the late 1990s. Fol-
lowing this work, we attempted to investigate the robust-
ness of such an interdecadal change in the main precipita-
tion mode after the 2015/16 super El Niño occurred and 
to explore the impact of two distinct precipitation anom-
aly patterns on the extratropical teleconnection in current 
study. The case study of 2016 spring found that the tropical 
Pacific precipitation anomaly pattern is featured by a zonal 
dipole pattern with positive precipitation anomalies over 
the CP and negative over the WNP, highly similar to the 
CP–type precipitation mode. The EOF analyses during the 
1980–2016 period added support to the significance of the 
interdecadal change in main precipitation mode in spring 
after 1998. Consequently, it has been demonstrated that the 
spring precipitation interannual variability over the tropical 
Pacific displays a remarkable interdecadal change in its lead-
ing mode after 1998.

Further analyses revealed that the CP–type precipitation 
mode is closely related to a significant teleconnection pat-
tern extending from the tropics to North Atlantic Ocean, 
while the teleconnection associated with the EP–type pre-
cipitation mode is unclear. It suggested that extratropical 
circulation may experience an interdecadal change of the 
interannual variation due to the shift of precipitation mode 
in spring over the Pacific Ocean. To detect the mechanisms 
of such teleconnection pattern after 1998, both the RWS 
and horizontal component of Plumb flux were examined. It 
turned out that only for CP–type precipitation mode during 
the post–1999 period, significant RWS anomalies over the 
subtropical CP and clear Rossby wave propagation from the 
tropics to Arctic Pole were detected. It was suggestive of 
effective generation and propagation of Rossby wave for the 
CP–type precipitation mode while weak forcing of Rossby 
wave for the EP–type. From the perspective of vorticity gen-
eration balance, we found that for the pre–1998 EP–type 
precipitation mode, the vortex stretching term was offset by 
the absolute vorticity advection term to a large extent over 
the subtropical Pacific due to the feeble divergence flow and 
shapeless vorticity anomaly induced by the anomalous pre-
cipitation. For the post–1999 CP–type precipitation mode, 
the specific distribution could result in strong divergent 
southerly and well–organized negative vorticity anomaly, 
leading to the effective contribution of the vortex stretching 
and absolute vorticity advection terms to the total RWS. It 
was indicative of significant generation of vorticity source 

and propagation of Rossby wave for the CP–type precipita-
tion pattern.

Results from several model experiments in LBM further 
confirm the distinct teleconnection behavior induced by 
different precipitation patterns. For EP–type precipitation 
mode, the influence of negative precipitation anomalies 
over the WP on the teleconnection is opposite to that of 
positive precipitation anomalies over the EP. Hence, the tel-
econnection pattern jointly contributed by them is weak and 
insignificant. In contrast, the model response to the CP–type 
precipitation mode greatly resembles the observational tel-
econnection pattern, with anticyclonic anomalies over the 
subtropical CP, cyclonic circulation over the central North 
Pacific, anticyclonic over the Arctic Sea and cyclonic cir-
culation over the North Atlantic. In particular, the contri-
bution of the comma–shaped precipitation anomalies over 
the CP is dominant. As a result, the model results by LBM 
proved that the EP–type precipitation mode cannot induce 
significant teleconnection pattern, while the CP–type pre-
cipitation mode could excite an apparent poleward–prop-
agating teleconnection pattern due to its specific location 
and spatial distribution of negative/positive precipitation 
anomalies. Experiments decided to inspect the sensibility 
to the basic state suggested that the change in the spring 
basic flow before and after 1998 plays a minor role in induc-
ing extratropical teleconnection compared with the tropical 
precipitation forcing.

To summarize, the interdecadal change in the precipita-
tion anomaly mode in spring over the tropical Pacific could 
exert tremendous impacts on the extratropical teleconnec-
tion variability. However, there are still subtle differences 
between the model simulations and observational results. 
For instance, the observational anomalous cyclonic circula-
tion over the central North Pacific is stronger and the anti-
cyclonic circulation over the western Canada shifts more 
southeastward than the model’s responses (Figs. 4d and 
9f). These differences at mid–high latitudes between model 
results and observations might be attributed to the lack of 
transient eddy feedback in LBM. Hence, the role of transient 
eddy activity in heating–inducing teleconnection patterns 
needs further examination in the future work.
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