Wang et al. Geosci. Lett. (2021) 8:17
https://doi.org/10.1186/540562-021-00186-8

® Geoscience Letters

RESEARCH LETTER Open Access

Underestimated responses of Walker

o

Check for
updates

circulation to ENSO-related SST anomaly
in atmospheric and coupled models

Xin-Yue Wang'?, Jiang Zhu'?, Chueh-Hsin Chang?, Nathaniel C. Johnson**, Hailong Liu'?, Yadi Li'?,
Chentao Song'?, Meijiao Xin'?, Yi Zhou'? and Xichen Li"®"

Abstract
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The Pacific Walker circulation (WC) is a major component of the global climate system. It connects the Pacific sea
surface temperature (SST) variability to the climate variabilities from the other ocean basins to the mid- and high
latitudes. Previous studies indicated that the ENSO-related atmospheric feedback, in particular, the surface wind
response is largely underestimated in AMIP and CMIP models. In this study, we further investigate the responses in the
WC stream function and the sea level pressure (SLP) to the ENSO-related SST variability by comparing the responses
in 45 AMIP and 63 CMIP models and six reanalysis datasets. We reveal a diversity in the performances of simulated SLP
and WC between different models. While the SLP responses to the El Nifio-related SST variability are well simulated

in most of the atmospheric and coupled models, the WC stream function responses are largely underestimated in
most of these models. The WC responses in the AMIP5/6 models capture ~ 75% of those in the reanalysis, whereas
the CMIP5/6 models capture ~58% of the responses. Further analysis indicates that these underestimated circula-
tion responses could be partially attributed to the biases in the precipitation scheme in both the atmospheric and
coupled models, as well as the biases in the simulated ENSO-related SST patterns in the coupled models. One should
pay special attention to these biases when studying the WC or the tropical atmosphere—-ocean interactions using

Keywords: Pacific Walker circulation, ENSO, AMIP5/6 and CMIP5/6 models, Atmosphere—ocean interaction, Model

Introduction

The Pacific Walker circulation (WC) is a large-scale zonal
overturning circulation in the atmosphere, which is char-
acterized by rising motion and deep convection over the
equatorial western Pacific and Maritime Continent, and
strong easterly surface winds over the equatorial Pacific
(Bjerknes 1969; Lau and Yang 2003). On interannual
time scales, variations in the WC are tightly connected
to El Nifio—Southern Oscillation (ENSO, Rasmusson and
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Carpenter 1982; Tanaka et al. 2004) and impacts global
climate through atmospheric teleconnections (Lau and
Yang 2003; Power et al. 1999). During an El Nifio or La
Nifa event, anomalous SST in equatorial Pacific leads
to changes of the WC, whereas the WC strengthens or
weakens the SST gradient in turn (Wang et al. 2016).
The so-called Bjerknes feedback is the most funda-
mental mechanism to maintain tropical Pacific air-sea
interaction.

The WC is the essential medium between the atmos-
phere and the ocean (Lau and Yang 2003). Interaction
between WC and SST determines regional-to-global
climate variability (Li et al. 2016; Wang et al. 2012). The
capability of present climate models to simulate these
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interactions and feedbacks is a long-lasting research
topic that directly affects the reliability of climate predic-
tions and projections. In particular, the Coupled Model
Intercomparison Project and the Atmospheric Model
Intercomparison Project phase 5 and 6 (CMIP5/6 and
AMIP5/6; Gates et al. 1999; Taylor et al. 2012) multi-
model simulation results may help us to examine the
skill of these models in simulating the feedbacks between
tropical ocean and atmosphere.

Recently, a series of studies suggested that the simu-
lated zonal SST gradient over the equatorial Pacific, the
zonal surface wind feedback, the variability of east—west
sea level pressure gradient, and the negative shortwave
cloud feedback, etc., are all underestimated by most of
the CMIP models compared with observations (Bayr
et al. 2020; Bellenger et al. 2014; Davey et al. 2002; DiN-
ezio et al. 2013; Kociuba and Power 2015; Mechoso
et al. 1995; Stocker et al. 2013). In particular, the wind
feedback is underestimated in both AMIP5 and CMIP5
models (Bayr et al. 2020). The weaker zonal surface wind
feedback and surface-heat flux feedback are associated
with deep convection over the equatorial central Pacific
and further involve SST bias over the equatorial Pacific
(Bayr et al. 2020). Meanwhile, the underestimated zonal
surface wind feedback in CMIP models reduces the
biases in nonlinear dynamical heating along the equato-
rial Pacific thermocline, declining modeled ENSO asym-
metry (Hayashi et al. 2020). In addition, the coupled
models also suffer from the double Intertropical Conver-
gence Zone (ITCZ) problem (Zhang et al. 2015). A recent
study indicated that the metrics of ENSO processes are
not improved from CMIP5 to CMIP6 (Planton et al
2020), consistent with Hayashi et al. (2020). The above
biases may potentially influence the interactions between
the WC and the tropical Pacific SST variability. Many
studies have quantified the ENSO-related atmospheric
feedback biases in AMIP and CMIP models (Bayr et al.
2020; Hayashi et al. 2020; Planton et al. 2020). However,
the responses and the feedbacks of SLP and zonal mass
stream function to the ENSO-related SST forcing in the
state-of-the-art atmosphere and coupled models have not
been well investigated. SLP and zonal mass stream func-
tion are important measures of the WC, and the change
of these two variables are also key components of ENSO
feedback.

Considering that ENSO events are typically phase-
locked, the strongest SST and circulation anomalies over
the central-eastern equatorial Pacific typically appears
in boreal winter (Rasmusson and Carpenter 1982; Wang
et al. 2016). In this study, we attempt to revisit the ENSO
feedback biases in AMIP and CMIP simulations in
terms of the WC that was defined by the SLP and mass
stream function, and quantify the responses of the WC

Page 2 of 13

to ENSO-related SST variability in the boreal winter
(December, January and February; DJF) in both AMIP
and CMIP models by comparing with six independent
reanalysis datasets. In previous studies, surface wind,
sea level pressure and mass stream function are usu-
ally used to examine the change of Pacific Walker cir-
culation in observations and models (e.g., Kociuba and
Power 2015; Vecchi and Soden 2007; Ma et al. 2016; Yu
and Zwiers 2010). And surface wind responses to ENSO
SST anomalies in climate models are underestimated
(Bayr et al. 2020; Hayashi et al. 2020). However, the biases
in reproduced responses of sea level pressure and mass
stream function to ENSO-related SST variability in the
state-of-the-art climate models remain unclear and are
worth exploring. By statistical analysis, we found that
models show a diversity in reproducing the responses
to ENSO-related SST. The responses of sea level pres-
sure simulated by AMIP5/6 and CMIP5/6 models are
reasonable. However, the responses of mass stream func-
tion are significantly underestimated in AMIP and CMIP
models compared to that in reanalyses. Further, we show
evidences that, the biases in the precipitation responses
in both the atmospheric and coupled models, as well as
the biases in the simulated ENSO-related SST patterns
in the coupled models, are important contributors to the
underestimation.

Data and methods

In this study, we represent the ENSO-related Pacific SST
forcing with the Nifio3.4 index (spatial-mean SST anom-
alies over the area 5° S—5° N, 170° W-120° W), which is
a common metric for measuring the intensity of ENSO.
Many studies considered the zonal gradient of Sea Level
Pressure (SLP) in the equatorial Pacific as an impor-
tant parameter characterizing the intensity of the WC,
defined by the Southern Oscillation Index (SOI, the dif-
ference of the spatial-mean SLP between the west Pacific
(5° S=5° N, 160°-80° W) and the east Pacific (5° S-5°
N, 80° E-160° E); Kociuba and Power 2015; Vecchi and
Soden 2007). In addition, zonal mass stream function is
used to depict the structure of the WC, as defined in Yu
and Zwiers (2010) and Yu et al. (2012):

A P
U = ane / updp,
g Jo

where YV is the zonal mass stream function, « is the Earth
radius, A ¢ is the width of the 5° S—5° N band along the
equator in radians, g is the gravitational acceleration,up is
the divergent component of the zonal wind, and p is the
pressure. The results of zonal mass stream function above
100 hPa are not shown in this study, because the stream
function is nearly zero above 100 hPa. The maximum of
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vertically averaged zonal mass stream function over the
Pacific (100° E-120° W) locate around the center of the
cell, which is used to quantify the strength of the WC
in this study. On the other hand, tropical precipitation
reflects the change of deep convection associated with
the WC. The west Pacific warm pool region (10° S—10° N,
95° E-145° E) and the equatorial central-eastern Pacific
(5° S=5° N, 165° E-135° W) are used to quantify the pre-
cipitation responses. As a result, we used monthly SST,
SLP, zonal mass stream function, and precipitation to
examine the responses of the WC in observations, rea-
nalysis, and AMIP5/6 and CMIP5/6 models.

The responses of the above variables in the rlilpl
ensemble member from AMIP5/6 runs and CMIP5/6 his-
torical runs are explored. We analyze the performance in
45 CMIP5 models, 18 CMIP6 models, 29 AMIP5 models
and 16 AMIP6 models. Considering that the CanESM5
models in CMIP6 include numerical bugs in the rlilpl
realization (https://gmd.copernicus.org/preprints/
gmd-2019-177/gmd-2019-177-AC3-supplement.pdf),
we use the rlilp2 realization to evaluate the responses.
The names of the models are listed in Additional file 1:
Table S1. Six reanalysis datasets are used as references:
(1) Twentieth Century Reanalysis (20CR; Compo et al.
2011); (2) Climate Forecast System Reanalysis (CFSR;
Saha et al. 2010); (3) the ERA-Interim reanalysis data
from the European Centre for Medium-Range Weather
Forecasts (ECMWF; Dee et al. 2011); (4) the Japanese
55-year Reanalysis (JRA55; Kobayashi et al. 2015); (5)
Modern-Era Retrospective analysis for Research and
Applications (MERRA; Rienecker et al. 2011); (6) NCEP-
DOE Reanalysis 2 (NCEP2; Kanamitsu et al. 2002). The
observed SST data is from Extended Reconstructed Sea
Surface Temperature Version5 (ERSSTv5; Huang et al.
2017). The precipitation data from the Global Precipita-
tion Climatology Project (GPCP; Huffman et al. 2009) is
used to investigate and quantify the observed precipita-
tion responses. Because reanalysis datasets start from
1979, whereas CMIP model datasets end in 2005, we ana-
lyze the responses of WC during the boreal winter (DJF)
from 1979 to 2005.

In this study, the responses of the tropical atmospheric
circulation to ENSO SST variability are calculated by
regressing the SOI and the stream function onto the
Nino3.4 SST index. The confidence interval is calculated
using Student’s ¢ test. Linear trends from each time series
are removed before regression analysis. The regression
coefficients are thus considered as the magnitudes of
the WC responses to SST change. We adopt the widely
used Empirical Orthogonal Function (EOF, Zhang 2016;
Zhang et al. 2010) to compare the dominant modes of
ENSO-related SST in observations and CMIP5/6 mod-
els, in order to examine the possible causes of the biases
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in couple models. We not only focus on the responses in
individual datasets, but also analyzed the responses in all
reanalyses (or models) as an ensemble. The ensemble is
formed by concatenating the anomalous time series of all
individual datasets (reanalysis or model).

Results

The zonal equatorial Pacific SLP gradient is an important
signature of the WC’s strength in observations and mod-
els, which has been broadly used in previous studies to
quantify the changes and variability of the WC (DiNezio
et al. 2013; Kociuba and Power 2015). Therefore, we first
calculate the SLP responses to the Nifio3.4 SST anomalies
in reanalyses, AMIP5/6 and CMIP5/6 models (Fig. 1a—e).
An El Nino event is usually associated with a weakened
WC and thus a weakened SOI. We quantify the responses
of SOI by regressing it against the Nino3.4 SST index
using different datasets and show the corresponding
box—whisker plots. Quantitative analysis (Fig. 1f) shows
that the relatively smaller magnitudes appear in CMIP6
models, explaining 81% variation of reanalysis. Results
(Fig. 1f) indicate that the responses of SOI in AMIP5/6
and CMIP5/6 capture more than ~ 81% of that in reanaly-
ses. The boxplot (Fig. 1g) also suggests that most mod-
els reproduce the responses of SLP reasonably well. The
underestimation in CMIP6 is evident compared to other
models. It is possible that the increase of ENSO SSTA
amplitude from CMIP5 to CMIP6 is an important con-
tributor to the underestimation. Less numbers of CMIP6
models may have a potential impact of underestima-
tion. The responses of SLP to the Pacific SST anomalies
in models capture the main features in general. How-
ever, the tropical atmospheric circulation could not be
directly measured by the SLP gradient. We thus estimate
the responses of the zonal mass stream function over the
equatorial Pacific to the Nifio3.4 SST anomalies in dif-
ferent datasets. The stream function directly represents
the vertical structure of the WC (Ma and Zhou 2016).
The central-east equatorial Pacific SST warming associ-
ated with El Nifo events induces a weakened WC over
the central-western Pacific in all datasets (purple colors
in Fig. 2a—e), but the magnitudes of these responses in
reanalyses, AMIP5/6 and CMIP5/6 are substantially dif-
ferent. The amplitudes of the responses (determined as
the maximum value of stream function regressed onto
the Nifi03.4 SST) in the AMIP5/6 and CMIP5/6 models
are approximately 75% (the mean of AMIP5 and AMIP6)
and 58% (the mean of CMIP5 and CMIP6) of that in the
reanalysis datasets, respectively (Fig. 2f, g). These results
indicate that the responses of the WC to the ENSO-
related SST variability may be significantly underesti-
mated in the atmospheric and coupled models, especially
the latter.
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Fig. 1 Sea level pressure regressed onto the Nifio3.4 SST index during boreal winter (hPa~" °C~"). The colored contours show the sea level pressure
(SLP) regression coefficients in a reanalysis datasets, b AMIP5 models, ¢ AMIP6 models, d CMIP5 models and e CMIP6 models. Gray dotted areas in
a-e indicate that regression coefficients are significant at the 95% confidence level. Panel f shows that the regression of the Southern Oscillation
index (SO, defined as the difference of the spatial-mean SLP between the 5° S-5° N, 160° W-80° W and 5° S-5° N, 80° E-160° E, shown as the black
boxes in Fig. 1a) onto the Nifo3.4 SST index in reanalyses (red bar), AMIP5/6 (deep and light green bars) and CMIP5/6 (deep and light blue bars)
models. The white lines show the regression coefficients, and the ranges of the bars indicate the 95% confidence interval of these regression results
with Student’s t test. g Is the box-whisker plots to indicate the spread of the reanalysis and model representation. On each box, the central line is
the median, and the bottom and top edges of the box is the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data
points not considered outliers. The '+'symbol is the outliers in reanalyses or models

Figures 1 and 2 show the circulation responses in  results of the SLP in each AMIP and CMIP model are
multi-reanalysis and model ensembles, we further exam-  shown in Additional file 1: Figs. S1, S2, while the regres-
ine the responses of WC to Nino3.4 SST in each indi- sion results of the stream function are shown in Addi-
vidual reanalysis and AMIP/CMIP model. The regression  tional file 1: Figs. S3, S4. Most of AMIP5/6 (Additional
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file 1: Fig. S1) and CMIP5/6 (Additional file 1: Fig. S2)
models reasonably reproduce the SLP patterns compared
to reanalysis datasets (Fig. S1). However, the simulated
zonal mass stream function responses are weaker than
those of the SLP. In AMIP5/6, only one-third of the mod-
els capture the main feature and the amplitude of the
stream function responses shown in the reanalyses, while
the responses in the other models are weaker (Additional
file 1: Fig. S3). The simulation results in CMIP5/6 models
are even worse, with the responses of zonal mass stream
function in most of the CMIP5/6 models obviously
underestimated (Additional file 1: Fig. S4) compared
with those in the reanalyses (Additional file 1: Fig. S3).
The figure of Taylor diagram shows model performance
of the atmospheric responses (Additional file 1: Fig. S5),
which supports our conclusion. The spatial pattern cor-
relation coefficients of SLP between models and reanaly-
sis-ensemble is larger than 0.8. However, the zonal mass
stream function responses in most CMIP models are
worse than that in AMIP models.

We further quantify the SLP (Fig. 3) and stream func-
tion (Fig. 4) responses in each individual reanalysis data-
set and AMIP/CMIP model. Bars in Figs. 3, 4 represent
the magnitude of the responses of each reanalysis data-
set (red bar), AMIP5/6 (deep/light green) and CMIP5/6
(deep/light blue) model, with the red lines showing the
responses in the multi-reanalysis data, and green and
blue lines showing those in the AMIP and CMIP mod-
els, respectively. Gray shadings indicate the ranges of +1
standard deviation of the responses in the reanalysis
datasets. The SOI responses in most of AMIP5/6 mod-
els are within the gray shaded area (Fig. 3a), indicating
that most of the AMIP models can well simulate the SOI
responses to the ENSO-related SST variability. It is inter-
esting that the performance of some of the AMIP6 mod-
els (light green bars in Fig. 3a, such as GISS-E2-1-G and
NESM3) is even worse than those of the AMIP5 models
(dark green bars in Fig. 3a), which should be noted by the
users and developers of these models. The SOI responses
in CMIP5/6 models show a stronger diversity, with one-
third of coupled models showing stronger responses than
those the reanalyses (Fig. 3b). The responses of ~25% of
models (16 out of 63) are located within the 41 standard
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deviation shading area of the reanalyses, and~42% of
models (26 out of 63) exhibit relative weaker responses.
Overall, most of the atmospheric and coupled mod-
els can reasonably simulate the main feature of the SOI
responses to the ENSO-related SST variability in com-
parison with that in the reanalysis datasets, with the
responses in the CMIP models exhibiting a larger diver-
sity due to the complicated atmosphere—ocean interac-
tions in these coupled models.

The zonal mass stream function responses in each
AMIP5/6 model (Fig. 4a) are comparatively weaker
than those in the reanalyses, but with a clear diversity
between different models. The responses in one-third
of the AMIP5/6 models (16 out of 45; ACCESSI1-0,
BCC-CSM1-1, CMCC-CM, EC-ERATH, FGOALS-g2,
FGOALS-s2, HadGEM2-A, IPSL-CM5A-MR, MPI-
ESM-LR, MPI-ESM-MR, BCCESM1, CAMS-CESM1-0,
FGOALS-g3, MIROC6, MRI-ESM2-0, NESM3) are
within the range of £ 1standard deviation (gray shading)
of the responses in the reanalysis datasets. About two-
thirds of AMIP5/6 models significantly underestimate the
responses by capturing ~40%-75% of that in the reanaly-
ses. In CMIP5/6 models (Fig. 4b), the responses in ~10%
models (6 out of 63, CMCC-CM, CMCC-CMS, GFDL-
ESM2G, MPI-ESM-MR, MRI-CGCM3, MRI-ESM1) are
overestimated compared to that of the reanalyses. The
responses in 10 models (CSIRO-Mk3-6-0, FGOALS-
g2, GFDL-CM2pl, IPSL-CM5B-LR, MPI-ESM-LR,
NorESM1-M, BCC-ESM1, GFDL-ESM4, MIROCS,
MRI-ESM2-0) are within the range of £+ 1standard devia-
tion, while the responses in the other 47 CMIP5/6 mod-
els (about three-quarters of the total CMIP models) are
underestimated compared to that in the reanalysis data.
The above results indicate that in most of the AMIP5/6
and CMIP5/6 models, the WC responses to the ENSO-
related SST forcing are significantly underestimated.
Only one-third (in AMIP) and one-fourth (in CMIP)
of these models can well simulate the magnitude of the
WC responses in comparison to that in the reanalysis
datasets.

In the six reanalysis datasets, the response of mass
stream function in ERA-Interim is comparable with oth-
ers (Fig. 4). However, the SOI responses in ERA-Interim

(See figure on next page.)

Fig. 2 Zonal mass stream function regressed onto the Nifio3.4 SST index during boreal winter (10°kgs™' °C™"). Color-mapping shows the
regression coefficients of the zonal mass stream function in a reanalysis datasets, b AMIP5 models, ¢ AMIP6 models, d CMIP5 models and e CMIP6
models. Gray dotted areas in a—e indicate that regression coefficients are significant at the 95% confidence level. f The quantification of the mass
stream function responses to the ENSO-related SST forcing in different datasets. The white lines show the regression coefficients, and the ranges of
the bars indicate the 95% confidence interval of these regression results with Student’s t test. g Is the box-whisker plots to indicate the spread of
the reanalysis and model representation. On each box, the central line is the median, and the bottom and top edges of the box is the 25th and 75th
percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers. The '+’ symbol is the outliers in reanalyses or

models
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(Fig. 4) are much weaker than that in all other five rea-
nalysis datasets. We further estimate the SLP responses
over the eastern Pacific (5° S—5° N, 80° E-~160° E) and the

western Pacific (5° S—5° N, 160° W-80° W) in six individ-
ual reanalyses datasets. Results show that SLP responses
in ERA-Interim are the weakest over both the eastern
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Fig. 3 Quantification of regression of SLP onto Nifio3.4 SST index in each reanalysis and model (hPa~' °C~"). a The regression results of SOl in
AMIP5/6 models. b shows the results in CMIP5/6 models. Bars represent the regression coefficients of the SOl onto the Nifio 3.4 SST index in each
individual reanalysis (red bar) and model (deep green bars represent AMIP5 models; light green bars represent AMIP6 models; deep blue bars
represent CMIP5 models; light blue bars represent CMIP6 models). Red, green and blue lines show the regression results of the multi-reanalysis
ensemble and the multi-model ensemble, respectively. The gray shading indicates & 1 standard deviation of the responses in the reanalyses

and the western Pacific (Fig. S1). It is impressive that the
SLP gradient (or the SOI) in ERA-Interim is less sensi-
tive to the ENSO-related SST variability than that in the
other reanalyses. The physical processes and mechanisms
behind this diversity require further investigation.

In all individual models, the SLP index is positively
related to stream function index. And it is the same for
SLP responses and stream function responses (Addi-
tional file 1: Fig. S6). There is a consistency between
each other. Above all, by comparing the responses of
SOI and stream function in each individual model, we
reveal that both the AMIP5/6 and CMIP5/6 models
have strong diversity in reproducing the responses of

the WC to the ENSO-related SST anomalies. In particu-
lar, the stream function responses to the ENSO-related
SST wvariability in most of AMIP and CMIP models are
weaker than that in the reanalyses. The AMIP5/6 mod-
els are directly forced by the observed SST variability,
which do not involve the feedback from the atmosphere
to the ocean (Gates et al. 1999). The weaker responses in
AMIP5/6 models imply that some physical processes in
the atmosphere may not be very well simulated. Consid-
ering that the tropical convective precipitation plays an
important role in mediating the impacts of SST forcing
on the large-scale tropical atmospheric circulation (Deser
et al. 2010; Huang and Xie 2015), we further evaluate
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the precipitation responses to the regional SST forcing
in the reanalysis datasets and the AMIP/CMIP models.
Figure 5a shows that the temperature gradient over the
tropical Pacific Ocean associated with the ENSO events
causes strong precipitation responses over both the west
Pacific warm pool region (the black box in Fig. 5a, b, 10°
S-10° N, 95° E-145° E) and the equatorial central-east-
ern Pacific (the black box in Fig. 5a, b, 5° S-5° N, 165°
E-135° W). In response to the Nifio3.4 SST warming, the
precipitation over the warm pool region are weakened,
whereas that over the equatorial central-eastern Pacific is
intensified, both favoring a weakened Pacific WC. Posi-
tive precipitation responses appear in a warm SST region
in all datasets although the magnitudes of responses are
different. The precipitation responses over the warm

pool region in AMIP5/6 (Fig. 5¢, d) models are relatively
weaker than that in GPCP (Fig. 5a), while the CMIP5/6
responses over both the warm pool region and the cen-
tral-eastern tropical Pacific (Fig. 5e, f) are weaker.

We further quantify the precipitation responses to
the ENSO-related SST forcing in the reanalysis datasets
and the AMIP/CMIP models by calculating the differ-
ence of the precipitation responses between the warm
pool region and the central-eastern Pacific. The results
suggest that the AMIP5/6 and CMIP5/6 models only
capture ~80% and 70% of the precipitation responses
compared to that in GPCP (Fig. 5g, h), respectively. There
is a significant correlation between the WC responses
and precipitation responses in individual reanalysis and
model datasets (Additional file 1: Fig. S7). These results
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indicate that the underestimation of the Pacific WC  2020). Mean state of atmospheric convection controls the
responses to the ENSO-related SST forcing could be strength of ENSO atmospheric feedbacks. The biases in
associated with the underestimation of the precipita- the precipitation responses have been shown in previous
tion responses over both the western Pacific warm pool  studies (Birch et al. 2015; Neale et al. 2013) to be further
and the central-eastern equatorial Pacific. This has also  attributed to the biases in the parameterization schemes
been demonstrated in the previous study (Bayr et al. in the present atmospheric models.
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In CMIP models, the biases in the simulated ENSO-
related tropical SST pattern could also be a potential fac-
tor, which may contribute to the underestimation of the
WC responses. AMIP models are forced with observed
SST and only reflect atmospheric responses. However,
CMIP models consist of the coupled atmosphere—ocean
system. The intrinsic error existing in CMIP SST could
cause biases in responses. Previous studies indicated
that the CMIP models may not very well simulate the
ENSO-related SST patterns (Cai et al. 2018, 2019; Li and
Xie 2012). We thus perform EOF analysis using monthly
SST anomalies in CMIP5 and CMIP6 models (Fig. 6b,
¢) and compare the first EOF mode (which is consid-
ered to be the ENSO-related SST mode) with that in the
observation (Fig. 6a). The warm SST anomalies over the
equatorial central-eastern Pacific in the coupled mod-
els show a clear westward extension compared to that
in the observations, while the SST anomalies over the
Western Pacific in the coupled models are much weaker
than that in the observations. These more weakly and
broadly extended SST patterns in the coupled models
may potentially contribute to the weakened responses of
the precipitation and the large-scale atmospheric circula-
tion. We also display a scatter plot of ENSO-related SSTA
and zonal mass stream function anomalies in CMIP5
and CMIP6 models (Additional file 1: Fig. S8). There is a
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negative correlation between ENSO SSTA and the WC in
coupled models. These results indicate that ENSO SSTA
could potentially influence the anomalies of WC and fur-
ther related to weak atmospheric responses in CMIP5/6
models. In addition, the biases in the shortwave cloud
radiative feedback (Chen et al. 2013) and the notori-
ous double-ITCZ problem (Zhang et al. 2015) may also
potentially contribute to these biases in the atmospheric
circulation responses.

Summary and discussion

The WC is an important component in the tropi-
cal atmosphere—ocean interaction, which is measured
by surface wind, SLP and zonal mass stream function.
Recent studies indicated that the atmospheric responses,
in particular, the surface wind responses to the ENSO-
related SST variability is underestimated in both AMIP
and CMIP models (Bayr et al. 2020; Hayashi et al. 2020;
Planton et al. 2020). However, the responses of the SLP
and the WC stream function are not investigated. In this
study, we use six reanalysis datasets, 45 AMIP5/6 mod-
els and 63 CMIP5/6 models to evaluate the simulated
WC responses (involving the responses of SLP and zonal
mass stream function) to ENSO-related SST anomalies
in the state-of-the-art atmospheric and coupled mod-
els. We found that the ENSO-related SLP responses are
reasonable in AMIP and CMIP models compared to that
in reanalyses. However, the responses of the WC stream
function to the Nifio3.4 SST anomalies in boreal winter
are underestimated in most of these AMIP and CMIP
models, with a clear diversity between different mod-
els. The zonal mass stream function in AMIP5/6 and
CMIP5/6 models in response to the Nifo 3.4 SST anoma-
lies only capture about 75% and 58% of that in reanalyses.
This low bias in most individual AMIP5/6 and CMIP5/6
models is prominent.

The underestimation of WC mass stream function
responses in AMIP5/6 and CMIP5/6 investigated in this
study is consistent with previous studies (Bayr et al. 2020;
Hayashi et al. 2020; Planton et al. 2020), which revealed
the low bias in the ENSO-related surface wind feedback.
Mass stream function and surface wind are both impor-
tant measures of the WC. Our results of the WC stream
functions well agree with the previous studies (Bayr et al.
2020; Hayashi et al. 2020; Planton et al. 2020), highlight-
ing the importance that the ENSO-related atmospheric
feedback in the atmospheric and climate models needs to
be further improved.

However, in contrast to the low biases of the ENSO-
relate WC and surface wind responses, the SLP (or the
SOI) responses to the equatorial Pacific SST variabil-
ity is well simulated in most of atmospheric and cou-
pled models, as revealed in this study. Similarly, the
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ENSO-related SLP (SOI) response in ERA-interim is
much weaker than that of the other reanalyses, while
the WC responses in ERA-interim is comparable with
that in other reanalyses. The SLP gradient is an impor-
tant proxy of the Walker circulation, and represents
the Southern Oscillation. The difference in the WC
responses and the SLP responses highlights the com-
plexity of the ENSO-related biases, which requires fur-
ther investigation.

Further analysis indicates that the bias in AMIP5/6
models may be attributed to the underestimation of
the precipitation in response to the ENSO-related SST
variability, especially precipitation responses over the
warm pool region, whereas the westwards extension
of central-eastern equatorial Pacific SST anomaly in
the CMIP models may further weaken the circulation
responses to the ENSO forcing.

The WC plays an important role in mediating the
interactions between the ocean and atmosphere, and by
connecting the impacts of ENSO events to the global
climate variability (Bjerknes 1969; Li et al. 2016; Phi-
lander 1990). Our results indicate that the responses of
the WC to ENSO-related SST variability are commonly
underestimated in most of the current widely used
atmospheric and coupled models. This bias may sub-
stantially influence the capability of these atmospheric
and coupled models in reproducing the Bjerknes feed-
back, a key process of the tropical atmosphere—ocean
interaction. This underestimation may further result
in the deficiencies in simulating and predicting ENSO
events using these models. In addition, these biases
could affect the teleconnection patterns and further
modulate the impacts of ENSO events on global climate
in the earth system models. Our study suggests that we
need to pay more attention to removing the biases of
the fundamental ocean—atmospheric interaction pro-
cesses in the atmospheric and climate system models.
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