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Abstract Present work uses 1979-2005 monthly obser-
vational data to study the impacts of El Nifio Modoki on
dry/wet conditions in the Pacific rim during boreal summer.
The El Nifio Modoki phenomenon is characterized by the
anomalously warm central equatorial Pacific flanked by
anomalously cool regions in both west and east. Such zonal
SST gradients result in anomalous two-cell Walker Cir-
culation over the tropical Pacific, with a wet region in the
central Pacific. There are two mid-tropospheric wave trains
passing over the extratropical and subtropical North Pa-
cific. They contain a positive phase of a Pacific-Japan
pattern in the northwestern Pacific, and a positive phase of
a summertime Pacific-North American pattern in the
northeastern Pacific/North America region. The western
North Pacific summer monsoon is enhanced, while the East
Asian summer monsoon is weakened. In the South Pacific,
there is a basin-wide low in the mid-latitude with enhanced
Australian high and the eastern South Pacific subtropical
high. Such an atmospheric circulation pattern favors a dry
rim surrounding the wet central tropical Pacific. The El
Niflo Modoki and its climate impacts are very different
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from those of El Niflo. Possible geographical regions for
dry/wet conditions influenced by El Nifio Modoki and El
Nifio are compared. The two phenomena also have very
different temporal features. El Niflo Modoki has a large
decadal background while El Nifio is predominated by
interannual variability. Mixing-up the two different phe-
nomena may increase the difficulty in understanding their
mechanisms, climate impacts, and uncertainty in their
predictions.
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Boreal summer teleconnections - The Pacific rim

1 Introduction

The summers of 1994, 2002, and 2004 were identified as
the El Nifio summers based on the Nifio3.4 index by the
Climate Prediction Center of NOAA, USA'. However, the
sea surface temperature (SST) distribution in the tropical
Pacific in these events had a common feature that was not
typical during the canonical El Nifio. The warmest SST
anomalies (SSTA) during these events were maintained in
the central equatorial Pacific with cooler SSTA in both east
and west, while the warmest SSTA during the canonical El
Nifio events appears in the eastern equatorial Pacific (Ya-
magata et al. 2004; McPhaden 2004; WMO 2005 in http://
www.wmo.int/index-en.html). Moreover, the teleconnec-
tion patterns in these events were also very different from
those related to the canonical El Nifio. For example, during
El Nifio summers, much of the Japan Sea side in the
southern Japan and much of the western USA tend to have

' http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/enso-

stuff/ensoyears.shtml
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above-normal rainfall and/or below-normal temperature?.
The tropical storm activity over western North Pacific is
displaced southeastward so that there would be less ty-
phoon activity near Japan (Chan 2000; Saunders et al.
2000; Chia and Roplewski 2002). On the contrary, in the
summer of 2004, for example, much of Japan experienced
droughts due to lack of rainfall and record-breaking high
temperature. Meantime, a record-breaking number of ten
typhoons landed on Japan in that typhoon season; six of
them made landfall in that summer’. These typhoons
brought abundant rainfall to the Nansei Islands and the
Pacific Ocean side of the southwestern Japan causing local
floods (Kim et al. 2005). Half a globe away, the 2004
Atlantic tropical storm activity was also unusually high.
The August of 2004 had eight named storms forming over
the Atlantic in a single month. Four hurricanes hit a single
state (Florida) in the 2004 hurricane season” (June—
November), which is not the case during El Nifio (Gray
1984). Moreover, the western North America from Alaska
to California suffered from droughts. Some areas in the
western USA experienced persistent severe drought in the
beginning of the twenty-first century. Persistent droughts
were also observed in northern and eastern Australia al-
most in the same period; the year of 2002 was the fourth
driest year on record (Coughlan et al. 2004). Apparently,
these persistent regional climate extremes cannot be ex-
plained by canonical El Nifio or La Nifia teleconnection
patterns. As will be shown later, these extremely dry and
wet conditions are very likely related to an unusual tropical
SSTA pattern, known in Japan as El Nifio Modoki (or
Pseudo El Nifio) coupled ocean—atmosphere phenomenon’
(Ashok et al. 2007).

Since the El Niflo Modoki phenomenon is characterized
by above-normal SST in the central equatorial Pacific
flanked by below-normal SST in both east and west, there
is negative (positive) zonal SST gradient in the eastern
(western) tropical Pacific. The El Nifio Modoki phenome-
non is quantified by an El Nifio Modoki Index (EMI)
constructed by Ashok et al. (2007). The index captures the
zonal SST gradients in both eastern and western tropical
Pacific.

The roles of along-equator SST gradient in the intensity
and the longitudinal position of the Walker Circulation
were discussed by Bjerknes (1969), which has large
influence on precipitation in the Pacific region. Lindzen
and Nigam (1987) used their model experiments to show
that a large fraction of the total convergence in the central
and western tropical Pacific is due to the zonal SST gra-

2 http://www.data.kishou.go.jp/climate/elnino/tenkou/sekail.html

3 http://www.data.kishou.go.jp/climate/cpdinfo/monitor/2004/2_1.html
4 http://en.wikipedia.org/wiki/2004_Atlantic_hurricane_season

3 http://www japantimes.co.jp/cgi-bin/getarticle.pl57nn20040724£3.htm
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dient, which is the major contributor to observed precipi-
tation anomalies. Modeling studies have confirmed that
precipitation anomalies are primarily associated with
anomalous low-level moisture convergence (e.g., Shukla
and Wallace 1983). Thus, anomalous atmospheric circu-
lations that are directly or indirectly forced by anomalous
tropical zonal SST gradients and the associated low-level
moisture convergence are the links between the moisture
source in the tropical Pacific and the precipitation anom-
alies in the Pacific rim countries.

The canonical El Nifio phenomenon has already been
extensively studied. The research topics on El Nifio vary
widely from the observational analyses (e.g., Rasmusson
and Carpenter 1982; Wallace et al. 1998; Rasmusson 1991;
Larkin and Harrison 2005) to modeling studies (e.g., Ze-
biak and Cane 1987; Xie 1995; Neelin et al. 1998; Kang
and Kug 2002). However, to quantify an El Nifio event
itself is still a problem, because the term ‘‘El Nifio’’ has
been used for different physical meanings (Trenberth 1997;
Trenberth and Stepaniak 2001; Larkin and Harrison 2005).
It is no wonder that various El Nifio indices were proposed®
since Rasmusson and Carpenter (1982).

El Nifio events are in general identified based on a single
area-averaged SSTA in the eastern or central equatorial
Pacific. It is possible that any equatorial Pacific ocean-
atmosphere coupled phenomena that satisfy the criterion of
a specified El Niflo index, such as the Nifio3.4 index, could
be identified as ‘‘El Nifio’” events. However, this objective
method identifies an El Nifio event despite that the maxi-
mum SSTA is either in the eastern equatorial Pacific
(~Nifo3 area) or in the central equatorial Pacific (~Nifio4
area), and disregard whether the SST gradient in the east-
ern or western equatorial Pacific is positive or negative.
Thus, some events that did not have the features of the
canonical El Nifio have been classified as El Nifio based on
the Nifio3.4 index. For example, the period of 1990-1995
was previously identified as a prolonged El Nifio-Southern
Oscillation (ENSO) event by Trenberth and Hoar (1996).
Interestingly, they did find that in the canonical El Nifio
region (the eastern equatorial Pacific) SSTA had waxed
and waned, while the SSTA in the central equatorial Pacific
in the Nifio4 region remained positive from 1990 to June
1995. Although they concluded that the prolonged warm-
ing event was something different from the canonical El
Nifio, they did not classify it into a phenomenon which is
different from El Nifo. In a very interesting paper about
the evolution of the 2002-2003 El Nifio, McPhaden (2004)
found some peculiar spatial characteristics: the maximum

S The definitions of some commonly used El Nifio indices, such as
Nifiol+2, Nifio3, Nifo4, and Nifio3.4 can be found in many refer-
ences, e.g., http://www.cpc.ncep.noaa.gov/products/analysis_moni-
toring/bulletin/table2.html.
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SSTA was maintained in the central equatorial Pacific that
was different from the canonical El Nifio. Similar feature
was found in the 2004-2005 event (Ashok et al. 2007).

As will be shown in the present paper, the rainfall
anomalies in some Pacific rim countries associated to these
events were very different from those to the canonical El
Nifio events. Thus, the 1994-1995, 2002-2003, and 2004—
2005 events should be classified into El Nifio Modoki
events rather than El Nifio events. It would otherwise be
difficult to recognize and understand different climate
impacts and teleconnection patterns related to these events.
Mixing-up the two different phenomena may increase the
difficulty in understanding their global and regional climate
impacts and uncertainty in their predictions.

The purpose of this work is to explore the teleconnection
paths between the SSTA in the equatorial Pacific and the
extremely dry/wet conditions in some Pacific rim countries
during El Nifio Modoki summer, which are distinguished
from those during El Nifio summer. The material is ar-
ranged as follows. Section 2 describes the data and meth-
ods we use. Section 3 introduces the unique spatial and
temporal characteristics of El Nifio Modoki. Section 4
discusses anomalous upper-level and vertical atmospheric
circulations as part of teleconnection paths. Section 5
compares different features of the mid- and lower-tropo-
spheric circulations and related rainfall anomalies between
El Nifio Modoki and El Nifo. Section 6 discusses some
issues and caveats and makes concluding remarks.

2 Data and methods

We make use of multiple datasets in this study for the
period from January 1979 through December 2005:
monthly datasets of SST from HadISST (Rayner et al.
2003), atmospheric fields from the NCEP/NCAR Reanal-
ysis data (Kalnay et al. 1996), and rainfall from the Global
Precipitation Climatology Project (GPCP) Version 2
Combination data (Adler et al. 2003). Although the GPCP
precipitation data set is good for open oceans (Yu and
McCreary 2004; Yin et al. 2004), it does not provide the
information as detail as we would like to have for some
Pacific rim countries. Thus, additional in-situ rainfall data
for the USA, Japan, and China are also used in the anal-
yses.

For background knowledge, Fig. 1 gives some of the
climatological mean fields averaged for 1979-2005 boreal
summers (June—July—August, or JJA). Figure la shows the
mean fields of SST, 200 hPa velocity potential and diver-
gent velocity, and Fig. Ib shows the mean fields of
500 hPa geopotential height (gph), 850 hPa horizontal
wind, and the precipitation rate. The regions for the two
monsoon systems in East Asia/western Pacific that will be

discussed in this paper are defined as follows: the western
North Pacific summer monsoon is in the region (110°—
170°E, 7°-20°N), and the East Asian summer monsoon is
in the region (110°-140°E, 20°-45°N)’. All the anomalies
discussed in this paper are departures from their respective
means during this period.

Following Ashok et al. (2007), the El Nifio Modoki
index or EMI is defined as

EMI = [SSTA]. — 0.5[SSTA], — 0.5[SSTAy,, (1)

where the square bracket with a subscript represents the
area-mean SSTA, averaged over one of the three regions
specified as the central (C: 165°E-140°W, 10°S—10°N),
eastern (E: 110°-70°W, 15°S-5°N), and western (W:
125°-145°E, 10°S—-20°N). These regions are marked in
Fig. 2a.

The choice of using the three regions to define the EMI
has been justified by Ashok et al. (2007). It is based on the
second mode of an empirical orthogonal functions (EOF)
analysis of the tropical Pacific SSTA between 30°S and
30°N for the period of 1979-2004. The spatial features of
the two leading modes, EOF1 and EOF2, look like those of
the canonical El Nifio and El Nifio Modoki, respectively.
The principal components of the two leading modes, PC1
and PC2®, have very high correlations with the Nifio3 index
(0.98) and the EMI (0.91), respectively. Here, the Nifio3
index is defined by the mean SSTA averaged over the re-
gion (150°-90°W, 5°S—-5°N), as marked in Fig. 2b. Since
the EMI and the Nifio3 index are highly correlated,
respectively, to PC1 and PC2 while the correlation between
PC1 and PC2 is zero, the correlation between the Nifo3
index and the EMI is very low (0.13). As a common
practice, for the convenience of calculation we use the
Nifno3 index and the EMI instead of PC1 and PC2.

While studying the climate impacts of El Nifio Modoki
phenomenon, we isolate the impacts from El Nifio that is
quantified by the Nifo3 index here (or simply as
““Nifio3’’). Most teleconnections between anomaly fields
and the EMI or the Nifio3 index are studied through their

7 There are different definitions about the regions of the western
North Pacific summer monsoon and the East Asian summer monsoon
(Tao and Chen 1987; Wang and Lin 2002; Ding and Chan 2005).
Here we use the definitions by Wang and Lin (2002).

8 Trenberth and Stepaniak (2001), based on the PC2 from a similar
EOF analysis, defined an index called the Trans-Nirio index (TNI) by
the difference between the normalized SST anomalies averaged in the
Nifiol+42 and Nifio4 regions. The TNI does not include the zonal SST
gradient in the western equatorial Pacific. The main difference be-
tween the TNI and EMI is in their concepts. The TNI, just as its name
implies, ‘‘capture the evolution of ENSO in the months leading up to
the event and, with opposite sign, the subsequent evolution after the
event’’. As shown in this work, the El Nifio Modoki phenomenon is
not necessarily a stage of a developing or decaying ENSO cycle.
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partial correlation or partial regression patterns while
keeping the other index unchanged (Behera and Yamagata
2003; Ashok et al. 2007). Since our purpose is to study
only the climate impacts from the tropical Pacific ocean—
atmosphere phenomena, the impacts from other phenom-
ena (e.g., the Arctic Oscillation, the Indian Ocean Dipole)
are not considered here.

All the statistical significance tests for partial correla-
tions and regressions are performed using the two-tailed
Student’s ¢ test. The degrees of freedom used for such a test
are 25 for a time series having 27 summers’. The corre-
lation coefficients at significance levels 80, 90, and 95%
are 0.25, 0.32 and 0.38, respectively. Composite analysis is
also used with the similar significance test; the degrees of
freedom are (N-1) where N is the number of summers to be
composed. To study the temporal characteristics of each

° http://www?2.chass.ncsu.edu/garson/pa765/partialr.htm
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index, we also use the Morlet wavelet transform (Weng and
Lau 1994; Lau and Weng 1995). For simplicity, the terms
“‘summer’’, “‘wet (dry)’’, ‘‘high (low)’’ used in the text are
in fact for ‘‘boreal summer’’, ‘‘wetter (drier) than nor-
mal’’, or ‘‘higher (lower) than normal’’, respectively.
Here, the term ‘‘normal’’ is for the ‘‘climatological mean’’
during this data period. The term ‘‘El Nifio’’ is used for the
canonical El Nifio defined by the Nifio3 index, if not
specified otherwise.

3 Spatial and temporal features of El Nifio Modoki
3.1 Spatial features and some teleconnections
The main spatial features of El Nifio Modoki and El Nifio

are studied by comparing their respective SST and atmo-
spheric anomaly fields. In Fig. 2, we compare the com-
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posites of SSTA over oceans and surface skin temperature
anomalies over land for the three largest El Nifio Modoki
events (1994, 2002, and 2004; Fig. 2a) with those for the
three largest El Nifio events (1982, 1987 and 1997;
Fig. 2b). These cases are chosen based on magnitude of the
two indices in the summers during the data period (Ashok
et al. 2007; also shown later in Fig. 4).

In the tropical Pacific there is a tripole structure of the
SSTA in EI Nifio Modoki (Fig. 2a) while a dipole structure
in El Nifio (Fig. 2b). Associated with those two tropical
phenomena in the equatorial Pacific, the SSTA in other

oceanic regions also show markedly different patterns. For
example, the SSTA in the extratropical North Pacific has a
large-scale warm SSTA during summer of El Nifio Modoki
(Fig. 2a) while a large-scale cool SSTA during summer of
El Nino (Fig. 2b). In the North Atlantic, there are SSTA
wave trains for both phenomena in the vast region from the
Caribbean Sea, through the western North Atlantic and the
Norwegian Sea, to the Arctic Ocean. However, the spatial
phases of the wave trains between the two phenomena are
almost opposite with only slight phase shift in both lon-
gitude and latitude.

@ Springer
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Different teleconnection patterns related to these two
phenomena are also found in surface skin temperature over
land (Fig. 2a, b). For example, the western North America
from Alaska to California, much of Japan, and the lower
reach of the Yangtze River valley in China are warm
during El Nifio Modoki, while cool or near normal during
El Nifo. The large warm region from east of the Ural
Mountain to the northwestern tip of northeastern China,
and the cool region in the Pacific coast of South America
found during El Nifno Modoki (Fig. 2a) experience almost
opposite conditions during El Nifio (Fig. 2b).

Figure 2c is the composite of the six largest ‘‘El Nifio™’
summers during the data period based on the JJA Nifio3.4
index, which is defined by the mean SSTA averaged over
the region (170°-120°W, 5°S-5°N). Figure 2c happens to
be the average of Fig. 2a, b. It is obvious that many of the
aforementioned significant features outside the tropics,
which are almost opposite in anomaly sign between Fig. 2a
and Fig. 2b, are not found in Fig. 2c. The comparison
among the three panels in Fig. 2 clearly shows that the ‘‘El

Nifo’’ defined based on the Nifio3.4 index presents only
the residual signals between two very different phenomena
quantified by the EMI and the Nifio3 index, respectively;
the Nifio3.4 index mixes up the El Nifio Modoki and the El
Nifo.

The differences in rainfall anomaly associated with the
two phenomena in some Pacific rim countries are also
apparent. As example, we compare them for China, Japan,
and the USA based on in-situ data in Fig. 3. Figure 3a—c
gives the normal rainfall amount in the three countries.
Figure 3d-i compares the composite rainfall anomaly
percent to normal in the three countries between the two
phenomena. During El Nifio Modoki (Fig. 3d—f), the dry
areas basically correspond to the aforementioned anoma-
lously warm areas in these countries (Fig. 2a). For exam-
ple, the warm areas in China (Fig. 2a) are in the lower
reach of the Yangtze River valley and the far northern part
of northeastern China where the composite rainfall deficits
exceed 30% (Fig. 3d). Meanwhile, the cool region in
southern China experiences rainfall excess; in some areas

Fig. 3 Climatological (normal) c) -
rainfall in a China, b Japan, and : 13 k} R
¢ the USA for the summers of s 50N+ =SS ¢ ,
1979-2005. Composite summer 4}
rainfall anomaly percent to = 40N 1 v
normal (%) for the three largest _8
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shown in d China, e Japan, and f § 30N
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o P N
3
= 40N 40N
2
.= 30N -
z 30N 1
20N v
20N o
a) )
50N - SILE e ;@:
o
C 40N+ 40N -
z
L 30N -
30N
20N - o »
: : ! (AL P : AT
80E 100E  120E 130E  140E 120W 100W 80W
—-70 —60 —-50 —-40 -30 -20 O 20 30 40 50 60 70 (%)

@ Springer



H. Weng et al.: Impacts of recent El Nifio Modoki on dry/wet conditions in the Pacific rim during boreal summer

the excess surpasses as much as 70%. In Japan (Fig. 3e),
the significantly warm dry areas are between 35°N and
37°N, as well as in southeastern Hokkaido. The largest
rainfall deficits appear in the western part of Japan (the
Japan Sea side of Kyushu, western Chugoku, and the Kinki
area), where the composite rainfall deficits reach or exceed
40%. These dry areas in China and Japan during El Nifio
Modoki (Fig. 3d—e) may experience wet or near normal
conditions during El Nifio (Fig. 3g-h).

The droughts in the western USA during these El Nifio
Modoki summers (Fig. 3f) are severe. The composite
rainfall deficits in some areas of the West surpass 70%
while the land skin temperature is warm (Fig. 2a). Mean-
while, the southern and southeastern states are wet due to
frequent visits of tropical storms. During El Nifio summers
(Fig. 3i), most regions of the West receive excess rainfall,
except for the southwestern states being nearly normal or
slightly dry. The rainfall excess in some areas from
southeastern Oregon to northwestern Wyoming, as well as
southern Utah is as large as 50% and the areas are rela-
tively cool. The composite rainfall anomaly pattern for El
Nino (Fig. 3i) is similar to those in earlier studies with
various degrees (e.g., Ropelewski and Halpert 1986, 1996;
Higgins et al. 1999; Rajagopalan et al. 2000; Seager et al.
2005). It is apparent that the warm temperature during El
Nifio Modoki (Fig. 2a) exacerbates the droughts in the
areas with large rainfall deficits in these countries.

3.2 Temporal features and seasonality

We further study the El Nifio Modoki phenomenon by
comparing the temporal features of the EMI with those of
the Nifio3. Figure 4 presents the normalized Nifio3 and
EMI time series in a year—-month domain to show whether
an index is mainly phase-locked to the seasonal cycle.
Figure 5 presents the wavelet coefficients of the two nor-
malized monthly indices to show their dominant time-
scales.

In general, El Nifio events during the data period
(Fig. 4a) intensify in late summer to early fall, peak in
winter, and decay in the following spring. This feature of
phase-locking with the seasonal cycle has been widely
studied (e.g., Thompson and Battisti 2000; An and Wang
2001; Tozuka and Yamagata 2003; Luo et al. 2005). As
shown in Fig. 5a, the interannual variability of the Nifio3
dominates over the decadal variability, which is consistent
with earlier studies (Zhang et al. 1997; Diaz et al. 2001;
Wang and An 2002; Rogers et al. 2004).

The EMI (Fig. 4b) shows less clear phase-locking with
the seasonal cycle compared with the Nifio3. In some
events, such as in 1994-1995, 2002-2003 and 2004—-2005,
the EMI values in both late summer and late winter are
positively large. During the data period, the positive values

Nino3 Month

EMI Month

1980 1984 1988 1992 1996 2000 2004
Time(year)

-3 -2 -1 -07 0 07 1 2 3 (sb)

Fig. 4 Normalized monthly time series of a Nifio and b EMI for the
period from Jan 1979 through Dec 2005 in the year-month domain.
Each month in the ordinate represents a 3-month running mean. The
standard deviations for the monthly Nifio3 and EMI during the period
are 0.887 and 0.503°C, respectively. The indices for the JJA of 1979-
2005 are used for the partial correlation and partial regression
analyses shown in later figures

of the EMI seem to be clustered in three time sections: (1)
the early 1980s, (2) the first half of the 1990s, and (3) since
2002. There is also an isolated positive EMI in 1986. The
EMI during the data period exhibits large decadal vari-
ability (Fig. 5b). Figures 4b and 5b indicate that, on the
decadal timescale, the three time sections with clustered
positive EMI correspond well to the three positive phases
of the EMI, while the isolated event in 1986 is in a negative
phase. Based on the criterion to define an El Nifio Modoki
event using the EMI index (>0.7 standard deviation by
Ashok et al. 2007), the positive EMI values in the early
1980s are not qualified as ‘‘events’’.

The difference in seasonality between El Nifio Modoki
and El Nifio can also be compared by their related zonal
winds over the eastern tropical Pacific. Since the zonal SST
gradients in the eastern equatorial Pacific are opposite be-
tween the two phenomena, the low-level convergence area
in El Nifio Modoki is expected to be west of that in El
Nifo. As a result, in the eastern tropical Pacific, the zonal
wind direction is mainly opposite between El Nifio Modoki
and El Nifio events. Such a difference at 120°W is shown
in Fig. 6 as an example. The zonal wind direction in El
Niflo Modoki (Fig. 6a) is opposite to that in El Nifio

@ Springer
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Fig. 5 Morlet wavelet real

coefficients (left panels) and

global wavelet spectra (right) of

the normalized 3-month running
mean time series in Fig. 4 for a
Nifio3 and b EMI
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Fig. 6 Partial correlation between the 3-month running mean zonal
wind anomalies averaged over (120°W, 10°S-10°N) and the 3-month
running mean of each of the two indices, a EMI and b Nifo3, at the
pressure levels from 1,000-100 hPa. The correlation coefficients that
are not significant at the 90% level are omitted

3

(Fig. 6b) at most levels almost through the whole ‘‘event
year’’. For El Nifio Modoki, the maximum is found from
late winter through early spring. Interestingly, a secondary
westerly anomaly center appears near 500 hPa in late
summer, showing a more complicated seasonality. This is
consistent with the temporal feature of the EMI time series
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(Fig. 4b). The El Nifio related wind anomaly field shows a
strong annual signal during the event year, which is also
consistent with the temporal feature of the Nifio3 time
series (Fig. 4a).

In what follows, we endeavor to find possible links be-
tween boreal summer dry/wet conditions in some Pacific
rim countries during El Nifio Modoki, by tracing the tele-
connection paths emanating from the equatorial Pacific
through anomalous atmospheric circulations. Such anom-
alous atmospheric circulations are shown to be different
from those related to El Nifo.

4 Upper-level and vertical atmospheric circulations
4.1 200 hPa

It is well known that the velocity potential at 200 hPa
contains information concerning the overall intensity of the
tropical circulations and reflects low-level convergence and
divergence (e.g., Tanaka et al. 2004). Figure 7 shows up-
per-level velocity potential and divergent winds related to
each of El Nifio Modoki and El Nifio, which indicate how
upper-level air flows from the mass sources to sinks.

For El Nifio Modoki (Fig. 7a), the main upper-level
mass source (divergence center) is over the central Pacific
between 10°S and 10°N near the Dateline where SSTA is
positive (Fig. 2a). The main upper-level mass sink (con-
vergence center) is over the southeastern Indonesia. A
secondary upper-level mass sink is found over the far
eastern equatorial Pacific and southern Mexico. The tripole
structure of the upper-level divergence/convergence over
the tropical Pacific corresponds well to the tripole SSTA
distribution in this region (Fig. 2a).
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Fig. 7 Partial correlation patterns of the 200 hPa divergent winds
(arrow) and velocity potential anomalies (shading) with a EMI and b
Nifio3 in the domain of (70°E—40°W, 80°S—80°N). The wind vectors
with correlation coefficients of either zonal or meridional component
that are not significant at the 90% level are omitted

Over the western North Pacific, the upper-level diver-
gence/convergence related to El Nifio Modoki has impor-
tant impacts on the climate in Japan and eastern China
through at least two paths. The first path reflects a direct
influence from the central equatorial warm Pacific. The
anomalous southeasterly divergent winds from the main
mass source directly converge over Japan, East China Sea,
and the western North Pacific to the north of the Philip-
pines.

The second path is an indirect and more complicated
one. Normally, the heat source to drive a summer monsoon
in the western North Pacific summer monsoon region is
dynamically related to the upper-level divergent circulation
centered near the Philippines over the warm pool (Krish-
namurti 1971; also see Fig. 1a, b). During El Nifio Modoki,
the area with maximum anomalous convection over the
warm pool, reflected by the upper-level anomalous mass
source, shifts eastward in the tropical Pacific (Fig. 7a)
compared with the climatological mean (Fig. la, b). A part
of the southeasterly flow from the main mass source turns
southwestward and converges to the main mass sink, which

causes weak upper-level divergence over the Philippine
Sea. Such a mass flow has a large influence on the western
North Pacific summer monsoon and the East Asian summer
monsoon. The descent over Indonesia, as a part of the
anomalous Walker Circulation, suppresses the convection
there and causes low-level divergent flow. The part of the
northward divergent flow excites a secondary anomalous
regional meridional circulation with ascent to its north
(figure not shown). The aforementioned upper-level weak
anomalous divergence zone over the Philippine Sea
enhances the low-level convection over the region, which
in turn enhances the western North Pacific summer mon-
soon. The latter weakens the East Asian summer monsoon
through another secondary regional meridional circulation
with descent to further north. The influences of El Nifio
Modoki on the climate in East Asia through these mon-
soons will be discussed in more detail in Sect. 5.

Strong anomalous northeasterly divergent winds
from the main mass source flow toward southern Indonesia
as well as northern and eastern Australia forming an
anomalous upper-level convergence zone (Fig. 7a). The
latter forces strong descending motion and anomalous
low-level divergence as well as below-normal rainfall
there.

For El Nifio (Fig. 7b), the main upper-level mass
source is located over the eastern tropical Pacific. The
main upper-level mass sink centered over Indonesia and
northwestern Australia (Fig. 7b) is more intensive than
that for the case of El Nifilo Modoki (Fig. 7a). Over
the western North Pacific, there is also an upper-level
convergence band, which is located southeast of its
counterpart in El Nifio Modoki (Fig. 7a), i.e., away from
Japan. This displacement implies that the main descent
in that region is also displaced southeastward, with less
descent over Japan compared with the situation in El
Nifilo Modoki. The anomalous northeasterly divergent
winds from the main mass source to the main mass sink
also converge over a northwest—southeast oriented zone,
which is stronger and displaced slightly eastward than its
counterpart in El Nifio Modoki (Fig. 7a). As expected,
the maximum descent over this region would also shift
eastward compared to that in El Nifio Modoki.

Similarly, in the central-eastern Pacific during El Nifio
Modoki (Fig. 7a), the combination of the anomalous
upper-level divergence over the central tropical Pacific
and the convergence over the eastern tropical Pacific
results in strong descending motion over the eastern
tropical Pacific and Mexico as a part of Walker Circu-
lation. The secondary divergence center over the eastern
South Pacific near (120°W, 30°S) and the convergence
over the southern tip of South America, combined with
the convergence center over the eastern tropical Pacific
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reflects strong regional meridional circulations (figure not
shown) and tropical-extratropical interaction in the east-
ern South Pacific and adjacent South America. It should
be noted that, although the two positive velocity potential
centers shown by linear correlation are not significant
even at the 80% level, the convergence indicated by
the divergent wind related to these centers are significant
at the 95% level. These results are consistent dynami-
cally.

During El Nifio (Fig. 7b), over the eastern Pacific, there
is negative velocity potential with no apparent upper-level
convergence over ocean and very weak convergence over
the tropical South America. This situation implies that
there must be different vertical flows in the tropical South
America between the two phenomena. Moreover, since the
upper-level divergence in the eastern tropical Pacific is
strong, so that the areas with negative velocity potential
extend northeastward and southeastward to pass over North
and South Americas. As a result, during El Nifio summer,
the west coastal areas in both Americas are more likely to
have updraft and associated rainfall, which will be further
compared in Sect. 5.

Fig. 8 Anomalous Walker

4.2 Walker Circulations

The Walker Circulation over the tropical Pacific during El
Nifo Modoki (Fig. 8a) exhibits a clear two-cell pattern in
the troposphere. The joint ascending branches cover a
broad range in the central tropical Pacific between 135°E
and 125°W, associated with anomalous wetness and the
main upper-level mass source near 200 hPa. The
descending branches of the two cells are over the western
and eastern tropical Pacific, corresponding to SSTA dis-
tribution (Fig. 2a) and anomalous upper-level mass sinks
(Fig. 7a). The strong descending motion between 100° and
130°E and the low-level divergent flows of the western cell
are in the region where the normal Inter-Tropical Con-
vergence Zone (ITCZ) and the South Pacific Convergence
Zone (SPCZ) may meet (Fig. 1b; also Waliser and Gautier
1993). Therefore, the normal convection there is sup-
pressed during El Nifio Modoki. Both descending branches
correspond to dry conditions.

The Walker Circulation related to El Nifio (Fig. 8b)
shows a two-cell structure between 90°E and 60°W.
However, there is only one-and-a-half cell over the tropical

[ EMI]

Circulations between 90°E and
60°W based on partial
regression between the
anomalous velocities averaged
over (10°S-10°N) and one of
the two indices a EMI and b
Nifno3. The anomalous vertical
velocity at the pressure levels
has been multiplied by a factor
of —50 to give a better view. The
regressed specific humidity is
shaded. The contours are for
regressed velocity potential
(interval: 2 X 10° m? s’l). The

units labeled in all the
regression patterns here and for

the remaining figures are
actually the units per standard
deviation of the index being
regressed. The standard
deviations for EMI and Nifio3 in
JJA are 0.495 and 0.749C,
respectively

100E

120E

-0.3 -0.25 -0.2 -0.15 -0.1 —-0.05 0.05 0.1

@ Springer

<

60W

140E 160E 180 160W 140W 120W 100W 80OW

. I
0.15 0.2 0.25 0.3 (g/kq)



H. Weng et al.: Impacts of recent El Nifio Modoki on dry/wet conditions in the Pacific rim during boreal summer

Pacific. Most of the tropical Pacific is covered by a wide
ascending branch, spanning over 150°E-85°W, flanked by
the descending branches west of 140°E and east of 80°W.
The western and eastern boundaries of the ascending re-
gion are positioned about 15 and 40°, respectively, in
longitude to east of those of the Walker Circulation in El
Nifo Modoki (Fig. 8a, b). The descent over Indonesia in El
Nifio (Fig. 8b) is stronger than that in El Nifio Modoki
(Fig. 8a). On the contrary, the east cell in El Nifio is much
weaker than that of the El Nifio Modoki, indicated by its
shallow overturning. Although much of Indonesia is in a
descending branch during both phenomena, stronger sub-
sidence is more likely to appear in its western (eastern)
region during El Nifio Modoki (El Nifo).

5 Mid- and low-tropospheric circulations and related
dry/wet conditions

5.1 500 hPa gph anomaly

The 500 hPa gph anomaly field is often used to study
large-scale circulations in the mid-troposphere, which is
closely related to the low-level wave activity in the mid-
latitudes (e.g., Bluestein 1993). The latter in turn relates
to regional moisture and rainfall distribution (e.g., Shukla
and Wallace 1983). Different wave patterns in the
500 hPa gph anomaly fields presented here may be
considered as linear response of the mid-latitude wave
activity to different tropical SSTA forcing in the summer
season during the two phenomena.

For El Nifio Modoki (Fig. 9a), there are two wave
trains crossing the mid- (~30°-45°N) and high- (~55°-
75°N) latitude North Pacific basin. In the western North
Pacific, there is an anomalous high over much of Japan
and anomalous lows to its north and southwest. The
anomalous high and the anomalous low to its southwest
form a positive phase of the Pacific-Japan pattern (Nitta
1987). The pair implies that the western North Pacific
subtropical high has intensified and advanced northwest-
ward over (135°E, 30°N) from its climatological mean
over (160°E, 25°N; Fig. 1b), and that the areas from the
South China Sea to the Philippines experience frequent
cyclonic activity. The anomalous low to the north of
Japan implies that the Okhotsk high is unusually weak.
The position and the intensity of these anomaly centers
have great impacts on the climate of East Asia through
low-level circulations, such as the monsoons in this
region (Wang and Yasunari 1994; Chang et al. 2000; Yang
and Sun 2003; Wakabayashi and Kawamura 2004; Weng
et al. 2004).

In the eastern North Pacific and North America, there is
a pronounced positive phase of a summer Pacific-North

American (PNA) patternlo. The location and intensity of
each component of the summer PNA pattern during El
Niflo Modoki has great impacts on the climate condition in
Mexico and North America, especially on the climate in
the USA. The anomalous low over the central-eastern
North Pacific implies that the Aleutian low is expanded
southeastward. As a result, the normal trough over the west
coast of North America at 500 hPa (Fig. 1b) shifts west-
ward to be off the west coast (Fig. 9a).

The anomalous high over the west coast of North
America is a combination of the anomalous highs in both
subtropical and extratropical wave trains in that region.
The northern one corresponds to the warm anomalies in the
eastern tip of Russia, Alaska, and western Canada
(Fig. 2a). The southern one implies that the normal ridge
over the Midwest of the USA (Fig. 1b) shifts westward to
be over the west coast of the USA. Such a shift is influ-
enced by the enhancement of its upstream anomalous low.
It, in turn, enhances the downstream trough over the east
coast of North America (Fig. 1b) and ‘‘pulls’’ it westward,
manifested by an intense anomalous low right over the
central North America (Fig. 9a).

For El Nifio (Fig. 9b), there is no clear PNA-like pattern
in the eastern Pacific and North America, which is apparent
in El Nifio Modoki (Fig. 9a). Instead, there is a zonally
oriented anomalous low band across the mid-latitude North
Pacific with two anomalous low centers: the stronger one is
to the east of Japan and the weaker one is over the west
coast of the USA. The western North Pacific subtropical
high is retreated southeastward to south of 30°N. Both
Japan and the western USA are under the influence of
positive (negative) 500 hPa gph anomalies during El Nifio
Modoki (El Nifio).

In the South Pacific where it is austral winter during
JJA, there are basin-wide anomalous lows in the mid-lati-
tude and anomalous highs in the high-latitude in both
Fig. 9a, b. However, the anomalies over Australia and
South America are very different between the two phe-
nomena. The differences in location and intensity of these
anomalous highs and lows between the two phenomena are

19 The PNA pattern is most pronounced in boreal winter, but very
weak in boreal summer (e.g., Wallace and Gutzler 1981). Based on
NOAA’s map for PNA patterns at 500 hPa (http://www.cpc.ncep.-
noaa.gov/data/teledoc/pna_map.shtml), the positive phase of July
PNA features above-average heights to the west of Hawaii and the
southeastern USA and below-average heights over the southern
Aleutian Islands and the eastern Canada. The above-average heights
over the western North America that are apparent in the positive
phase of PNA in other seasons are hardly discerned in July. It is this
component of the summer PNA that exerts great impact on the cli-
mate in the western USA during El Nifilo Modoki. Note that the
strength and location of the PNA components have a seasonal
dependence due to various forcings including SSTA in the tropical
Pacific (Leathers and Palecki 1992).
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Fig. 9 Partial regression a)
anomaly patterns of the 500 hPa
geopotential height (blue
contours; unit: m), 850 hPa
wind (red streamlines), and the
partial correlation pattern of
GPCP precipitation rate 30N
anomalies (shading) with a EMI
and b Nino3. The precipitation
correlation coefficients that are
not significant at the 90% level
are omitted. The 850 hPa zonal
wind anomalies in the two black
boxes are used to calculate the
WNPSMI defined by Wang and
Fan (1999)
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well related to the upper-level velocity potential fields
shown earlier. They also imply different low-level circu-
lation and related rainfall patterns between El Nifio Modoki
and El Nifio events that will be shown next.

5.2 850 hPa wind and related rainfall

The 850 hPa wind anomalies presented by streamlines are
consistent with their respective 500 hPa gph anomaly fields
in the mid- and high-latitudes for both phenomena. Since
there is little signal at 500 hPa gph anomaly field in the
tropics, the 850 hPa wind anomalies in the tropics are
important to show the difference in impacts of the two
phenomena on the climate in the tropics and beyond.
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For El Nifio Modoki (Fig. 9a), there are westerly
(easterly) wind anomalies over the western (eastern) trop-
ical Pacific, implying that the local climatological trade
wind shown in Fig. 1b is weakened (enhanced). The wes-
terly wind anomalies meet the easterly wind anomalies
near 150°-130°W. The central-western (eastern) equatorial
Pacific is wetter (drier) than normal. Moreover, the wes-
terly wind anomalies from the western tropical Pacific
seem to divert into three branches near 160°E. From there
one branch is maintained eastward along the equator, while
the other two turn northeastward and southeastward in the
North and South Pacific, respectively. Correspondingly,
there are three branches of the wet zones in the central
tropical Pacific. The two branches that are located on and
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to the north of the equator imply a northward expansion of
the ITCZ. The wet branch to the south of the equator im-
plies an enhanced and slightly southward expanded SPCZ.
Thus, the northeastward and southeastward wind anomalies
transport the anomalous moisture from the central-western
tropical Pacific to the central subtropical North and South
Pacific Oceans, respectively. However, for El Niflo
(Fig. 9b), the westerly wind anomalies from the western
tropical Pacific cross the equatorial Pacific basin all the
way to the coast of South America. The anomalous
westerlies concentrate on the equator and nearby. Thus,
both ITCZ and SPCZ seem to shift equatorward and merge
into a single broad wet band, which extends from the west
of the Dateline to the west coast of South America. The
moisture transport from the tropics to the subtropics mainly
occurs in the eastern Pacific in both hemispheres.

The differences in the low-level circulation and the dry/
wet distributions in the tropical Pacific between the two
phenomena are well related to the differences in the upper-
and mid-level atmospheric circulations, as well as the
Walker Circulations (Fig. 8) and regional meridional cir-
culations (figures not shown). For example, much of Indo-
nesia suffers dry conditions during both phenomena, with
the driest area being more likely in its western (eastern) part
in El Nifio Modoki (El Nifio); it is consistent with the
location of the strong descending motion in their respective
Walker Circulations. In the eastern tropical Pacific, because
of the opposite anomalous zonal and meridional SSTA
gradients between the two phenomena, it is expected that the
low-level convergence and rainfall anomaly in that region
would be very different (Lindzen and Nigam 1987). Due to
the dynamical forcing of the dry (wet) downdraft (updraft) in
El Nifio Modoki (El Nifio) in the eastern tropical Pacific,
some areas in the adjacent tropical South America east of the
Andes experience opposite rainfall anomalies from those in
the neighboring eastern equatorial Pacific.

In the extratropics in both hemispheres, the differences
in wind anomaly patterns between the two phenomena are
also obvious. For example, in the western North Pacific,
there is a large difference in the western North Pacific
summer monsoon and the East Asian summer monsoon
between the two phenomena. For better comparison, we
quantify such a difference by using the western North
Pacific monsoon index (WNPMI) defined by Wang and
Fan (1999), which is the difference of 850 hPa westerlies
between a southern region (100°-130°E, 5°-15°N) and a
northern region (110°-140°E, 20°-30°N); the areas are
marked in Fig. 9. The mean WNPMI averaged for the three
largest El Niflo Modoki (El Nifio) summers during our data
period is 2.53 (-1.03). The largest positive value of the
WNPMI during the data period is 3.18, which appeared in
the summer of 2004—during the most recent El Niflo
Modoki event. The difference in the mean WNPMI

between the two composite phenomena implies that the
western North Pacific summer monsoon in El Nifio Modoki
(El Nifio) is more likely to be stronger (weaker) than
normal. Since the phases of the western North Pacific
summer monsoon and the East Asian summer monsoon are
basically opposite on interannual timescale (Wang et al.
2001), the East Asian summer monsoon in El Nifio Modoki
(El Nifio) is more likely to be weaker (stronger) than
normal, which is also closely related to the position and
intensity of the 500 hPa Pacific-Japan pattern there. Thus,
in El Nifio Modoki, the Philippines and the southern coastal
China are more likely to be wet due to enhanced western
North Pacific summer monsoon, while Japan and the
Yangtze River valley in China are more likely to suffer
from drought due to weakened East Asian summer mon-
soon. The rainfall anomalies in these regions during El
Nino (Fig. 9b) are very different (e.g., Huang and Wu
1989; Weng et al. 1999; Lau and Weng 2001). The dif-
ferences in rainfall anomaly patterns are further confirmed
by the partial correlation between the in-situ data in China/
Japan and the EMI and Nifio3 index as shown in Fig. 10.

Most of previous studies did not recognize the role of El
Nifilo Modoki events when looking at canonical ‘‘El Nifio
impact’” on the western North Pacific summer monsoon.
For example, Wang et al. (2001) hypothesized that a weak
(strong) western North Pacific summer monsoon tends to
occur in the summer after the mature phase of warm (cold)
ENSO. It is interesting to find that the largest positive
WNPMI during the period of 1948-1997 calculated by
Wang et al. (2001) occurred in the summer of 1994; it is
exactly during an El Nifio Modoki event. All the three
largest El Nifio Modoki events during our data period did
not occur in the summer ‘‘after’’ the mature phase of a cold
ENSO. This fact further elucidates that the intensities of
the western North Pacific summer monsoon and the East
Asian summer monsoon do not have a simple relation with
the phase of the warm-cold ENSO cycle (Chou et al. 2003).
It further shows that El Nifio Modoki is not necessarily one
stage of the ENSO cycle, so that the influence of El Nifio
Modoki on these monsoons should not be mixed up with
that of El Niflo.

The difference in the low-level wind anomaly in the
eastern North Pacific between the two phenomena is also
apparent. For example, for El Nifio Modoki (Fig. 9a), there
are southwesterly wind anomalies over the eastern North
Pacific off North America between the 500 hPa low and
high anomalies, and there are northerly dry wind anomalies
over the western USA. These wind anomalies cause wet-
ness over the eastern Pacific and dryness in the western
USA and Baja California (Mexico). The dryness extends to
the northern Great Plains, the western Canada and the
central Alaska (Fig. 9a). For El Nifio (Fig. 9b), the south-
westerly wind anomalies over the eastern North Pacific
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extend eastward and enter the western USA along the
southern flank of the 500 hPa low band near 30°N. The
low-level wind anomalies bring more moisture to this re-
gion, opposite to the El Nifio Modoki case.

In the eastern USA, the rainfall anomaly is mainly
influenced by the anomalous moisture transport from the
Atlantic Ocean and the Gulf of Mexico, not from the Pa-
cific Ocean. However, as shown in Fig. 2a, b, the SST
anomaly patterns in the North Atlantic related to the two
phenomena are basically opposite. It shows that the
atmospheric circulations and moisture transport over there
could also be very different under different influences of
the two phenomena. In El Nifio Modoki (Fig. 9a), the
easterly wind anomaly on the southern flank of the en-
hanced Bermuda high at 500 hPa and the anticyclonic wind
anomaly at 850 hPa off the east coast of the USA favor
bringing in tropical storm and abundant moisture to that
area. This is not the case in El Nifio (Fig. 9b) when there is
an anomalous low at 500 hPa off the east coast of the USA,
because the westerly wind anomalies do not favor moisture
transport from Atlantic Ocean to the southeastern states
(e.g., Gray 1984). The detailed difference in rainfall
anomaly in the USA, especially in the western and south-
eastern states, between the two phenomena is more
apparent by using the 102-divisional rainfall data as shown

in Fig. 10c, f.

In the South Pacific, some remote responses to El Nifio
have been studied (e.g., Andrade and Sellers 1988; Grimm
et al. 2000; Zhou and Lau 2001; Vera et al. 2004). In the
western South America, the main difference appears in
northern Chile because it is in the northern flank of the
anomalous eastern South Pacific high in El Nifio Modoki

Fig. 10 Partial correlations
between in-situ JJA rainfall
anomalies in China, Japan, and
the USA with the EMI (a, b, ¢)
and those with the Nino3 index
(d, e, f), respectively. The
correlations that are not
significant at the 80% level are
also given with the lightest
colored dots for reference
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while under anomalous low in El Nifio. Thus, the area is
very likely to be dry in El Nifio Modoki while wet in El
Nifo. The rainfall anomaly distribution in Australia and its
adjacent region is very sensitive to the displacement of the
SPCZ and its adjacent dry zone to its southwest. As a result
of such a displacement, the dryness in the eastern Australia
and northern New Zealand may be more severe in El Nifio
Modoki than that in El Nifo. It should be noted that the
rainfall anomaly in Australia and its adjacent region is also
under large influence from the mid-latitude systems during
boreal summer, although some of the anomalous mid-lat-
itude systems may be generated by the tropical SSTA.
Thus, the rainfall anomaly there is a combined influence of
the tropical-extratropical interaction.

6 Discussions and concluding remarks

Using recent 27-year multiple observational data sets, we
have shown the existence of the El Nifio Modoki as a
distinguished phenomenon in the tropical Pacific from the
canonical El Nifio. We have also found possible links be-
tween boreal summer dry/wet conditions in the Pacific rim
and the El Nifio Modoki, by tracing the teleconnection
paths emanating from the equatorial Pacific through
anomalous atmospheric circulations, which are different
from those related to El Nifo.

Whether an El Nifio Modoki event is strong or weak
may introduce some differences in the characteristics of its
teleconnection patterns. If an El Nifio Modoki event is
weak, other major factors such as the Arctic Oscillation
that influences the rainfall in the northern Pacific rim
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countries may play more important roles than a weak El
Nifio Modoki does from the tropics. That is one reason why
we have chosen the three largest El Nifio Modoki events
and three largest El Nifio events during the data period for
the composites (Figs. 2, 3) to elucidate the most charac-
teristic features of the two different phenomena.

Moreover, since the three El Nifio Modoki events and
three El Nifio events are well separated in time, no one
event of one kind of phenomenon can be considered as an
evolving phase of an event of another kind on interannual
timescale. Therefore, the signals of one kind of phenome-
non are not smeared by another. The teleconnection pat-
terns shown by partial correlation/regression analyses
further suggest that the El Nifio Modoki and El Nifio are
two different phenomena in both space and time.

The SSTA in the extratropical North Pacific is important
to the rainfall anomaly in the western and central USA
(e.g., Ting and Wang 1997). Recent model experiments
have suggested that the persistent tropical Pacific SST
variations are very likely the ultimate driver of the per-
sistent drought and precipitation events over the Plains and
Southwest of the USA. This is because the SST anomalies
outside the tropical Pacific may themselves be initially
forced as a remote response to SST wvariability in the
tropical Pacific (e.g., Seager et al. 2005). It is possible that
different extratropical influences on the rainfall anomaly in
these regions may actually be related to different tropical
origins between El Nifio Modoki and EI Nifio events.

The three El Nifio Modoki events for the composites are
in positive phases on the decadal timescale. Since the
SSTA in the extratropical North Pacific is also influenced
by, say, the decadal Arctic Oscillation, the response of the
extratropical SSTA to the tropical SSTA distribution may
be different in negative decadal phase (e.g., the 1986
event). Therefore, caution must be made when applying the
composite results obtained here to other time section in
negative phase on decadal timescale of El Nifio Modoki.
The aforementioned relationships should be further studied
by numerical experiments.

Some model simulations (e.g., Lau et al. 2005) indicate
that the rainfall and surface temperature anomalies in the
North American sector tend to have an increased frequency
of droughts and heat waves during the summer season after
warm ENSO events. However, the observational fact is that
there were no major El Nifio events after the 1997-1998
one, yet there was a large-scale persistent drought in the
western USA from the early through mid-2000s. This
persistent extreme climate condition could be related to El
Niflo Modoki in a positive phase on the decadal timescale
during the same period (Fig. 5a). Because of the EMI re-
lated 850 hPa wind anomalies and poleward displacement
of the ITCZ in the central Pacific, the influence of El Nifio
Modoki with larger decadal background on the climate

outside tropics may have larger extent in latitude than that
in El Nifio. Thus, El Nifio Modoki may have a larger
tropical-extratropical interaction than El Nifilo on the
decadal timescale that have important influence on per-
sistent climate extremes in North America (e.g., Cayan
et al. 1998; Barlow et al. 2001; Hu and Feng 2001; Seager
et al. 2005).

It is well known that El Nifio events change the likeli-
hood of particular climate teleconnection patterns around
the world, but the outcomes of each event are never exactly
the same. This is because that the factors such as the
change in local Hadley circulation (Slingo and Annamalai
2000) and the location of the warmest SST anomalies in the
tropical Pacific (Kumar et al. 2006) are also important
when we consider regional climate impact exerted by El
Nifo. It is also true that no two El Nifio Modoki phe-
nomena and their teleconnection patterns are exactly the
same. Since the EMI is defined by three area-averaged
SSTA in the tropical Pacific, two El Nifio Modoki phe-
nomena with the same magnitude of the EMI may have
different SSTA patterns in the tropical Pacific. As long as
the two side regions are cool enough compared to the
central equatorial Pacific, the El Nifio Modoki phenomenon
may be established. It is the combination of the opposite
zonal SST gradients between the western and eastern
tropical Pacific that plays a crucial role in causing the
anomalous two-cell Walker Circulation in the tropical
Pacific: the heart of the El Nifio Modoki phenomenon. Due
to the two-cell Walker Circulation in the tropical Pacific,
the characteristic teleconnection paths of the influence
from the SSTA in the tropical Pacific during El Nifio
Modoki to regional climate in the Pacific rim can be dis-
tinguished from those during El Nifio. Since regional cli-
mate impacts of El Nifio Modoki in the Pacific rim
countries, e.g., those in East Asia and North America, de-
pend more on the zonal SST gradients in the western and
eastern tropical Pacific, respectively, it is desirable to build
more sophisticated El Nifio Modoki indices in the future to
reflect the delicate influence of such a difference in zonal
SST gradients on the climate in some specific regions of
the Pacific rim.

As we have shown in this work that El Nifio, though its
importance is of no doubt, is not the only phenomenon in
the tropical Pacific that exerts global and regional climate
impacts. The linear analyses provided here have shown the
importance of the El Nifio Modoki phenomenon that ex-
cites very different teleconnection patterns from those of
the canonical El Nifio. Furthermore, the results presented
here also cast some doubt on whether the Nifo3.4 index
should be used to identify the canonical El Nifio phe-
nomenon, because this index picks up the warming signal
in either eastern or central equatorial Pacific. As a result,
the Nifio3.4 index related teleconnection patterns represent

@ Springer



H. Weng et al.: Impacts of recent El Nifio Modoki on dry/wet conditions in the Pacific rim during boreal summer

the mixed-up signals of the two different teleconnection
patterns distinguished here. Mixing-up the two different
phenomena would not only increase the difficulty in
understanding their mechanisms and climate impacts, but
also increase the uncertainty in their predictions. The El
Nifo Modoki phenomenon, which has been overlooked for
so long under the shadow of El Nifio, deserves more
attention from the climate community to better understand
its spatial and temporal characteristics as well as its various
climate impacts.
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