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ABSTRACT

Remote influences of ENSO are known to vary with different phases of the interdecadal Pacific oscillation
(IPO). Here, observational and reanalysis data from 1920 to 2014 are analyzed to present a global synthesis of
the IPO’s modulation on ENSO teleconnections, followed by a modeling investigation. Regressions of surface
air temperature 7, precipitation P, and atmospheric circulations upon IPO and ENSO indices reveal sub-
stantial differences between ENSO and IPO teleconnections to regional 7" and P in terms of spatial pattern,
magnitude, and seasonality. The IPO’s modulation on ENSO teleconnections asymmetrically varies with both
IPO and ENSO phases. For a given ENSO phase, IPO’s modulations are not symmetric between its two
phases; for a given IPO SST anomaly, its influence depends on whether it is superimposed on El Nifio, La
Nifa, or neutral ENSO. The IPO modulations are linked to the atmospheric response to tropical SST
anomalies, manifested in the local Hadley circulation and the local Walker circulation at low latitudes and the
Rossby wave train in the extratropics, including the Pacific-North American (PNA) pattern in the Northern
Hemisphere. A set of numerical experiments using CAMS forced with different combinations of the IPO- and
ENSO-related SSTs further shows that the asymmetric modulation arises from the nonlinear Clausius—
Clapeyron relation, so that the atmospheric circulation response to the same IPO-induced SST departure is
larger during a warm rather than a cold ENSO phase, and the response to a warm IPO state is larger than that
to a cold IPO state. The asymmetry depends primarily on the tropical Pacific mean state and tropical SST
anomalies and secondarily on extratropical SST anomalies.

1. Introduction Since the IPO-related SST anomalies exhibit spatial
patterns similar to those of El Nifio-Southern Oscilla-
tion (ENSO), the IPO is naturally referred to as the
ENSO-like interdecadal variability (Zhang et al. 1997).
Whether the IPO is distinct from ENSO, either physically
or statistically, has been debated in many studies (e.g., Dai
2013; Dong and Dai 2015; Westra et al. 2015; Newman
et al. 2016), although we think there exist sufficient dif-
ferences in their temporal and spatial characteristics
to warrant a separation between the two. Nevertheless,
because of their similar SST patterns, the IPO’s tele-
connections to regional climate may resemble those of
ENSO on interannual time scales. Indeed, regions influ-
enced by the IPO (Dai 2013; Dong and Dai 2015) gener-
ally follow those affected by ENSO (e.g., Ropelewski
and Halpert 1987; Halpert and Ropelewski 1992; Dai

The interdecadal Pacific oscillation (IPO) is the
leading mode of 40-60-yr variability in the Pacific sea
surface temperatures (SSTs) (Zhang et al. 1997; Liu
2012). Through interactions with the atmosphere, the
IPO affects temperature, precipitation, and other cli-
mate fields (referred to as teleconnection; e.g., Dong and
Dai 2015, 2017) over other ocean basins (Dong et al.
2016) and many land regions, such as southern Africa,
the Sahel, Australia, India, South America, and western
North America (e.g., Power et al. 1999; Krishnan and
Sugi 2003; Deser et al. 2004; Hartmann and Wendler
2005; Garreaud et al. 2009; Whitfield et al. 2010; Dai
2013; Dai et al. 2015; Dong and Dai 2015, 2017).
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and Wigley 2000; Trenberth et al. 2002; Chen et al. 2008;
Newman et al. 2016). However, substantial differ-
ences are noticed between the impacts of the two modes.
For example, increased winter precipitation over the
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southeastern United States is observed during El Nifio but
not during the warm IPO phase, even though tropical
Pacific SSTs are warmer than normal for both cases (Dai
and Wigley 2000; Dong and Dai 2015). To better un-
derstand the Pacific SST’s impacts on regional climate at
ENSO and IPO time scales, here we work toward a
quantitative global synthesis and comparison of ENSO’s
and IPO’s teleconnections to regional climates.

Besides interdecadal covariations of surface temper-
ature T and precipitation P over many regions with Pa-
cific SSTs, ENSO’s influences on regional climates are
also found to vary with IPO phases. For example, Power
et al. (1999) examined the year-to-year correlation be-
tween the Southern Oscillation index (SOI) and various
climate variables in Australia including temperature,
rainfall, river flow, and crop yield, and found that a robust
ENSO-Australian climate interannual relationship only
exists during cold phases but not during warm phases of
the IPO. Similar modulation of the SOI-Australian
precipitation relationship was further confirmed by
Arblaster et al. (2002) in a coupled climate model and by
Dong and Dai (2015) using longer observational records
and different ENSO and IPO indices. Other than Aus-
tralia, interdecadal modulation of ENSO-T or ENSO-P
correlations by the IPO also exists over southern Africa
and northern India, but not over western Canada and
the southwestern United States, although the climates in
all these regions are significantly influenced by both
ENSO and IPO (Dong and Dai 2015).

Categorizing the Indian summer monsoon rainfall into
each pair of ENSO and the Pacific decadal oscillation
(PDO, which is the North Pacific expression of the TPO)
phases, Krishnamurthy and Krishnamurthy (2014) found
that drought conditions are significantly linked to El Nifio
during warm phases of the PDO (which is also the warm
phase of the TPO), while wet monsoons are more closely
coupled with La Nifia during PDO cold phases. Apart from
their findings, we notice that anomalous rainfall response
to combined ENSO-IPO years is not simply the add-up of
rainfall anomaly of ENSO and IPO years, respectively. In
addition, for a given ENSO state (e.g., El Nifio or La Nifia),
the amount of precipitation change in response to a super-
position of warm IPO phase does not equal a superposition
of cold IPO phase. Similar phenomena are also noted in
Kwon et al. (2013) and in a few AGCM modeling studies
(e.g., Chung et al. 2014; Frauen et al. 2014). Such nonlinear
dependency of the strength of the ENSO teleconnections
on IPO phases is referred to as the “asymmetric modulation
of ENSO teleconnections by the IPO” in our study.

Aside from the nonlinear variation of the asynchro-
nous ENSO-Indian monsoon coupling with the IPO,
over East Asia, Chen et al. (2013) showed that the East
Asian summer monsoon (EASM) following an El Nifio
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event is much stronger during positive PDO phases than
during negative PDO phases. Other than major mon-
soon regions, similar asymmetry in the IPO’s modula-
tion of ENSO’s influence, though with varying strength,
is found over the continental United States (Gershunov
and Barnett 1998; Goodrich and Walker 2011), South
America (da Silva et al. 2011), and Europe (Bice et al.
2012; Lopez-Parages et al. 2015). These studies further
imply that ENSO’s teleconnection is asymmetric for not
only IPO phases, but also ENSO phases, although ex-
plicit quantification of such asymmetry is still lacking.

The causes for the spatial heterogeneity of IPO’s in-
fluence on ENSO teleconnections are not well understood.
Many hypotheses have been proposed to explain the
asymmetry of the modulation, including shifts in the po-
sition of the Walker circulation (Arblaster et al. 2002),
and changes in the strength of the Hadley circulation
(Krishnamurthy and Krishnamurthy 2014) and the west-
ern North Pacific low-level anticyclone (Chen et al. 2013).
While these studies have provided useful information on
this topic, they focused on certain regions, examined dif-
ferent time periods and seasons, and used different data
and methods. As a result, a self-consistent picture of the
processes underlying IPO’s modulation of ENSO tele-
connections over the globe is still needed. Here, with
consistent data and analysis technique, we set to system-
atically quantify this asymmetric modulation by means of
global composite difference maps of climate and atmo-
spheric circulation fields. Furthermore, we attempt to ex-
plain the modulation processes by conducting a group
of coherently designed atmospheric model experiments
which have not yet been touched in previous studies.

The aim of this study is to present a global view of
IPO’s modulation on ENSO teleconnections, including its
asymmetry with respect to the warm and cold phases of
both ENSO and IPO, and more importantly to investigate
the underlying physical mechanisms. Specifically, through a
series of model experiments, we investigate whether the
IPO’s modulation effect is different for El Nifio and La
Nifa, and whether the modulation effect differs when the
same El Nifio (or La Nifia) occurs under a warm or cold
IPO phase. This modeling investigation focuses on the role
of the underlying SST patterns in the tropical and extra-
tropical Pacific. A better understanding of such modulation
mechanisms can benefit and improve ENSO index-based
climate reconstruction and prediction.

2. Data, method, and model simulations

a. Datasets

HadISST, version 1, gridded monthly SST data from
the Met Office (Rayner et al. 2003) were used to define
the IPO and ENSO modes in this study. Monthly
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precipitation data over the oceans since 1979 were from
the GPCP version 2.2 (v2.2) product (Huffman et al. 2009).
We derived monthly precipitation over land by merging
the Global Precipitation Climatology Centre (GPCC;
available online at ftp:/ftp.dwd.de/pub/data/gpcc/html/
fulldata_v7_doi_download.html) (Schneider et al. 2014)
version 7 (v7) product from 1920 to 2010 and the GPCP
v2.2 data from 2011 to 2014. We used the monthly surface
air temperature data over land from 1920 to 2014 from the
Climatic Research Unit Temperature, version 4 (CRU-
TEM4), dataset obtained from the Climatic Research
Unit (available online at http://www.cru.uea.ac.uk/cru/
data/temperature/) (Morice et al. 2012). As in Dong and
Dai (2015), long-term monthly mean and linear trends in
T and P data were removed prior to all calculations and
analyses, which focus on the period from 1920 to 2014, as
SST and other data before 1920 are sparse.

We used a century-long atmospheric reanalysis
product, the ECMWF twentieth century reanalysis
(ERA-20C; available online at http://apps.ecmwf.int/
datasets/data/era20c-daily/levtype =sfc/type=an/) (Poli
et al. 2013) to examine atmospheric circulations associ-
ated with the IPO and ENSO. The ERA-20C assimilates
observations of SST, surface and sea level pressure, and
marine surface winds on a spectral T159 global Gaussian
grid (approximately 125km horizontal grid spacing) with
91 vertical levels (up to 0.01 hPa), and covers the period
from 1900 to 2010. Seasonal atmospheric circulation
patterns associated with the North Atlantic Oscillation
(Hurrell 1995) and the Pacific-North American pattern
(Wallace and Gutzler 1981) in the ERA-20C generally
agree with those in the Twentieth Century Reanalysis,
JRA-55, and ERA-Interim as shown by Poli et al. (2016),
who also showed that none of these circulation patterns
show clear trends or abrupt changes during 1900-2010. We
used the ERA-20C data from 1920 to 2010, which contains
relatively abundant surface observations and is sufficiently
long for extracting the IPO-related component from at-
mospheric circulation fields. We also repeated our analyses
using the Twentieth Century Reanalysis, version 2c (v2c)
(Compo et al. 2011), but since the results (not shown) are
generally similar, we will only present figures based on the
ERA-20C reanalysis in sections 4 and 5.

b. Decomposition of atmospheric overturning
circulation

To investigate the linkage between the IPO and pre-
cipitation variability in the tropics and subtropics, we
decomposed the large-scale overturning circulation into
zonal and meridional components to represent the local
Walker circulation and local Hadley circulation at in-
dividual locations. Physically, both zonal and meridional
overturning circulation satisfy continuity independently,
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which ensures that the complete overturning circulation
is equal to the sum of the two orthogonal components.
Following the method of Schwendike et al. (2014), a
velocity streamfunction vector ¢ is defined as

— V2, —
Vp'l,b— Vp““_wv (1)

where w is a potential function, and w is the vertical
pressure velocity. The divergent wind can be written in
expression of the velocity streamfunction as

d o, 0P

where U, and U, are the zonal and meridional compo-
nents of the divergent winds, and ¢, and ,, are the zonal
and meridional components of i, respectively. The
vertical pressure velocity can be partitioned into the
components that are associated, respectively, with
the zonal and meridional components of the divergent
winds:

9
a2 cosd A2
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where a is the radius of Earth, ¢ is the latitude, and w,
and w, are the vertical motion components resulting,
respectively, from the zonal and meridional components
of the divergent winds. The vertical mass fluxes (in

and 3)

kgm ?s~ ') at a given location associated with the zonal
and meridional circulation components are, respectively,
—w, COS
m, = —y 08 and (5)
8
—w, cos P
m, = ¢ - (6)
g

where g is the gravitational constant. This orthogonal
decomposition can attribute the large-scale circulation
to zonal and meridional components at each location,
although in the tropics and subtropics, it is more straight-
forward to link circulation changes to tropical convective
heating anomalies.

¢. Model experiments

A set of numerical experiments (Table 1) were con-
ducted to investigate how the IPO modulates ENSO
teleconnections. We employed the Community Atmo-
sphere Model, version 5.1.1 (CAMS; Neale et al. 2010),
which is coupled to a land model (CLM4.5; Oleson et al.
2013), a thermodynamic-only sea ice model (CICE 5.1;
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TABLE 1. List of CAMS5 experiments in this study. All were run for
55 years, with the average of the last 50 years being used.

Model expt SST scheme

CTL Control run with 1920-2014 mean monthly SSTs
from HadISST.

El Nifio El Nifio SST anomaly superimposed on CTL.

La Nifia La Nifia SST anomaly superimposed on CTL.

IPO+ Positive-phase IPO SST anomaly superimposed
on CTL.

IPO— Negative-phase IPO SST anomaly superimposed
on CTL.

IPO+/El Nifio Positive-phase IPO and El Nifio SST anomaly
superimposed on CTL.

IPO—/El Nifio Negative-phase IPO and El Nifo SST anomaly
superimposed on CTL.

IPO+/La Nifia Positive-phase IPO and La Nifia SST anomaly
superimposed on CTL.

IPO—/La Nifia Negative-phase IPO and La Nifia SST anomaly
superimposed on CTL.

Hunke et al. 2015), and prescribed ocean surface bound-
ary conditions (i.e., specified SSTs and sea ice). The
CAMS is the atmospheric component of the Community
Earth System Model, version 1 (CESM1; Vertenstein
et al. 2013). Both the CAMS and CESM1 have been
thoroughly evaluated and used widely in climate re-
search (Hurrell et al. 2013). Particularly, precipitation
patterns and variability across the globe have been
documented to be satisfactorily simulated in different
versions of CAMS (Yuan et al. 2013; Li et al. 2015; Qian
et al. 2015). Our own examinations showed that the
CAMS reproduces well the observed annual and sea-
sonal T and P patterns in our control run and the com-
posite ENSO-related T and P anomalies in our ENSO
runs (Figs. A1-A4 in the appendix). The T response
over land to IPO-related SST forcing also appears to
be reasonable (Fig. A6), while the P response to IPO-
related SST forcing seems to be weak in the model com-
pared with the observations (Fig. A5), although oceanic
precipitation observations are short.

We ran the CAMS model at approximately 2° reso-
lution, with prescribed monthly varying SSTs and sea ice
derived from HadISST, and fixed solar irradiance,
greenhouse gases (GHGs), and aerosols at year 2000.
We first performed a control simulation (CTL) forced
with 1920-2014 averaged monthly SSTs and sea ice
concentrations from HadISST over the globe. It started
from a previous control run and was integrated for
55 years, with the last 50 years being used as 50 reali-
zations of the annual cycle. This case corresponds to the
neutral ENSO and neutral IPO conditions in section 5,
and serves as the baseline case for all other simula-
tions. We then conducted a set of sensitivity experiments
with ENSO-associated or/and IPO-associated SSTs to
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FI1G. 1. (a) Smoothed second PC (black curve) of the 9-yr
moving averaged annual SST and the leading PC (blue curve) of
the high-passed (with the 9-yr moving average removed) monthly
SST for 1920-2014 between 60°S and 60°N. The red curve is the
IPO index in Dong and Dai (2015). (b) EOF pattern associated
with the second PC [black curve in (a)], i.e., the IPO mode. (c)
EOF pattern associated with the first PC [blue curve in (a)], i.e.,
the ENSO mode. The percentage variance explained by the EOF
mode is shown on top of (b) and (c). The product of the PC and
EOF coefficients is the SST anomaly (°C) represented by the
EOF mode.

investigate how the IPO modulates the ENSO-T and
ENSO-P relationship over different regions. We re-
constructed the SST anomalies for an IPO positive
phase (IPO+) as the product of the EOF-based (details
in section 3) spatial SST pattern in Fig. 1b and one
standard deviation (SD) of its principal component (PC)
in Fig. 1a. The anomaly SST field was then multiplied
by —1 to represent the SST anomalies for an IPO neg-
ative phase (IPO—). These time-invariant IPO-associated
SST anomaly fields were added onto the CTL SST fields
and then used as the boundary condition for CAMS sim-
ulations of positive and negative phases of IPO, denoted
as [IPO+ and IPO— simulations, respectively.

Besides the IPO cases, the CAMS5 was also run with
SST fields associated with typical El Nifio and La Niiia,
separately. Monthly El Nifio— and La Nifla-related SST
anomalies were similarly generated as for the IPO but
with an annual cycle, which is derived by averaging all
December-centered annual ENSO cycles in the ENSO
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FIG. 2. Anomaly T (color shading; °C), SLP (contours; Pa), and surface wind (green vectors; ms ') associated
with typical El Nifo for (a) JJA, (b) SON, (c) DJF, (d) MAM, reconstructed from observations and ERA-20C
based on linear regression described in section 4. (e)-(g) Asin (a)—(d), but for IPO+. The T anomalies over dotted

areas are statistically significant at the 10% level.

index in Fig. 1a. For the purpose of examining the lin-
earity of the IPO’s modulation on ENSO teleconnections,
SST anomalies for La Nifia are prescribed as the opposite
to those for El Nifio. Furthermore, with the idealized IPO
and ENSO SST anomaly fields, we generated four com-
binations for ENSO and IPO being in phase (IPO+/El
Nifio and IPO—/La Nifia), and out of phase (IPO—/EIl
Nifio and ITPO+/La Nifia) (see Figs. 11e-h). These com-
bined SST anomaly fields were added to the CTL SST
fields to produce the SST fields for the four additional
CAMS simulations. For each of the eight sensitivity cases,
we ran 55 years, and the last 50 years of simulations were
averaged to produce the results shown in section 6.

3. The IPO and ENSO patterns and indices

In this study, the IPO is defined as the second em-
pirical orthogonal function (EOF) mode of 9-yr
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moving-average annual SST anomaly fields from 60°S
to 60°N for 1920-2014 (Fig. 1b). The first EOF mode is a
trend, essentially representing global warming. Our
EOF-based IPO definition is consistent with previous
studies (e.g., Parker et al. 2007; Dong and Dai 2015),
although spatial patterns of the IPO mode differ slightly.
We then applied another 9-yr moving averaging to the
PC time series of the IPO mode to derive the IPO index
(black curve in Fig. 1a). The IPO according to this index
is characterized by two warm (or positive) phases from
about 1924 to 1945 and from about 1977 to 1998, and two
cold (or negative) phases from about 1946 to 1976 and
from about 1999 to the present (2014). These phase
periods are consistent with previous studies reviewed
in the introduction (e.g., Zhang et al. 1997; Dong and
Dai 2015). In addition, similar to Zhang et al. (1997),
we performed an EOF analysis on the 9-yr high-pass-
filtered (i.e., with the 9-yr average being removed)
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FIG. 3. Asin Fig. 2, but for P (color shading; mm day '), geopotential height at 500 hPa (contours; m), and winds at

850 hPa (green

monthly SST fields from 60°S to 60°N and used the
leading EOF mode to define ENSO (Fig. 1c), with the
associated PC as the ENSO index (blue curve in Fig. 1a).
Our IPO index (black line in Fig. 1a) is significantly
correlated (r = 0.92) with the IPO index of Dong and
Dai (2015) (red line in Fig. 1a), which was similarly de-
rived except that the SST data were first 3-yr smoothed
before the EOF analysis. The 9-yr smoothing of the SST
data used here more effectively removes the interannual—
multiyear variability associated with ENSO. This allows
a separation of the EOF spatial patterns associated with
the IPO and ENSO.

Figures 1b and 1c show that the SST anomaly patterns
associated with the IPO are similar but not identical to
those of ENSO. Specifically, the IPO-associated tropical
SST anomalies extend farther poleward in the eastern
Pacific than those for ENSO, and the IPO also has
comparatively larger SST anomalies in the midlati-
tude North Pacific. In contrast, the ENSO-related SST
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variability is stronger in the equatorial Pacific. In low
latitudes, unlike the conventional ENSO, whose largest
variability extends from the eastern to central equatorial
Pacific, the largest variability of the IPO is outside the
equatorial Pacific (Fig. 1c). In addition, ENSO-related
SST anomalies are larger over the Indian Ocean and
South China Sea than those associated with IPO. Many
of the differences in the spatial patterns for IPO and
ENSO have been noted before (e.g., Zhang et al. 1997;
Dong and Dai 2015).

The ENSO mode defined here represents the time-
mean SST anomaly pattern averaged over all ENSO
events, and the ENSO index is the spatially averaged
mean evolution. Spatial SST patterns for individual El
Nifio and La Nifia events may differ substantially. For
example, the strongest anomaly can appear anywhere
between the eastern (e.g., 1997/98 El Nifio) and cen-
tral tropical Pacific (e.g., 1991/92 El Nifio), and the
meridional extent also varies from one event to the next
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FIG. 4. Anomaly DJF 500-hPa (a),(b) m (meridional) and (c),(d) m, (zonal) components of the vertical mass flux
(gm~2s™!; positive for upward fluxes) associated with (left) El Nifio and (right) IPO+ derived from the ERA-20C.
Stippling indicates that the regression coefficient is statistically significant at the 10% level.

(Kug et al. 2009; Capotondi et al. 2015). The telecon-
nection analyses in this study are with respect to the
canonical ENSO mode shown in Fig. 1c, and are for the
purpose of quantifying interactions between the IPO
and ENSO modes of different time scales.

4. Contrasting IPO’s and ENSO’s teleconnections

a. Comparison of IPO- and ENSO-related climate
and circulation anomaly patterns

Surface temperature, precipitation, and atmospheric
circulation anomalies associated with the TPO and

JJA EI'Nino myse

gm’s’
= S

ENSO are isolated through linear regression of these
fields onto the IPO and ENSO indices, respectively. To
obtain maximum covariance, the regression for ENSO
was done similarly as in Chen et al. (2008), with up to
6 months of leads and lags. For the IPO mode, we cal-
culated the regression with and without the ENSO-
related anomalies and obtained similar results because
of the weak correlation between the IPO and ENSO
indices. We then reconstructed each of these anomaly
fields as a product of the regression coefficient and one
standard deviation of its corresponding index. As a re-
sult, Figs. 2-4 show ‘‘typical” teleconnection patterns
for El Nifio and a warm phase of the IPO. The anomaly

JJA IPO+ M50
e

-0.8 -06 -04 -0.2

|
0 02 04 06 08 1

FIG. 5. As in Fig. 4, but for JJA.
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FIG. 6. Anomaly DJF 120°-60°W averaged meridional overturning circulation (vectors) for (a) El Nifio and

(b) IPO based on the ERA-20C, and (c) is (a) plus (b), and (d) is (a) minus (b). A scaling factor of —40 was applied
to the zonal-mean meridional component of vertical pressure velocity wy, (hPa s~ 1) for visualization of the circu-
lation structure together with zonal-mean meridional divergent wind vg;, (ms~'). Gray shading indicates that the
anomaly circulations are statistically significant at the 10% level.

patterns for La Nifia and cold-phase IPO are just the
inverse of Figs. 2—4 based on our regression. Although
there exists some asymmetry between teleconnections
for El Nifio and La Nifia events (i.e., teleconnections are
not symmetrically opposite in sign in most regions;
Hoerling et al. 1997), we designed the symmetric SST
forcing pattern to study asymmetric response of the
atmosphere.

Figures 2a-d shows a clear seasonal cycle in SST
anomalies in the tropical Pacific, which peak in boreal
winter (DJF; Fig. 2c¢). This also applies to remote T
anomalies over land. The teleconnections and anomaly
circulations generally agree with previous analyses (e.g.,
Halpert and Ropelewski 1992; Trenberth et al. 2002;
Larkin and Harrison 2005; Chen et al. 2008), including

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/01/21 04:44 PM UTC

the most notable Pacific-North American (PNA) wave
train pattern (Wallace and Gutzler 1981), which is shown
more clearly in the 500-hPa height field in Figs. 3b—d.
For IPO warm phases, tropical Pacific SST and surface
trade wind anomalies (Figs. 2e-h) do not change with
season as greatly as for the El Nifio case. Over land,
large surface air temperature anomalies appear only in
DJF and MAM, when warmer conditions are seen over
Eurasia, Alaska and western Canada, and northeastern
Australia (Figs. 2e-h). They are similar to the annual
patterns shown in Dong and Dai (2015). Together with a
deeper Aleutian low and anomalous westerly winds in
the North Pacific (Figs. 3g,h), T anomalies, mainly in the
North Pacific and North America, are comparable to
those of El Nifio (Figs. 2c,d), although the tropical SST
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FIG. 7. Anomaly DJF 25°S-5°N averaged zonal overturning circulation (vectors) for (a) El Nifio and (b) IPO based on

the ERA-20C, and (c) is (a) plus (b), and (d) is (a) minus (b). A scaling factor of —90 was applied to the zonal component
of vertical pressure velocity w, (hPas™ ') for visualization of the circulation structure together with the zonal divergent
wind ug, (ms~"). Gray shading indicates that the anomaly circulation is locally statistically significant at the 10% level.

forcing from the IPO is much smaller. The IPO-induced
SST, T, and North Pacific circulation anomalies in MAM
are comparable to those in DJF, in contrast to the
weakening tendency from DJF to the following MAM
for El Nifio. In the southern high-latitude Pacific, we do
not see a similar anomalous anticyclone as for El Nifio,
but an anticyclonic flow appears in the southern Indian
Ocean around 60°E, southeast of which are anomalous
westerlies associated with a low-pressure cyclonic cir-
culation between 50° and 60°S (Fig. 2g).

In DJF, a strong warming pattern covers a larger area
over northern China, Mongolia, and Siberia, accompa-
nied by a low-pressure cyclonic circulation northwest of
the warming center (Fig. 2c), which corresponds to a
high-pressure center for the recent IPO cold phase since
around 1999. The IPO-related T anomalies over Eurasia
have been noticed previously (e.g., Dai et al. 2015) and
the resulting cooling trend in DJF over Eurasia since the
early 1990s has been investigated in a number of stud-
ies (e.g., Cohen et al. 2014; Luo et al. 2016a,b). The
southwesterly (northeasterly) surface winds blowing
from the Black Sea and Caspian Sea toward Siberia
as part of the cyclonic (anticyclonic) anomaly circula-
tion advect relatively warm (cold) air into the warming

Brought to you

(cooling) center during the IPO warm (cold) phase. This
helps explain the recent cooling over central Eurasia
(Cohen et al. 2014; Luo et al. 2017a,b). Different from
the El Nifio mode, we notice cold temperature and low
SLP anomalies over eastern coastal Canada, Greenland,
and around 50°N of the North Atlantic, and anomalous
anticyclonic flow to the south. These patterns look like a
response to cold SSTs over the northern North Atlantic
shown in Fig. 1b, which partly resembles the Atlantic
multidecadal oscillation (AMO; Deser and Blackmon
1993; Alexander et al. 2014), whose phase change is
linked to the recent winter cooling over Eurasia (Luo
et al. 2017b). We examined the correlation between the
IPO and the similarly smoothed AMO index from 1920
to 2014, and found a correlation coefficient of —0.42.
This correlation is mostly a consequence of the strong
anticorrelation (r = —0.94) during 1980-2014 when the
IPO (AMO) index exhibits a downward (upward) trend.
This indicates that the IPO and AMO may be related to
each other and the patterns over the North Atlantic are
likely also linked to the AMO. Although it is interesting
to contrast the IPO’s and AMO’s global climate conse-
quences, it is beyond the scope of this research and thus
not discussed here.
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TABLE 2. Number of ENSO and combined ENSO-IPO cases oc-
curring during 1920-2014 and 1979-2014 in parentheses.

Event type No. of events
El Nifio 23(9)
IPO+/El Nifio 10 (4)
IPO—/El Nifio 13 (5)

La Nifia 27 (8)
IPO+/La Nifia 11 (4)
IPO—/La Nifia 16 (4)
Total ENSO 50 (17)
ENSO neutral 45 (19)

Similar to the seasonal cycle of temperature shown in
Figs. 2a—d, for El Nifio the strongest P and circulation
signals appear in DJF (Figs. 3a-d), consistent with pre-
vious studies (e.g., Ropelewski and Halpert 1987; Dai
and Wigley 2000; Larkin and Harrison 2005). Precipi-
tation patterns in DJF and MAM for warm IPO phases
(Figs. 3g,h) resemble those of El Nifio (Figs. 2g,h) to
some degree, with a spatial correlation of 0.34 and 0.39,
respectively. This broad spatial similarity does not ex-
ist for JJA and SON, when the circulation response is
very weak for the IPO (Figs. 3e,f). Here we focus on

°C,hPa,ms’
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contrasting DJF teleconnection patterns for the two
modes. A wet rainfall band over the Pacific ITCZ and
SPCZ and a dry band covering the Bay of Bengal, the
northern Maritime Continent, and the Philippine Sea
appear to be robust for the warm-phase IPO, but they
are weaker than those for El Nifio. In contrast to the El
Nifio case (Fig. 3c), the Pacific enhanced rainfall band of
the warm-phase IPO (Fig. 3g) is shifted southward and
accompanied by a narrow dry strip to the north of it
along the equator. Easterly wind anomalies at 850 hPa
are consistent with this dry strip. Wet anomalies over the
southwestern United States and Mexico are comparable
to those of El Nifio (Figs. 3c,g). Over the North Pacific,
associated with an anomalous cyclonic flow, there is
also a dry—wet dipole pattern similar to that for El Nifio
(Figs. 3c,g), but with weaker amplitude and southward
displacement. In SON and MAM, rainfall anomaly
patterns over tropical and subtropical oceans are gen-
erally similar to those for DJF, but the anomalies are
statistically insignificant over land.

b. Overturning circulation anomaly patterns

To help understand the rainfall anomaly pattern, we
decomposed three-dimensional circulation into local

°C,hPa,ms’
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FIG. 8. Difference maps of DJF T (color shading; °C), SLP (contours; hPa), and surface winds (vectors; ms ')
between (a) [PO+/El Nifio and El Nifio, (b) El Nifio and IPO—/EI Niio, (c) IPO+/La Nifia and La Nifa, (d) La
Nifia and IPO—/La Nifla, (¢) IPO+ and neutral ENSO, and (f) neutral ENSO and IPO—. Stippling indicates

T changes are statistically significant at the 10% level.
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FIG. 9. Asin Fig. 8, but for P (color shading; mm day '), geopotential height at 500 hPa (contours; m), and winds at
850 hPa (vectors; ms ™ 1).

zonal and meridional overturning circulations that link
the SST and P anomalies associated with El Nifio and
warm phases of the IPO, and they are shown in Fig. 4 for
DJF and Fig. 5 for JJA. In general, the meridional
overturning circulations are stronger than the zonal
overturning circulations, and the former broadly resem-
bles the corresponding P anomaly patterns (Figs. 3a,c,e,g)
in the tropics and subtropics. During El Nifio boreal
winter (Fig. 4a), anomalous ascending (descending) mass
fluxes correspond well with the major wet (dry) rainfall
bands in Fig. 3. Such a mass flux—precipitation relation-
ship is also found over relatively smaller-scale land areas,
such as southern Africa, southern China, southern Japan,
and southern Brazil, Uruguay, and eastern Argentina.
This type of linkage also applies to the IPO mode, but
it becomes less clear over many remote land regions,
possibly due to the much weaker SST forcing. During
boreal winter of warm IPO phases, the most prominent
anomalies are seen over the tropical-subtropical Indo-
Pacific region (Fig. 4b), where the meridional over-
turning circulation weakens over the Indonesian sector,
with reduced upward mass fluxes over the equator
(centered along the 5°N band) and reduced downward
fluxes over the subtropics roughly along 10°S and 20°N.
In contrast, the circulation strengthens over the central
Pacific, with increased equatorial upward mass fluxes
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and enhanced downward mass fluxes off the equatorial
region (Fig. 4b). This pattern extends from the central
Pacific all the way to the Atlantic. There is a third zonal
band of increased upward mass fluxes stretching from
the central North Pacific to the southern United States
and the subtropical western North Atlantic (Fig. 4b).
This mass flux anomaly is consistent with wet condi-
tions over the southern United States during IPO warm
phases (Fig. 3g).

By comparing the mass flux anomaly patterns for El
Nifio and warm-phase IPO (IPO+), we can identify re-
gions where there are significant interactions between
them. For example, in DJF, we found enhanced upward
mass fluxes for both El Nifio and IPO+ across the
southwestern United States and the Gulf of Mexico,
including the nearby regions such as Florida (Figs. 4a,b).
This common structure implies that during IPO+, the
El Nifio-related ascending motion and the resultant
P anomaly are strengthened by the background SST
conditions associated with the warm-phase IPO, and
vice versa. Such a modulation mechanism is further il-
lustrated in Fig. 6. Figures 6a and 6b show a shallow
anomaly overturning circulation from the equator to
around 10°N, and a deep anomaly overturning circula-
tion with ascending motion around 20°-30°N, while
corresponding subsidence occurs around 5°N (mostly
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FIG. 10. As in Fig. 9, but for the JJA following an ENSO event.

in the upper-to-middle levels) and 40°-50°N. The com-
bined anomaly circulation is amplified for the El Nifio
plus IPO+ case (Fig. 6c) but weakened considerably for
the El Nifio plus negative-phase IPO case (Fig. 6d).
For the zonal overturning circulation, the most no-
ticeable departures during El Nifio winter are prevailing
descending mass fluxes over the western Pacific and the
Maritime Continent, and ascending fluxes in the central
tropical Pacific (Fig. 4c). For the warm IPO mode, this
dipole flux pattern is displaced eastward and becomes
weaker, with descending motion over the western Pa-
cific and ascending motion in the central-eastern tropical
Pacific, especially between 100° and 120°W (Fig. 4d).
Both cases indicate an apparent weakening and east-
ward shift of the Walker circulation. The interaction of
these two modes is further illustrated in Fig. 7. During
IPO+, enhanced subsidence around 150°E and en-
hanced ascending motion around the date line occur
during El Nifio boreal winter (Fig. 7c). Opposite
changes are shown in Fig. 7d for the El Nifio boreal
winter during cold IPO periods. In the extratropics, a
wave train of alternating positive—negative mass flux
anomalies is seen over the central North Pacific,
stretching northeastward to western North America for
both El Nifio and warm IPO cases (Figs. 4c,d). This
pattern resembles the positive PNA wave train, and the
ascending (descending) locations are consistent with the
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low (high) pressure centers of the PNA (Figs. 2c,g) and
positive (negative) P anomalies (Figs. 3c,g).

Although the magnitude of change in the local me-
ridional overturning circulation (Fig. 4a, b) is generally
larger than that in the local zonal overturning circulation
(Figs. 4c,d), over some regions, changes in the local
zonal circulation can dominate the total overturning
circulation anomalies. For example, over eastern Aus-
tralia, significant descending anomalies are seen during
warm IPO boreal winter (Fig. 4d), which is mostly
manifested as the western branch of the weakened
Walker circulation (Fig. 7b) despite being partly offset
by the ascending local meridional circulation anomaly
(Fig. 4b). Such an anomaly circulation pattern is re-
sponsible for, on the one hand, the reduced summer
precipitation over eastern Australia (Fig. 3g) during the
warm PO phase since anomalous descending motion
suppresses convection. On the other hand, the weak-
ening and eastward shift of the Walker circulation
modifies the coupling of ENSO and Australia rainfall
(Fig. 7): when El Nifio (La Nifia) takes place, the cor-
responding descending (ascending) anomaly is strength-
ened by the background descending (ascending) motion
associated with IPO+ (IPO—), and therefore the cou-
pling strength is enhanced.

In El Nifio developing boreal summer, the anomaly
overturning circulations (Fig. 5) are generally weaker
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(e) El Nifio and IPO+, (f) El Nifio and IPO—, (g) La Niia and IPO+, and (h) La Nifia and IPO— are composed

based on SSTs in (a)-(d).

than those in boreal winter (Fig. 4), especially for the
zonal overturning circulation. Therefore, boreal summer
rainfall anomalies largely result from changes in local
meridional overturning circulation at most locations. For
the El Nifio case, an anomalous descending zone from the
meridional component over northern India (Fig. 5a), to-
gether with a descending motion from the zonal compo-
nent (Fig. 5c), works against the Indian summer monsoon
circulation, leading to reduced monsoon rainfall there
(Fig. 3a). During warm IPO phases, a regional overturning
circulation anomaly is seen over northern China, charac-
terized by anomalous rising motion around 25°N and
sinking motion around 35°N (Fig. 5b). The direction of
this circulation is opposite to the EASM mean circula-
tion (Chen et al. 2013); consequently, the monsoon
rainfall over northern China is reduced (Fig. 3e).

5. ENSO and IPO phase dependency of the IPO’s
modulation

In addition to Figs. 2e-h and 3e-h, we further exam-
ined IPO’s modulation on ENSO teleconnections. In
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contrast to regional studies discussed in the introduc-
tion, we attempt to show the results in a different form,
which aims to present a global picture showing where
the largest modulation effects are located. Further, we
investigate if the modulation is symmetric or asymmet-
ric for IPO and ENSO phases. We first classified ENSO
phases based on the monthly ENSO index in Fig. 1a.
When the November-January (NDJ)-averaged ENSO
index exceeds one standard deviation (SD) (below —1
SD), a typical El Nifio (La Nifia) event is identified. The
ENSO events identified based on our criteria are con-
sistent with those defined based on the oceanic Nifio
index (ONI; http://origin.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ONI_v5.php). However,
in contrast to the ONI and other ENSO indices, which
include the low-frequency variations from the IPO,
our ENSO mode and ENSO index exclude the IPO-
related low-frequency variations and are uncorrelated
with the TPO index, thus allowing us to separate their
influences on 7 and P through linear regression. We
then grouped these ENSO events into positive and
negative PO phases based on the IPO state of their
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F1G. 12. Differences in CAMS5-simulated DJF T (color shading; °C), SLP (contours; hPa), and surface winds
(vectors; ms 1) between (a) IPO+ and CTL, (b), CTL and IPO—, (c) El Nifio and CTL, (d) CTL and La Nifia,
(e) IPO+/El Nifio and El Nifio, (f) El Nifio and IPO—/EI Nifio, (g) IPO+/La Nifia and La Niiia, (h) La Nifia and
IPO—/La Nifia. Stippling indicates that 7" changes are statistically significant at the 10% level

occurring time. This resulted in four categories: El Nifio
within a positive IPO phase (denoted as IPO+/El Nifio),
El Niflo within a negative IPO phase (IPO—/EIl Nifo),
La Nifia within a positive IPO phase (IPO+/La Niiia),
and La Nina within a negative IPO phase (IPO—/La
Nifia). The number of these cases occurring during
1920-2014 are listed in Table 2. Neutral ENSO cases
(i.e., years without typical El Nifio or La Nifia events)
are also analyzed here given that they occurred with a
roughly equal chance as ENSO cases during the past
century, although it represents more likely the TPO’s
stand-alone impact rather than its true modulation
on ENSO.

Composites of T, P, and atmospheric circulation
anomalies were generated for each of these six cate-
gories by averaging over the years for each case re-
spectively, and also for all El Nifio and all La Nifia
events. Prior to compositing, we counted the number of
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ENSO events that occurred during each period of IPO+
and IPO— separately and found that neither the fre-
quency of El Nifio and La Nifia events nor their average
strength vary with IPO phases, although the result may
be sensitive to the choice of the ENSO index. The
composite results are organized into two categories
with El Nifio and La Nifia base state, respectively. For
each ENSO state, whose T and P anomaly maps are
already shown in Figs. 2 and 3, we present the IPO’s net
modulation effect using the difference map of the
composite of all cases with relatively warm tropical
Pacific SSTs minus the composite of all cases with rel-
atively cool tropical Pacific SSTs (e.g., all events of
IPO+/La Nina minus La Nifa) in order to quantita-
tively show and compare IPO’s asymmetric modulation
effect associated with a similar amount of IPO-related
SST change. Because the largest circulation response
for both ENSO and IPO appears during boreal winter
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(Figs. 2 and 3), here we only show composite maps
for DJF.

Figure 8 shows that El Nifio and La Nifa’s tele-
connections are significantly modulated by the IPO,
appearing as large increases in 7 over Alaska and
western Canada, together with a deeper Aleutian low
and stronger cyclonic winds for warm IPO phase. These
net modulations seem to be stronger for IPO— (Figs. 8b,d)
than TPO+ (Figs. 8a,c). Also, such patterns are more
robust during El Nifio (Figs. 8a,b) than during La Nina
(Figs. 8c,d) and neutral ENSO (Figs. 8e,f). We found
cold 7 anomalies over eastern Canada and Greenland
for IPO+/El Niiio (Fig. 8a) and IPO—/EIl Niio (Fig. 8b).
They are similar to the spurious cooling pattern in
Fig. 2g for IPO+, which suggests that the “AMO-like
T influence” of the IPO largely arises from years when
IPO is superimposed on El Nifio. For the [PO +/La Nifia
(Fig. 8c), IPO—/La Niiia, and IPO or neutral ENSO
(Fig. 8d) cases, there are warm anomalies over northern
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China and Mongolia, which for the most parts are re-
sponsible for the eye-catching large Eurasia warming
center shown for IPO+ (Fig. 2g). Furthermore, a unique
change for the IPO+/La Nia case (Fig. 8c) is the warm
anomaly over northeastern Australia, whereas such an
IPO influence does not exist in El Nifio boreal winters.

As P records over ocean (GPCP products) start from
1979, the sample sizes of the oceanic P composites are
small. Hence, we primarily focus on P changes over land
although the land P amplitudes are smaller than over the
ocean. Over northeastern Australia, warm IPO-induced
negative P anomalies are significant only during La Nifia
boreal winters (Figs. 9c,d), and this characteristic is
largely responsible for the dry pattern over northeastern
Australia during the TPO+ (Fig. 3g). In El Nifio years
(Figs. 9a,b), rainfall decreases significantly during
IPO+, seen as a dry band across tropical Africa from
10°N to 20°S, Madagascar, and the western Indian
Ocean. When La Niiia takes places, warm IPO-induced
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negative P patterns are mostly confined to southern
Africa, accompanied by wet anomalies along its east
coast (Figs. 9¢c,d). During neutral ENSO years, the [IPO’s
impacts on precipitation over land are mostly statisti-
cally insignificant. It shows, somehow, different results
from Goodrich (2007), who showed that PDO has an
impact on western United States winter precipitation
during neutral ENSO years. One of the reasons is that
we are investigating the IPO’s net modulation effect
within each ENSO category. Another possible reason is
that the IPO index used in our study is uncorrelated with
the ENSO index, in contrast to the PDO index, which
still incorporates some high-frequency signal.

For the IPO’s modulation of ENSO’s influence on
the EASM, we further show changes in P in the boreal
summer following (JJA+) an ENSO winter (DJF) in
Fig. 10. For boreal summers following a La Nifia DJF,
we found more significant “wet central China, dry north
and south China” rainfall patterns during IPO+ than
IPO— (Figs. 10c,d). Such a tripole P pattern also exists
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for El Nifio (Figs. 10a,b) cases, but to a weaker degree.
Circulation anomalies associated with these P changes
are insignificant, possibly due to large sampling noise.
Possible small sampling size—related precipitation changes
are also seen in the tropical Pacific as insignificant and
noisy anomaly patterns for IPO+/El Nifio (Fig. 10a) and
IPO+/La Niia (Fig. 10c).

In summary, the composite analyses show that IPO’s
modulation on ENSO teleconnections varies with both
IPO and ENSO phases, although we have limited sampling
because of the limited length of observations. To in-
crease our confidence in these results, we performed a
modeling investigation.

6. Model-simulated asymmetry of the IPO’s
modulation

The model results are shown only for DJF, when the
atmospheric response is largest for all the perturbed-
SST runs (Table 1). We use the difference between a
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combined IPO-ENSO SST case (Fig. 11) and its corre-
sponding ENSO-only case (Figs. 12c—f, 13c—, 14c—f, and
15c—f) to quantify IPO’s modulation effect on ENSO’s
influence. We also show simulated El Nifio’s and La
Nifia’s teleconnections maps (Figs. 12¢,d, 13c,d, 14c,d,
and 15c,d) and the IPO’s direct influence (Figs. 12a,b,
13a,b, 14a,b, and 15a,b) from the ENSO-only or IPO-
only cases (Table 1) as the reference for evaluating the
modulation difference maps. These model-simulated
ENSO and IPO teleconnection patterns may be com-
pared with those discussed in section 4, while the mod-
ulation difference maps can be compared with those
discussed in section 5. In general, the model-simulated
DIJF T, P, and circulation responses to the composite
ENSO SST forcing alone broadly resemble those in
observations or reanalyses (as shown by Figs. 2c and 12c,
Figs. 3c and 13c, and Figs. A3 and A4 in the appendix),
except the DJF T response to ENSO over the Arctic—
northern Asia and Siberia. On the other hand, the
model-simulated responses to the IPO SST forcing are
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generally weaker than and less consistent with obser-
vations, especially for P (as shown by Figs. 2g and 12a,
Figs. 3g and 13a, and Figs. A5 and A6 in the appendix).

During neutral ENSO years, the IPO-related SST
forcing produces insignificant 7 response over northern
mid-to-high latitudes and other land areas, as Figs. 12a
and 12b show opposite signs of 7 anomalies, even though
Fig. 12b shows some T anomalies that are comparable to
the observations (Fig. 8f). This may arise from the rela-
tively weak IPO-related SST forcing (Figs. 11¢,d) coupled
with large internal variability at the northern latitudes
(more discussion in section 7). However, when IPO+ is
superimposed on El Nifio, the [PO’s modulation effect on
T and atmospheric circulation (Fig. 12e) closely follows
that from El Nifio’s impact (Fig. 12¢) in a few regions such
as the North Pacific and North America, where the sim-
ulated response roughly resembles that in observa-
tions (Fig. 8a). In contrast, a [IPO— shows insignificant
modulation of El Nifio’s influence on 7 over land such as
Alaska and eastern Australia (Fig. 12f), although the
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FIG. Al. Mean annual and seasonal precipitation (mm day ') from (a),(c),(e) observations and (b),(d),(f) CAM5
control run forced with climatological monthly SSTs. The observed precipitation is from the GPCC v7 dataset
averaged over 1920-2014 for land and from GPCP v2.2 averaged over 1979-2014 over oceans.

modulation appears to be noticeable only over the
northern latitudes in observations (Fig. 8b). Under La
Nifia conditions, unlike in observations (Figs. 8c.,d),
neither I[PO+ nor IPO— induces significant and con-
sistent modulation in 7 in the northern high latitudes,
although the T anomalies over Alaska and Europe are
fairly large but still statistically insignificant (Figs. 12g,
h). This suggests a weak tropical-extratropical linkage
with La Nifia SST forcing in the CAMS model. These
results together imply an asymmetry in IPO’s modu-
lation of ENSO’s influence on regional 7. Specifi-
cally, the modulation varies nonlinearly with both
ENSO and IPO phases: In the regions we focus on, El
Nifio-induced anomalies are enhanced by the warm IPO
phase, but not weakened much by the cold IPO. In con-
trast, the La Nifa-related 7 and wind anomalies are
generally not significantly impacted by either IPO phase.

Figure 13 shows IPO’s net modulation on ENSO-
related P anomalies in the CAMS experiments. The
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modulations on P over the tropical Pacific are well
simulated in all perturbed cases as compared to obser-
vations in Fig. 9, with strengthened ITCZ and SPCZ.
The dry rainfall band north of the ITCZ is also reason-
ably captured except during La Nifia conditions
(Figs. 9c,d and 13g,h). Precipitation over the Maritime
Continent and western Indian Ocean does not show
robust changes in simulations with La Nifia condi-
tions either (Figs. 13g,h). These patterns resemble, to a
greater degree, El Nifio (Figs. 3c and 13c) more than the
warm phase of the IPO (Fig. 3g), which suggests that the
IPO’s modulation depends heavily on the background
ENSO state. In the western tropical Indian Ocean,
P decreases are found when IPO+ is superimposed on
both El Nifo and La Nifia (Figs. 13e,g). The results
suggest that the CAMS is capable of reproducing the
P response to the specified SST forcing over the Pacific.

Over land, we found robust patterns where P increases
over southeastern South America and southwestern
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FIG. A2. Asin Fig. A1, but for surface temperature (°C) averaged over 1920-2014 from the HadCRUT4 dataset
(SST over oceans and surface air temperature over land) and the CAMS control simulation (surface air temper-
ature over the globe).

North America when either El Nifio or La Nifia oc-
curs during [IPO— (Figs. 13f,h). In southern Africa, sig-
nificant drying is seen for IPO— and neutral ENSO
(Fig. 13b), IPO+/El Nifio (Fig. 13e), and IPO+/La Nina
(Fig. 13g) cases, in contrast to our observational ana-
lyses, in which the southern African drying occurs only
in IPO+/La Nifa boreal winters (Fig. 9c). We do not see
significant P modulations along the northeastern coastal
region of Australia in any of the cases, mainly because
ENSO-related P anomalies over Australia are not well
simulated in CAMS (Figs. 13c,d). Nevertheless, these
modeling results indicate that, similar to the 7" modu-
lations (Fig. 12), IPO’s modulation on ENSO’s influence
on P depends on IPO phases. Specifically, for the regions
where significant modulations are noted in CAMS,
ENSO-related P anomalies are enhanced only by [PO—,
except for southern Africa where ENSO’s P anomaly is
enhanced only by IPO+. The modulation also depends
on ENSO phase and the modulation patterns primarily
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resemble ENSO teleconnections more than the IPO
teleconnections.

Opver tropical and subtropical land and oceans, rainfall
changes closely follow changes in meridional over-
turning circulations (Fig. 14), as increases (decreases) in
P concur with ascending (descending) motions. The
relatively small changes in zonal overturning circulation
(Fig. 15), however, do not seem to dominate rainfall
changes. Specifically, modulation of the western branch
of the Pacific Walker circulation is not well simulated
in the experiments in comparison with the reanalysis
(Fig. 4f), except for the IPO+/EIl Nifio cases (Fig. 14e),
which are responsible for the poorly simulated P anom-
alies along Australian east coast shown in Fig. 13.

7. Conclusions and discussion

We have investigated IPO’s modulation effect on
ENSO teleconnections using three different approaches,
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FIG. A3. Precipitation composite anomalies (mm day ') for El Nifio minus La Nifia years during 1920-2014 from
(a),(c),(e) observations (oceans have data only for 1979-2014) and (b),(d),(f) the CAMS5 simulations.

which include a linear regression and a composite anal-
ysis of long-term observational and reanalysis data, and
atmospheric modeling experiments. Our study system-
atically compares the ENSO and IPO teleconnections
in terms of their seasonality, magnitude, and spatial
distribution. This presents a global picture of where,
when, and how significant the TPO can modulate ENSO
teleconnections. In contrast to previous studies that
show varying ENSO teleconnections for different IPO
phases, we have then explicitly quantified the net cli-
matic influences of the IPO during different ENSO
phases, which provides a clearer insight into the asym-
metry of the modulation.

Observations and reanalyses show that while ENSO
teleconnections are sustained over the course of the year
and peak in boreal winter, the [PO-related T anomalies
appear significant mainly in DJF and MAM. Spatially,
ENSO’s T teleconnections are widespread over the
globe, while the IPO’s T anomalies are most prominent
and statistically significant over Eurasia, the North Pa-
cific, and downstream in the western sector of North
America. Significant 7 modulations appear over high-
latitude land such as Alaska and western Canada, where
the IPO-induced T anomalies are comparable to the
ENSO-induced anomalies, although the IPO’s SST
forcing is much weaker. Responsible for such robust
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teleconnection is a prominent anomalous cyclone (an-
ticyclone) over the North Pacific during El Nino and
IPO+ (La Nifia and IPO—), which emerged as an
anomalous Aleutian low with varying strength during
IPO and ENSO phases. It is essentially part of the PNA
wave train that originates from tropical anomalous
convection, as manifested in the 500-hPa height field.
This result suggests that relatively small changes in
tropical Pacific SSTs are largely responsible for the
IPO’s climate impacts in the extratropics. Despite our
focus on DJF, it is worth noting that there is a southern
counterpart of the PNA pattern, namely, the Pacific—
South American (PSA) Rossby wave train (Mo and
Higgins 1998; Mo and Paegle 2001), which manifests
mostly in austral winter across from the tropical Indo-
Pacific to South America.

The IPO-induced precipitation changes are notice-
ably smaller than those induced by ENSO, except for the
changes during the summer monsoon in the Sahel and
East Asia, where they are comparable in magnitude. In
contrast to T teleconnections, P changes for both IPO
and ENSO are attributable mainly to changes in me-
ridional overturning circulation, with anomaly ascending
(descending) mass fluxes linked to increases (decreases)
in P, for instance, in the southwestern United States
and the Maritime Continent. These circulation changes,
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FIG. A4. As in Fig. A3, but for surface temperature anomalies (°C) (oceans have data for 1920-2014, and air
temperatures over oceans in the model are largely determined by the specified SST forcing in the model runs).

which are closely linked to changes in tropical convec-
tion as a response to the ENSO and IPO SST forcing, are
largely embedded in either the ascending or descending
branches of the local Hadley circulation. This im-
plies that the main cause for the IPO-induced rainfall
anomalies originates from its anomalous tropical SSTs,
although their magnitudes are small in comparison with
the larger SST anomalies in the North Pacific. Changes
in the local zonal overturning circulation (or local
Walker circulation), on the other hand, explain a rela-
tively small fraction of regional P anomalies, mainly for
Australia. Similar to the T modulations, the same sign of
ENSO’s and IPO’s P anomalies suggests that changes in
P are amplified when the IPO and ENSO are in phase
and dampened when they are out of phase.

Stratified by each of the ENSO and IPO phases,
composite analyses of IPO’s net modulation on ENSO
teleconnections show that for a given ENSO state, mod-
ulations of IPO+ and IPO— on ENSO teleconnections
are not identical in spatial distribution, and not sym-
metrically opposite in magnitude of T, P, and circulation
anomalies, even if their SST anomalies are symmetri-
cally opposite by definition. Also, the modulation de-
pends not only on IPO phases but also on ENSO phases:
teleconnections of a given IPO SST pattern differ sub-
stantially when the IPO is superimposed on El Nifio, La
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Nifia, or neutral ENSO state. While such asymmetry is
noted mostly everywhere, one of the most prominent
cases appears as [PO’s T'modulation in eastern Australia,
where the modulation, shown as an enhanced warm
anomaly, is significant only when IPO+ is superimposed
on La Nifia, but not for any other cases. However, be-
cause of the relatively small sampling size of observa-
tions, conclusions made from specific cases should be
made with a high level of caution.

In theory, the asymmetry can be understood from the
nonlinear Clausius—Clapeyron relation for saturation
vapor pressure: for the same T departure, changes in
atmospheric water vapor increase with the starting 7’
when relative humidity does not change a lot. As such,
during different ENSO phases, the same amount of
IPO-induced SST change can trigger different responses
in tropical convection. This notion also applies to the
asymmetry of the modulation between IPO+ and IPO—
for a given ENSO phase, as the atmospheric response to
changes in 7 in opposite directions is not symmetrically
opposite (i.e., a positive SST anomaly will induce a
larger water vapor increase than the water vapor de-
crease induced by a negative SST anomaly of the same
amount). In reality, however, the atmosphere responds
to SST anomalies in a more complex way given that
many feedbacks and stochastic perturbations are
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FIG. AS. Precipitation composite anomalies for IPO+ minus IPO— years during 1920-2014 from (a),(c),(e)
observations and (b),(d),(f) the CAMS5 IPO+ and IPO— experiments. The observed precipitation is from the
GPCC v7 dataset over 1920-2014 for land and from the GPCP v2.2 over 1979-2014 over oceans.

involved, which can amplify or dampen the theoretically
expected teleconnections. Also, because of the spatial
heterogeneity of the IPO and ENSO SST patterns,
teleconnections originating from a certain region can be
affected by SST anomalies over other regions. As such,
some of the asymmetric modulation shown in the com-
posite maps (e.g., Siberian T anomaly) cannot be ex-
plained by the theoretical Clausius—Clapeyron relation
with respect to SST anomalies over a specific region such
as tropical or North Pacific, except those (e.g., western
North American 7 and P anomalies and tropical Pacific
P anomalies) closely linked to the strong tropical di-
abetic heating anomalies via either direct overturning
circulation or Rossby wave trains.

The nonlinear modulation was examined in a series of
CAMS experiments forced with specified SSTs. Al-
though the idealized experiments did not reproduce
the TPO’s modulations precisely everywhere, they do
show that the modulation is unique for each ENSO-
IPO combination, which echoes the asymmetry theory
drawn from the composite analyses. The credibility
of TPO modulation in the extratropical Northern
Hemisphere largely depends on whether the CAMS
can realistically simulate the changes of the Aleutian
low as part of the PNA-like Rossby wave train origi-
nating from the tropical Pacific. Such anomalous
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tropical-extratropical coupling depends heavily and
asymmetrically on the background state of the tropi-
cal Pacific SSTs, as it is most evident during El Nifio
events but less clear during La Nifa. This apparent
asymmetry is consistent with the Clausius—Clapeyron
relation: large anomalous convective heating and thus
atmospheric teleconnections tend to occur when the
tropical Pacific is in a warm state (i.e., El Nifio) and the
perturbation is toward a warm condition (i.e., IPO+).
To a secondary degree, the extratropical anomalous at-
mospheric circulations are influenced also by the North
Pacific SST anomalies. This notion is supported by the
weaker and southward-displaced anomalous cyclonic
flow over the North Pacific during the IPO—/EIl Nifio
case when compared with the IPO+/El Nifio case.

We have conducted two additional simulations with
doubled and tripled IPO+ SST anomalies, respec-
tively. These SST configurations show large SST
anomalies (up to 4.0°C) in the North Pacific while the
SST changes in the tropical Pacific are still small
(=0.5°C). The absence of significant improvements for
the teleconnections in these two experiments (not
shown) supports our conclusion that depending on the
ENSO state, IPO-induced additional changes in trop-
ical Pacific SSTs dominate over changes in the North
Pacific SSTs in triggering the IPO’s modulations.
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FIG. A6. Asin Fig. AS, but for surface temperature anomalies. Observations are from the HadCRUT4 dataset over
1920-2014.

Ideally, a few more modeling experiments with sepa-
rate tropical and extratropical SST anomalies could
provide more insights into this concept. However, be-
cause of the main objective of this study and the limi-
tation of computing resources, we leave these ideas to
be tested in future work.

Our study further helps explain certain IPO modula-
tion conundrums arising from some previous studies.
For example, why does the running correlation be-
tween winter T over Alaska and western Canada and
the Nifio-3.4 SST index not vary with IPO phases
(Dong and Dai 2015), when both IPO and ENSO have
strong impacts over these regions? The reason seems
to be that the IPO modulates 7 during all ENSO and
IPO phases, according to our composite analyses.
This aspect also applies to the southwestern United
States where the ENSO-P running correlation does
not vary with IPO phases (Dong and Dai 2015) be-
cause the IPO’s modulation of ENSO’s P anomaly
is similar during both IPO+ and IPO—, a conse-
quence of direct connection with anomalous local
Hadley circulation. In Australia, the P versus Nifio-3.4
SST running correlation does vary with IPO phases
(Power et al. 1999; Dong and Dai 2015), which is
mainly a result of the IPO’s modulation of P during La
Nifia years. Indeed, the asymmetry may arise from the
difference in the strength of IPO+ and IPO— defined
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by the IPO index. However, because of the limited
length of observations in which there are only roughly
two IPO cycles, we were unable to verify this hypoth-
esis using observational data. Thus, caution should
be exercised when interpreting the IPO’s asymmetric
teleconnections.
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APPENDIX

CAMS Model Evaluation

Evaluation of model simulated annual and seasonal
T and P against observations. Comparisons are car-
ried out for the long-term mean (Figs. Al and A2),
ENSO phases (Figs. A3 and A4), and IPO phases
(Figs.A5 and A6).
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