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Abstract

This study compares the impacts of the El Nifio-Southern Oscillation (ENSO) on sea surface temperatures (SSTs) in the
tropical North Atlantic Ocean and the tropical Indian Ocean during 1958-2004. It is found that the tropical atmospheric
processes mediating the ENSO impacts are different between the two oceans for two reasons. First, the ENSO-induced
anomalous Walker circulation is more extensive over the Atlantic than over the Indian Ocean. As a result, the atmospheric
bridge (AB) mechanism is the major contributor to the differences in ENSO teleconnections between the two oceans. Sec-
ondly, SSTs in the tropical North Atlantic are under a greater control of the atmospheric thermal forcing than those in the
tropical Indian Ocean. Due to these different controls, the tropospheric temperature (TT) mechanism also contributes to the
different ENSO teleconnections. When compared with the observations, the mean of thirty-seven models from the Coupled
Model Intercomparison Project Phase 5 overestimates the ENSO-induced SST response in the tropical Indian Ocean but
underestimates the response in the tropical North Atlantic. The overestimation is brought about by a westward extension of
ENSO SST anomalies in the models, which causes the AB mechanism to produce an overly strong impact on Indian Ocean
SSTs. On the other hand, the underestimation is caused by a weaker-than-observed sensitivity in the simulated Atlantic SSTs
to the thermal forcing produced by the TT mechanism.

Keywords El Nifio—Southern Oscillation - CMIP5 models - Atmospheric bridge mechanism - Tropospheric temperature
mechanism

1 Introduction Kousky et al. 1984; Trenberth et al. 1998; Yu et al. 2012,

2017; Xie et al. 2016). During El Nifio (La Nifia) events,

The neighboring tropical Atlantic and Indian Oceans are
influenced by the El Nifio—Southern Oscillation (ENSO) in
the tropical Pacific Ocean which produces profound climate
impacts worldwide (e.g., Rasmusson and Carpenter 1982;
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significant positive (negative) sea surface temperature (SST)
anomalies are observed in the tropical Atlantic and Indian
Oceans (Enfield and Mayer 1997; Klein et al. 1999; Alex-
ander et al. 2002; Schott et al. 2009). These anomalies typi-
cally peak in strength two to four months after ENSO events
fully develop (e.g., Klein et al. 1999; Wang et al. 2004).
The ENSO-induced Atlantic and Indian Ocean SST vari-
ations can not only modulate the climate within the basins
(Marengo et al. 2008; Wu et al. 2010) but also exert the
feedback influencing ENSO evolution (Yu et al. 2002; Kug
and Kang 2006; Ham et al. 2013; Wang et al. 2017).

The atmosphere serves as a key medium for tropical
inter-basin teleconnections during ENSO events. Previ-
ous studies have identified at least two key tropical atmos-
pheric mechanisms through which ENSO events disturb
the atmospheric circulation and thus transmit ENSO’s
influences to the neighboring tropical oceans (Cai et al.
2019). One is the atmospheric bridge (AB) mechanism
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(Klein et al. 1999; Alexander et al. 2002) and the other
is the tropospheric temperature (TT) mechanism (Chiang
and Sobel 2002; Su et al. 2003, 2005; Chiang and Lint-
ner 2005). The AB mechanism works by displacing the
Walker circulation to induce changes in cloudiness and
surface wind speeds. These changes alter surface radia-
tive, sensible, and latent heat fluxes, thus producing SST
variations underneath (Ramanathan and Collins 1991; Xie
and Philander 1994; Ohba and Ueda 2005; Chowdary and
Gnanaseelan 2007; Du et al. 2009; Talley et al. 2011). The
TT mechanism involves warming (or cooling) of the over-
lying troposphere. The anomalous temperatures then excite
atmospheric Kelvin and Rossby waves (i.e., the Gill-type
response) that rapidly spread the local anomalous warm-
ing (cooling) throughout the entire tropical troposphere.
Subsequently, the warming (cooling), on its arrival over
remote oceans, induces SST variations underneath through
surface sensible and latent heat fluxes.

The TT mechanism relies on waves propagating through
the tropical troposphere. This mechanism may produce
similar impacts on the tropical Atlantic and Indian Oceans.
In contrast, the AB mechanism works by displacing
the Pacific Walker circulation and does not necessarily
produce similar impacts on the two neighboring tropi-
cal oceans (Gill 1980; Lau and Lim 1982). The AB and
TT mechanisms may have different contributions to the
observed inter-basin teleconnections of ENSO. In this
study, we examine the relative contributions of these two
mechanisms in the observations. We also examine if con-
temporary climate models can realistically simulate both
mechanisms. If not, we then study the causes of the model
deficiencies. Coupled climate models, such as the Coupled
Model Intercomparison Project Phase 5 (CMIP5) mod-
els, have been frequently used to project future changes
in ENSO and its global impacts (Du et al. 2013; Liu et al.
2013, 2014; Chowdary et al. 2014; Capotondi 2015; Tao
et al. 2016). How well the models simulate the AB and TT
mechanisms greatly influences their ability to project the
ENSO impacts.

Apart from the tropical atmospheric mechanisms, extra-
tropical atmospheric processes also play a role in establish-
ing ENSO’s impacts on the neighboring oceans. The ENSO
events can, for example, induce SST variations in the North
Atlantic Ocean via the Pacific—-North American pattern
propagating through the extratropical atmosphere (Gian-
nini et al. 2000). Additionally, ocean dynamics and coupled
ocean—atmosphere processes can also modulate the ENSO
impacts produced by the AB and TT mechanisms (Shinoda
et al. 2004; Du et al. 2009; Deser et al. 2010; Wu and Yeh
2010). Nevertheless, the tropical atmospheric mechanisms
(i.e., the AB and TT mechanisms) remain the major pro-
cesses shaping the responses of neighboring tropical oceans
to ENSO (Alexander et al. 2002; Garcia-Serrano et al. 2017).
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In this study, we first analyze the observational data in
Sect. 3. We then compare the performance of the CMIP5
models in simulating the observed teleconnections and the
two mechanisms (Sect. 4). The data sets and methodologies
used in this study are described in Sect. 2. Section 5 presents
conclusions and discusses the findings of this study.

2 Data sets and methods

The observational and reanalysis data sets used in this
study include: (1) the NCEP-NCAR reanalysis (Kalnay
et al. 1996) that provides the monthly means of air tem-
perature and three-dimensional winds on a 2.5° X 2.5° grid,
as well as surface radiation fluxes on a T62 Gaussian grid;
(2) the Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST) version 1 data set (Rayner et al. 2003) that pro-
vides monthly-mean SSTs on a 1°x 1° grid; (3) the National
Oceanic and Atmospheric Administration Extended Recon-
structed SST (NOAA ERSST) version 5 data set (Huang
et al. 2017) that provides monthly-mean SSTs on a 2° X 2°
grid; and (4) the centennial in situ observation-based esti-
mates of the variability of SSTs (COBE SST) data set (Ishii
et al. 2005) that provides monthly-mean SSTs on a 1°x 1°
grid. The COBE SST data and the ERSST SST data are
used to validate the results yielded by the HadISST SST
data. The analysis period in this study is 1958-2004. This
period is selected because the post-1958 reanalysis data is
more reliable (Kistler et al. 2001) and most of the CMIP5
historical simulations are available up to 2004. Historical
simulations from thirty-seven (37) CMIP5 models (Table 1)
are also used. We use a patch recovery method (Zienkiewicz
and Zhu 1992; Jones 1999) to regrid the CMIP5 outputs to
common horizontal grids that match the observation grids.
The common grids are a 2.5° X 2.5° grid for winds and air
temperature, a T62 grid for radiation fluxes, and a 2° X 2°
grid for SST. Anomalies in the observations, reanalysis, and
CMIPS5 simulations are defined as the deviations from the
climatological cycle after the linear trend is removed.

A cold tongue index (CTI) is used to quantify ENSO
intensity (Paek et al. 2017), which is defined as the SST
anomalies (SSTA) averaged within the tropical eastern—cen-
tral Pacific between 6°N—6°S and 180°-90°W.

We develop a way to quantify the contributions of the AB
and TT mechanisms to the ENSO impacts on the neighbor-
ing oceans. In order to induce tropical Indian and Atlantic
Ocean SSTAs through these mechanisms, the ENSO events
have to disturb atmospheric fields over these oceans. The
atmospheric anomalies then induce SSTAs underneath.
Based on the “quantification of mediated causal effect”
method of Runge et al. (2015), the contribution of the AB or
TT mechanism to the ENSO inter-basin teleconnections can
be quantified as the product of two regression coefficients



ENSO’s impacts on the tropical Indian and Atlantic Oceans via tropical atmospheric processes:... 4629

Table 1 List of the observations
and CMIP5 models used in this
study and their identifications

S

Data set name

HadISST
ACCESS1.0
ACCESS1.3
BCC_CSM1.1
CanESM2
CMCC-CESM
CMCC-CM
CMCC-CMS
CNRM-CM5
CNRM-CMS5.2
CSIRO MK3.6.0
FGOALS-s2
GFDL CM2.1
GFDL CM3
GFDL ESM2G
GFDL ESM2M
GISS-E2-H
GISS-E2-H-CC
GISS-E2-R
GISS-E2-R-CC
HadCM3
HadGEM2-CC
HadGEM2-ES
INM-CM4.0
IPSL-CM5A-LR
IPSL-CM5A-MR
IPSL-CM5B-LR
MIROC4h
MIROC5
MIROC-ESM
MIROC-ESM-CHEM
MPI-ESM-LR
MPI-ESM-MR
MPI-ESM-P
MRI-CGCM3
MRI-ESM1
NorESM1-M
NorESM1-ME
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that separately represent the intensities of the two processes
just mentioned. To quantify the contribution of the TT mech-
anism to the ENSO impacts on tropical Atlantic and Indian
Oceans SSTAs, the first regression coefficient (RCT1—>TW)
evaluates the direct effect of ENSO on the vertically-aver-
aged (1000-200 hPa) tropical tropospheric temperature
anomaly (T7,,,) over the these two oceans, and the second
regression coefficient (RTM_, assTa) €valuates the direct

effect of the mean temperature variation on SSTA tendency
(ASSTA) underneath. We then quantify the TT mechanism’s

contribution to mediating the effect of ENSO on the remote
SST as follows:

TIM = Remier,,, * Ry, —asstas (M

Seasonal mean values are used in the regression calcula-
tions. To calculate the first regression coefficient (Rep 7, ),
vop

we regress the seasonal means of the tropical tropospheric
mean temperature anomalies over the tropical Atlantic or
Indian Ocean region at zero-to-seven-month lag time onto
the November—December—January (NDJ) values of the CTL
This means the tropospheric temperature values are the sea-
sonal values taken from NDIJ (i.e., zero lag time) up to the
following June—July—August (i.e., 7-month lag time). Here,
the NDJ is the typical peak season of ENSO. The largest
value of these regression coefficients is used as the RCTHTM

in Eq. (1). To calculate the second regression coefficient
(RTW_) assTA)» We regress the SSTA tendency in the tropical
Atlantic or Indian Ocean region onto the overlying tropo-
spheric mean temperature anomalies at the same season. We
also calculate the simultaneous regression from NDJ to the
following June—July—August and use the largest regression
coefficient as the Ry, _ assta in Eq. (1). To calculate the
SSTA tendency, we apply a centered finite difference opera-
tor to monthly data and then compute the seasonal means.

A similar procedure is used to quantify the contribution
of the AB mechanism as follows:

Rp,, ~AsSTA:
@
Here, we replace T, with surface wind speed (Ug,,,)
and surface radiative flux anomalies (Fp,,) as the key atmos-
pheric fields of the AB mechanism. We utilize these two
atmospheric factors because the AB mechanism can influ-
ence SSTA tendencies in the tropical Atlantic or Indian
Ocean through both surface sensible and latent heat fluxes
(Xie and Philander 1994; Talley et al. 2011) and surface
radiative fluxes (Ramanathan and Collins 1991; Klein et al.
1999; Wang 2002). Surface wind speeds play a key role in
determining the magnitude of surface sensible and latent
heat fluxes. The two regression coefficients in each right-
hand-side term of Eq. (2) are calculated in the same way as
those in Eq. (1).

ABM = Reriy,,, - Ry, ~assta + Retisry,,

3 ENSO inter-basin teleconnections
in the observations

To examine the ENSO inter-basin teleconnections, we
regress the February—March—April global SSTAs onto the
preceding NDJ values of the CTI using the HadISST data
set (Fig. 1a). The figure shows that three months after the
El Nifio peaks in the Pacific, substantial warming appears
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Fig. 1 a—d Regressions of February—April SSTAs onto the NDJ CTL
The lead-lagged regressions of the seasonal SSTAs averaged over
the e TIO and the f TNA onto the NDJ CTI. a The boxes from west

in the tropical Indian and Atlantic Oceans as well as in the
South Atlantic and southeastern Indian Oceans. The strong-
est tropical warming is located along the equator in the
Indian Ocean and to the north of the equator in the Atlantic.
We define a tropical Indian Ocean (TIO; 10°N-10°S and
50°E-100°E) index and a tropical North Atlantic (TNA;
5°N-25°N and 15°W-55°W) index to represent the SST var-
iations in these two regions and calculate their lead-lagged
regressions onto the NDJ CTI values. As shown in Fig. le,
f, the TIO response to ENSO peaks two months earlier than
the TNA response. These evolutional features are consist-
ent with those found in previous studies (Klein et al. 1999;
Alexander et al. 2002; Wang 2002). We repeat the analyses
with another two reanalysis SST products (the COBE SST
and ERSST data sets) and obtain similar inter-basin telecon-
nections (Fig. 1b, c).

Figure le, f indicates that the peak SST response in the
TNA is slightly stronger than that in the TIO. This asymmet-
ric feature is evident when we compare the peak responses in

@ Springer
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to east define the TIO, CTI, and TNA regions, respectively. e, f The
inter-model standard deviations (cerulean shading) are also shown

Fig. 2a. The difference between the two responses is statisti-
cally significant at 40%, 35%, and 30% level in the HadISST,
ERSST, and COBE SST data sets, respectively, when one
response value is beyond the confidence limit of the other
response value. In the rest of the study, we describe only the
results obtained from the HadISST data set, unless otherwise
mentioned. To examine the contributions of the AB and TT
mechanisms to this asymmetry, we examine the intensities of
the two mechanisms using Egs. (1) and (2). Figure 2b indi-
cates that the AB mechanism produces a larger asymmetry
between the TIO and TNA regions than the TT mechanism.
Specifically, the AB mechanism induces a SST tendency
change in the TNA (0.0924 °C/°C) that is 6.4 times that in
the TTIO (0.0145 °C/°C), while the TT mechanism induces an
SST tendency change in the TNA (0.0621 °C/°C) that is 2.5
times that in the TIO (0.0253 °C/°C). As shown in Eq. (2),
the AB mechanism relies on surface wind speed and radia-
tive flux anomalies to produce the ENSO impacts. We find
from Fig. 2b that the surface wind speed process contributes
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Fig.2 a The largest cross-lagged regressions of the area averages of
seasonal SSTAs onto the NDJ CTI (black). b The intensities of the
TT mechanism (TTM; green) and the AB mechanism (ABM; black)
including its two subcomponents related to not only surface wind
speed (U, red) but also surface radiative flux (Fg,,; blue). The val-
ues shown here are the products of ¢ and d. ¢ The largest cross-lagged

more than the radiative flux process to producing the asym-
metric ENSO impacts. We repeat these analyses with the
COBE SST and ERSST data sets and obtain similar results
(not shown).

We further examine the two sub-processes in the AB and
TT mechanisms, namely the ENSO impacts on the atmos-
pheric fields over the two oceans (Fig. 2¢) and the impacts
of the atmospheric fields on local SST tendency (Fig. 2d).
For the TT mechanism, ENSO produces comparable impacts
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regressions of the area averages of the three seasonal atmospheric
variables onto the NDJ CTIL. d The largest simultaneous regressions
of the area averages of seasonal SSTA tendencies onto the three local
variables. The whiskers represent the inter-model standard deviations.
¢, d For visualization, the values are divided by the root mean squares
of the standard deviations of the variables over the two oceans

on tropical tropospheric mean temperatures over the TNA
and TIO (Fig. 2c). This symmetric feature exists because the
ENSO influences spread throughout the tropical troposphere
rapidly via Rossby and Kelvin waves (Charney 1963; Sobel
et al. 2001; Chiang and Sobel 2002). These wave responses
can be seen in Fig. 3, in which we regress the tropospheric
mean temperature anomalies at one- and seven-month lags
onto the NDJ CTI. At the one-month lag (Fig. 3a), a Rossby
wave response is seen as a pair of tropospheric temperature
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Fig.3 The regressions of a, ¢ December—February and b, d June—August tropospheric mean temperature anomalies onto the NDJ CTI. a, b The

boxes from west to east define the TIO and TNA regions, respectively

anomalies to the west of the ENSO SSTAs, while a Kelvin
wave response is seen as temperature anomalies over the
equatorial Atlantic to Indian Ocean. At a lag of seven months
(Fig. 3b), the wave propagation has produced uniform tem-
perature anomalies throughout the tropical troposphere.

However, as shown in Fig. 2d, the comparable tropo-
spheric temperature anomalies induce a larger SST ten-
dency change in the TNA (0.161 °C/°C) than that in the
TIO (0.072 °C/°C). This difference implies that the atmos-
pheric thermal forcing (i.e., atmospheric heat flux) is a
more dominant factor in determining the SSTA tendency
change in the TNA than in the TIO. This feature supports
the suggestions from previous studies that the TNA SSTs
are more controlled by atmospheric thermal forcing (e.g.,
Alexander et al. 2002; Deser et al. 2010), whereas the TIO
SSTs are additionally influenced by other factors such as
ocean dynamics (e.g., Shinoda et al. 2004; Du et al. 2009;
Wu and Yeh 2010). Therefore, the impacts exerted by the
TT mechanism on SSTs are asymmetric between the two
ocean regions, although the mechanism induces similar
atmospheric responses. Statistical significance tests verify
the features of the TT mechanism discussed above (see the
two leftmost bars in Figs. 4a, 5a).

The different thermal controls also affect how the AB
mechanism produces SSTAs in the TIO and TNA, particu-
larly through surface radiative fluxes. Note that surface heat
fluxes are defined as positive upward in Fig. 2. We find that
the AB mechanism produces comparable anomalies in sur-
face radiative fluxes over the two regions (Fig. 2c), but the
anomalous radiative fluxes induce a larger SSTA tendency
change in the TNA than in the TIO (Fig. 2d). Therefore,
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the TIO SSTA tendency is not that sensitive to radiative
flux, supporting the suggestion that the TIO SSTs are less
thermally controlled than the TNA SSTs. In terms of surface
wind speed variations, the AB mechanism produces larger
anomalies over the TNA than over the TIO (Fig. 2¢), but the
anomalous wind speeds induce comparable SSTA tendency
changes in both ocean regions (Fig. 2d). Statistical signifi-
cance tests verify the features of the AB mechanism dis-
cussed above (see the two leftmost bars in Figs. 4b, c, 5b, c).

The surface wind responses to ENSO over the neigh-
boring oceans are related to how the Walker circulation is
displaced during the ENSO events. To examine this dis-
placement, we regress December—January—February omega
anomalies onto the NDJ CTI (Fig. 6). Note that tropical
surface wind anomalies can be visually inferred from the
anomalous vertical motions, to which the divergent motions
are closely connected (Holton and Hakim 2013). Figure 6a
shows that, in the case of El Nifio, an anomalous sinking
motion occurs to the west of the CTI region, covering the
tropical western Pacific and part of the TIO. The regressions
of surface wind and surface wind speed anomalies onto the
NDJ CTTI are shown in Fig. 7a. As shown in this figure,
the sinking motion induces surface easterly anomalies over
the TIO that attenuate the equatorial westerlies and reduce
surface wind speeds. Over the tropical Atlantic, the ENSO
events also produce anomalous descent to the east of the
eastern Pacific, which covers most of the tropical Atlan-
tic (Fig. 6a). Figure 6b shows that the tropical anomalous
descent further generates secondary circulation anomalies
to its north. As a result, anomalous southwesterlies prevail
over the TNA, counteracting the northeasterly trades and
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Fig.4 The largest cross-lagged regressions of the area averages of the three seasonal atmospheric variables onto the NDJ CTI and their 95%
confidence intervals. The two leftmost bars and the dashed lines denote the observed values obtained from the HadISST data set

diminishing surface wind speeds (Fig. 7a). Similar features
are observed in the following spring (not shown). This sec-
ondary circulation impact explains why the largest SSTA
response to ENSO in the tropical Atlantic occurs to the north
of the equator. In addition, the extratropical atmospheric
process (i.e., the Pacific—-North American pattern pattern)
also contributes to the TNA SST response to ENSO (Gian-
nini et al. 2000). It is evident in Fig. 6a that the anomalous
Walker circulation during ENSO extends further into the
tropical Atlantic than over the TIO. This asymmetric ENSO
impact on the Walker circulations causes a stronger ENSO
impact on the surface wind speeds over the TNA than over
the TIO.

Our analyses (in Figs. 2, 3, 4, 5, 6, 7) indicate that the
asymmetric responses of TNA and TIO SSTAs to ENSO
result from two major causes. One is that the SSTs in the
TNA are more controlled by atmospheric thermal forc-
ing than the SSTs in the TIO, rendering the comparable
tropospheric mean temperature anomalies induced by the
TT mechanism and the comparable surface radiative flux
anomalies induced by the AB mechanism less effective in
changing SSTs in the TIO than in the TNA. The other is that
the ENSO-induced Walker circulation anomalies extend fur-
ther into the TNA than the TIO. Due to its close connection
to the anomalous Walker circulation, the AB mechanism
(through its impact on surface wind speeds in particular) is
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ables

the dominant contributor to the asymmetric ENSO effects
on the SSTs between the two oceans.

4 ENSO inter-basin teleconnections
in CMIP5 model simulations

We use the multi-model mean (MMM) values calculated
from the historical simulations of 37 CMIP5 models to
examine how effectively the CMIP5 models simulate the
TT and AB mechanisms and the resultant SSTA responses in
the TIO and the TNA. The MMM values of the three-month
lagged regressions of model SSTAs onto the NDJ CTI are

@ Springer

shown in Fig. 1d. The figure indicates that the CMIP5 mod-
els reproduce the observed SSTA responses in the TIO and
the TNA during the ENSO events. The simulated responses
reach a maximum in the TIO and TNA about three to four
months after ENSO peaks (Fig. le, f). However, in contrast
to the observations, the simulated TIO warming, in the case
of El Nifio, is overestimated and lingers longer, whereas the
simulated TNA warming is underestimated. The CMIP5
models produce asymmetric ENSO responses between the
TNA and the TIO that are statistically significant at 5% level
(Fig. 8), but the simulated asymmetry is opposite from the
observed asymmetry. This difference is clearly revealed in
Fig. 2a, which shows that the peak TIO and TNA responses



ENSO’s impacts on the tropical Indian and Atlantic Oceans via tropical atmospheric processes:... 4635
(a) HadISST Regress DJF omega onto NDJ CTI (b) HadISST Pas'/C
100 1 I 1 I 1 I 1 I I 1 — 16 100 1 1 1 1 L 16
150 — . 150 _
g 200 E o 200 - -2 E
S5 250 < 5 250 | =
g 390 = @ 300 =
© 400 — % O 400 A %
Q 500 — T Q500 A L, T
700 — ggg 4
1888 — 1000 T T T T
0 60E 120E 180 120W 60W 308 0 30N 60N
(c) MMM (d) MMM
100 1 I 1 | 1 I 1 I | 1 . _16 100 L 1 1 1 | 16
150 — _ 150 o .
o 200 — —12 E o 200 4 - 12 £
5 250 < 5 250 - S
@ 300 g £ 2 30+ . =
O 400 2 £ 400 7 2
Q 500 — L, T Q500 4 L, T
700 — 700 -
1888 —L — : : 1888 1— : \ ,
0 60E 120E 180 120W 60W 308 0 30N 60N
[ I I [ [ [
-0.012 -0.006 -0.003 -0.0015 0.0015 0.003 0.006 0.012 -0.008 -0.002 0.001 0.004

Fig.6 The regressions of the December—February omega anomalies averaged a, ¢ between 15°N and 15°S or b, d between 15°W and 55°W

onto the NDJ CTI in the a, b observations and ¢, d CMIP5 MMM

(a) HadISST

Regress DJF Ug,,y onto NDJ CTI m-s'/°C
oy — — e

30N 1

- 30N 1 S

(b) HadISST Regress DJF F'p,q 0nto NDJ CTI
5 5 —

60W 0

1.2
—

120E 180 120W

-06 -03 -0.15 0.15 03 0.6
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to ENSO in the observations and in the MMM lie on oppo-
site sides of the 45° diagonal line. This shortcoming of the
CMIPS simulations can have many implications. For exam-
ple, it implies that the CMIP5 models produce an overly
strong capacitor effect of the Indian Ocean, which is an
important component of the delayed ENSO impact on the
western Pacific and East Asian weather and climate (e.g.,
Xie et al. 2009, 2016; Liu et al. 2018). Previous studies
have also shown that only during the boreal summer of the
decaying phase of ENSO will TIO SSTAs exert a significant
impact on the western North Pacific anomalous anticyclone
(Wu et al. 2009, 2010; Chen et al. 2019). The anomalous

anticyclone can modulate surface zonal winds in the tropical
western Pacific, speeding up or slowing down the termina-
tion or transition of ENSO. Therefore, an overestimation of
the TIO SST response to ENSO can also influence the per-
formance of the CMIP5 models in simulating ENSO evolu-
tion and diversity (Capotondi et al. 2015; An and Kim 2018;
Timmermann et al. 2018; Chen et al. 2019). Figure 8 shows
that more than one-third of the models significantly overes-
timate the SST responses to ENSO in the TIO. Regarding
the SST responses to ENSO in the TNA, there are also more
than one-third of the models which significantly underesti-
mate the responses.
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SST responses to ENSO
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Fig.8 As in Fig. 4, except for the largest cross-lagged regressions of the area averages of seasonal SSTA onto the NDJ CTI

We explore the causes of the erroneous asymmetry in
the CMIP5 models by examining their simulations of the
AB and TT mechanisms. For this purpose, we apply the
previous mechanism analyses (see Fig. 2) to all 37 CMIP5
models, after which, we compare their MMM values with
the observed values in the same figure. Figure 2b shows that
the simulated TT mechanism is comparable to that observed
in the TIO but underestimated in the TNA, while the simu-
lated AB mechanism is comparable to that observed in the
TNA but overestimated in the TIO. The overly weak TT
mechanism in the TNA and the overly strong AB mecha-
nism in the TIO are the key causes for the erroneous model
simulations of the TNA and TIO responses to ENSO. For the
simulated TT mechanism, we find that the CMIP5 models
reasonably simulate the tropospheric temperature responses
to ENSO (Figs. 2c, 3), but the impact of the tropospheric
temperature on the SSTA tendency is underestimated in the
TNA (Figs. 2d, 3). Over one-third of the models significantly
underestimate the effect of the tropospheric temperature
anomalies over the TNA on the underneath SSTA tendency
(Fig. 5a). Therefore, the underestimated TT mechanism in
the TNA is caused by the underestimated impact of tropo-
spheric temperature on the TNA SSTs rather than the ENSO
impact on the tropospheric temperature. The underestimated
effect of tropospheric mean temperature on the SSTA ten-
dency is likely to arise from an overestimation of ocean
mixed layer depths in the tropical Atlantic Ocean in many
ocean models (Noh and Lee 2008; Zhang et al. 2018).

Regarding the AB mechanism, both radiative fluxes and
surface wind processes contribute to the overestimated
AB mechanism in the TIO (Fig. 2b). We find that the
MMM has overly strong ENSO impacts on surface radia-
tive fluxes and wind speeds over the TIO (Fig. 2¢). The
TIO SSTA tendency also displays a stronger sensitivity

@ Springer

to surface radiative flux anomalies in the CMIP5 models
than in the observations (Fig. 2d). Why is the simulated
AB mechanism overestimated in the TIO? We find that
the ENSO-induced anomalous subsidence in the MMM is
over the Maritime Continent rather than over the western
Pacific as in the observations (Fig. 6a, c). As a result, the
ENSO-induced subsidence, the associated radiative flux,
and easterly anomalies cover a much larger area of the
TIO in the MMM (Fig. 7c, d) than in the observations (cf.
Figure 7a, b). The overestimation of the ENSO impacts
on wind speeds and radiative fluxes in the CMIP5 models
can be attributed to this erroneously westward extension
of the ENSO-induced anomalous Walker circulation. In
Fig. 9, we regress the equatorial Pacific SSTAs onto the
NDJ CTI to compare the observed and simulated SSTA
evolutions during ENSO. Obviously, the simulated ENSO
SSTAs extend further westward than the observed ones,
explaining why the simulated Walker circulation anoma-
lies extend too far westward over the Indian Ocean.

The significance tests show that over one-third of the
CMIPS5 models examined significantly overestimate the
ENSO effects on the surface wind speed (Fig. 4b) and
surface radiative fluxes (Fig. 4c) over the TIO, while over
one-third of the models significantly overestimate the
TIO SSTA tendency’s sensitivity to surface radiative flux
anomalies (Fig. 5¢).

Overall, compared with the observations, the overly
westward-extended ENSO SSTAs in the models intensify
the AB mechanism over the TIO. As a result, the ENSO
impact on TIO SSTs is overestimated. Meanwhile, an over-
estimation of the thermal inertia in the upper ocean of the
TNA may lead to the underestimation of the ENSO impact
on TNA SSTs.
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Fig. 10 Schematic diagram illustrating the causes of the asymmetric
SST response to ENSO in the TIO and TNA in the (top) observa-
tions and (bottom) CMIP5 MMM. The red arrow denotes the more
dominant influences of thermal factors on the TNA than on the TIO;
the blue arrow denotes the less dominant influences of thermal fac-
tors on the TNA in the MMM than in the observations; the red ellipse
denotes the ENSO SSTAs. The black arrows represent the vertical
motion responses to El Nifio, and vice versa in the case of La Nifia

5 Conclusions

In this study, we have examined the impacts of ENSO on
the SSTAs over the tropical Atlantic and Indian Oceans
and the relative contributions of two atmospheric mecha-
nisms to these impacts. We have also analyzed the CMIP5
historical simulations to determine their reliability in sim-
ulating the observed impacts and mechanisms.

The main findings are summarized in Fig. 10. In the
observations, ENSO produces a slightly stronger impact
on the TNA SSTAs via the AB and TT mechanisms than
on the TIO SSTAs. Two major factors lead to the asym-
metric impacts. One is that the ENSO-induced anoma-
lous Walker circulation extends further into the tropical

Atlantic than into the TIO, which enables the AB mecha-
nism to produce stronger thermal forcing in the Atlantic
than in the Indian Ocean. The other is the different rela-
tive controls of atmospheric thermal forcing over the SST
changes in these two oceans. The SSTA tendency in the
TNA is found to be more sensitive to thermal forcing than
that in the TIO. As a result, the AB mechanism is a sub-
stantial contributor to the asymmetry in the ENSO impacts
on the TNA and TIO. The TT mechanism also exerts an
asymmetric ENSO impact on the two oceans. This mecha-
nism produces symmetric influences on the tropospheric
temperature over the TNA and the TIO, but the TNA’s
stronger sensitivity to this thermal forcing (compared to
the TIO) results in a stronger ENSO impact on the TNA
SSTAs than on the TIO SSTAs.

The MMM of the CMIP5 models overestimates the
ENSO impacts on the TIO and underestimates the impacts
on the TNA. Our analyses indicate that the overestimated
impact on the TIO results from an erroneously westward
extension of the simulated ENSO SSTAs, which displaces
the ENSO-induced anomalous Walker circulation further
toward the Indian Ocean than observed. This erroneously
westward circulation then intensifies the ENSO impact on
the TIO through the AB mechanism. On the other hand,
the underestimated ENSO impact on the TNA mainly arises
from a weaker-than-observed TT mechanism over this ocean
in the CMIP5 models. The models do reproduce an authentic
ENSO impact on the tropospheric temperature over the TNA
region, but the TNA SSTAs in the models show a weaker
sensitivity to these tropospheric temperature anomalies than
the observed. The weaker sensitivity may result from the
erroneous mixed layer depths of the tropical Atlantic simu-
lated in the models.

In observations, the asymmetry in the SST response to
ENSO between the TNA and TIO is not as large as the asym-
metry in the intensities of the AB and TT mechanisms over
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these two oceans (Fig. 2b). Therefore, there must be other
factors affecting the ENSO impacts on the two oceans, such
as extratropical atmospheric processes, ocean dynamics, and
coupled atmosphere—ocean processes. We, however, do not
quantify these oceanic factors due to the scope of this study,
and thus, further studies on this topic are needed. Also, it
should be noted that we assess in this study the overall per-
formance of the CMIP5 models. Inter-model diversities exist
in the simulations of oceanic responses to ENSO (e.g., Du
et al. 2013).
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