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The El Niño/Southern Oscillation (ENSO) is the major driver of interannual
variations of the western North Pacific (WNP) tropical cyclones (TCs). Realistic
reproduction of ENSO-WNPTC teleconnection in coupled models (CGCMs) is
thus crucial for improved seasonal-to-interannual prediction of WNPTC activity.
Here, basing on the outputs of six pairs of high-resolution (HR) and low-resolution
(LR) CGCMs participating the HighResMIP-PRIMAVERA project, we showed that
the HR models outperform the LR ones in reproducing the observed increase of
TC genesis in the southeastern WNP but the decrease in the northwestern WNP in
the developing years of El Niño. The better performance of HR than LR models is
on one hand due to the generally increased frequency and variability of TCs in the
HRmodels. On the other hand, the teleconnection of El Niño to the WNP shows a
dipole circulation difference between the HR and LR models with an anomalous
cyclone in the southeastern WNP and anticyclone in the northwestern WNP,
which enhances the dipole TC genesis anomalies in the HR compared to the LR
models. The teleconnection difference stems from the westward shift of the
ENSO-related SST and convection anomalies in the tropical Pacific in the HR
compared to the LR models, which may be ultimately linked to the reduced cold
tongue biases in the HR models.
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1 Introduction

The Western North Pacific (WNP) is the most active ocean basin of tropical cyclone
(TC) activity; about one-third of global TCs are generated there (Elsberry, 2004; Zhang et al.,
2016b; Gong et al., 2022). The TCs are highly destructive owing to the associated strong wind
and heavy rain, and thus often cause huge losses in economic and ecosystem when landing.
For example, super typhoon Lekima in 2019 impacted over 14 million people in China, and
caused direct economic loss up to 53.72 billion Chinese Yuan (Zhang et al., 2009; Peduzzi
et al., 2012; Zhao, 2019). Hence, improved understanding of TC activity is crucial for its
better simulation, prediction and mitigation.

The El Niño-Southern Oscillation (ENSO) is the primary driver of interannual variations
in the WNPTC activity including the TC genesis, track, lifetime, intensity and landfall by
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modifying the regional sea surface temperatures (SSTs), vertical
wind shear, relative vorticity, monsoonal trough and large-scale
steering flow (Gray, 1979; Ritchie and Holland, 1999; Shay et al.,
2000; Emanuel, 2005; Chih andWu, 2020). In the developing year of
El Niño, the genesis location of WNPTC shifts significantly
southeastward, while the total number does not change much
(Chan, 2000; Wang and Chan, 2002; Zhao and Wang, 2018).
Meanwhile, the TCs become more intense and long-lived and
tend to have northward recurving tracks. In contrast, in the
developing year of La Niña, the genesis location of WNPTC
shifts significantly northwestward, and the TCs are more likely to
travel westward and make landfall in East Asia (Wang and Chan,
2002; Camargo and Sobel, 2005). Hence, realistic simulation of
ENSO (i.e., Indo-western Pacific Ocean capacitor (IPOC) effect in
the El Niño following summer) impacts on the WNPTCs is vital to
accurate prediction of the WNPTC activity (Takaya et al., 2021),
especially considering that the ENSO is the most predictable signal
at the seasonal-to-interannual time scale in our climate system and
provides the fundamental source of the TC predictability (Vecchi
et al., 2014).

For decades, huge efforts have been made to reproduce the
ENSO-WNPTC teleconnection in the numerical models (Wu and
Lau, 1992; Camargo and Sobel, 2005; Iizuka and Matsuura, 2007;
Murakami et al., 2011; Bell et al., 2014; Zhang et al., 2016a;
Krishnamurthy et al., 2016). It seems that the shift of TC genesis
location in the ENSO years can be well simulated by both the
atmospheric general circulation models (AGCMs) and the coupled
general circulationmodels (CGCMs) (Wu and Lau, 1992; Murakami
et al., 2011; Krishnamurthy et al., 2016; Tan et al., 2019). However,
the model performance is greatly influenced by the model
resolution. This is on one hand because most of the current
global models rely on the detection algorithm to detect the TCs.
The coarser the models, the harder the realistic detection of TCs,
particularly the total number and intense cases (Oouchi et al., 2006;
Camargo, 2013; Murakami et al., 2015). Hence, the higher resolution
models toward 25 km generally outperform the lower ones in
simulating the global distribution, interannual variation and
related precipitation of TCs (Rathmann et al., 2013; Murakami
et al., 2015; Roberts et al., 2020; Zhang et al., 2021; Moon et al.,
2022). On the other hand, increasing the resolution of CGCM can
considerably improve the ENSO simulation such as the power
spectra, periodicity, seasonal cycle and amplitude when compared
to the same model with a lower resolution, owing to the better
representation of mesoscale atmospheric and oceanic processes and
thus reduced biases in the air-sea coupling and cold tongue in the
tropical Pacific (Guilyardi et al., 2004; Navarra et al., 2008; Hua et al.,
2018; Wengel et al., 2021). Hence, using a high-resolution CGCM
may have the superiority in simulating the ENSO-WNPTC
relationship. Zhang et al. (2016a) did show that the high-
resolution GFDL HiFLOR coupled climate model outperforms its
low-resolution version in reproducing the observed influences of
ENSO on the WNPTCs including the TC track density, genesis and
landfall due to better representation of the SST anomalies and the
related large-scale circulation anomalies-related to ENSO. However,
these results of Zhang et al. (2016a) are drawn based on one single
model and may lack of generality. Meanwhile, the underlying
mechanism responsible for the improved ENSO-related SST and
large-scale circulation anomalies was not analyzed.

Recently, the HighResMIP-PRIMAVERA project released the
archive of numerical simulations conducted by a series of CGCMs
with the CMIP6-type (~100 km, LR) and higher (~25 km, HR)
resolutions in order to explore whether the global modeling and
high-resolution add values to our understanding of high-impact
weather events (Haarsma et al., 2016; Roberts et al., 2020). A
common protocol is provided to restrict the HR model
configurations when compared to their LR versions to reflect, to
the most extent, the mere impacts of model resolutions. Readers are
referred to Haarsma et al. (2016) for details of the experiment setups.
Hence, this project provides us the unique opportunity to investigate
the ENSO-WNPTC relationship in these state-of-art CGCMs and to
estimate possible impacts of model resolution on reproducing the
observed ENSO-WNPTC relationship. The rest of the paper is thus
organized as follow. Section 2 provides a brief description of data
and methods. Simulations of the ENSO-WNPTC in the
HighResMIP-PRIMAVERA ensemble with the HR and LR
configurations are compared in Section 3. The impacts of model
resolution are estimated. Section 4 discusses possible reasons for the
different performances between HR and LR configurations.
Conclusion and discussion are given in Section 5.

2 Data and methods

The observed TC data during the period 1979-2014 are adopted
from the China Meteorological Administration (CMA)’s tropical
cyclone database (CMABST; Ying et al., 2014; Lu et al., 2021). The
monthly atmospheric variables from the NCEP-DOE Reanalysis 2
(Kanamitsu et al., 2002), the Global Precipitation Climatology
Project (GPCP; Adler et al., 2018) and Hadley Centre Sea Ice
and Sea Surface Temperature (HadISST; Rayner, 2003) for the
same period are also used.

The model outputs of historical runs that consider the historical
anthropogenic forcing by six pairs of CGCMs from the
HighResMIP-PRIMAVERA project are analyzed. The six coupled
models are CMCC-CM2 (Cherchi et al., 2018), CNRM-CM6
(Voldoire et al., 2019), EC-Earth3P (Haarsma et al., 2016),
ECMWF-IFS (Roberts et al., 2018), HadGEM3-GC3.1 (Roberts
et al., 2019) and MPI-ESM1.2 (Gutjahr et al., 2019). The detailed
HR and LR configurations are shown in Table 1. Here, the TC track
is detected by the tracking algorithm “TRACK” (Hodges et al., 2017)
that it is good at detecting the weak TCs (Roberts et al., 2020). For an
easy comparison of anomalous fields between the HR and LR
models, the monthly outputs are commonly interpolated into the
1° × 1° gird in advance.

In this study, we focus on the WNPTC genesis during July-
October (JASO) that counts more than 60% of the annual WNPTCs
(Song et al., 2021). The annual-mean TC genesis both in the
observations and models are first binned in 5° × 5° grid boxes
and then applied the nine-point smoothing (Camargo and Sobel,
2005; Zhang et al., 2016a; Kossin et al., 2016; Tan et al., 2019). The
Niño3.4 index is the following November-January (NDJ) SST
anomalies averaged in the Niño-3.4 region (5°S-5°N, 170°W-
120°W). Here, the anomalies are calculated as the deviations
from the observed or modeled seasonal cycles. To highlight the
impacts of ENSO at the interannual time scale, the 9-year high-pass
Fourier filtering is applied to the anomalies before further analyses.
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Since the anomalies in the WNPTC genesis and SSTs between the El
Niño and La Niña developing years are almost the mirror images,
the linear regression is adopted in this study for simplicity. And
ENSO-driven anomalies (TC genesis density, SST, atmospheric
circulation, precipitation, etc.) were calculated by regression on
the following NDJ Niño3.4 index so that the main focus of this
study is on the impact of model resolution on the simulation of
WNPTC activity during the development period of ENSO.

The relative contributions of different physical and thermal
processes to the ENSO-related SST anomalies in both HR and
LR models are examined through ocean mixed-layer heat budget
analysis (An et al., 1999; Jin et al., 2006; Kug et al., 2010). The SST
tendency is investigated in a 4-month sliding window from May to
October basing on the SST tendency equation:
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(1)
where T, u, v, and w represent the ocean temperature, zonal current,
meridional current and vertical velocity, respectively. Q is the net
surface heat flux anomaly, and R is the residual term caused by
entrainment, diffusion, etc. The bar denotes the climatology, and the
prime denotes the anomaly. The mean upwelling advection in Eq. 1

can be further decomposed as in many previous studies (Jin and
Neelin, 1993; An et al., 1999; Zhang et al., 2007):
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(2)

where H is the mixed layer depth (constant 50 m in this study), and
the subscript “sub” represents the subsurface layer between 50 and
100 m. Following Ren and Jin (2013) and shown in Eq. 1, the
tendency of SST can be determined by six feedbacks and processes
after regrouping the terms in the right-hand sides of Eqs 2, 3. They
are the mean circulation (MC), the zonal advection feedback (ZA),
the Ekman pumping feedback (EK), the thermocline feedback (TH),
the nonlinear dynamical heating (NDH), and the thermodynamical
damping (TD).

zSST′
zt

� MC + ZA + EK + TH + NDH + TD + R (3)
where

MC � −�uzT′
zx
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zy
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(4)
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(5)

EK � −v′z�T
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− w′z
�T

zz
(6)

TABLE 1 Brief summary of model configurations. SISL means semi-implicit and semi-Lagrangian. Model detail can be found online (https://www.primavera-h2020.
eu/modelling/our-models/).

Institution CMCC CERFACS EC-Earth KNMI;
SHMI; BSC; CNR

ECMWF MOHC;
UREAD; NERC

MPI-M

Model Nama CMCC-CM2 CNRM-CM6 EC-Earth3 ECMWF-IFS HadGEM3-GC3.1 MPI-ESM-1-2

Resolution names HR4, VHR4 LR, HR LR, HR LR, HR MM, HM HR, XR

Model components CAM4 ARPEGE IFS IFS cycle43r1 UM ECHAM6.3

NEMO NEMO NEMO NEMO3.4 NEMO MPIOMI1.63

CICE GELATO LIM LIM2 CICE MPIOMI1.63

Atmos dynamical
scheme (grid)

Grid point (finite
volume, lat-long)

Spectral (linear,
reduced Gussian)

Spectral (linear, reduced
Gussian)

Spectral (cubic octohedral,
reduced Gussian)

Grid point (SISL,
lat-long)

Spectral (triangular,
Gussian)

Atmos grid name 1×1, 0.25×0.25 Tl127, Tl359 Tl255, Tl511 Tco199, Tco399 N216, N512 T127, T255

Atmos mesh
spacing 0N

100, 28 156, 55 78, 39 50, 25 93, 39 104, 52

Atmos mesh
spacing 50N

64, 18 142, 50 71, 36 50, 25 60, 25 67, 34

Atmos nominal res
(CMIP6)

100, 25 250, 50 100, 50 50, 25 100, 50 100, 50

Atmos model
levels (top)

26 (2 hPa) 91 (78.4 km) 91 (0.01 hPa) 91 (0.01 hPa) 85 (85 km) 95 (0.01 hPa)

Ocean grid name ORCA ORCA ORCA ORCA ORCA TP

Ocean nominal
res (km)

25, 25 100, 25 100, 25 100, 25 100, 25 40, 40

Ocean levels 50 75 75 75 75 40
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TD � Q (9)

Q � Qnet

ρCpH
(10)

Here, Qnet is the net downward radiation flux at the sea
surface, that is, the sum of short-wave radiation, long-
wave radiation, sensible and latent heat fluxes. ρ and Cp are
the density and specific heat capacity of seawater, respectively.

The statistical significance of composite anomalies both in the
observations and models are tested by the two tailed t-test. For the
differences between the HR and LR configurations of six CGCMs, if
the differences have the same signs in over four CGCMs (>67%),
they are regarded as significant.

3 Simulated responses of WNPTCs to
ENSO in the HR and LR models

The climatological WNPTC genesis densities in JASO
during 1979–2014 based on the observations and multi-
model ensembles (MMEs) by the HR and LR models are
shown in Figure 1. It is clear that both the HR and LR
models simulate well the spatial distributions of TC genesis

density in the WNP, but underestimate the frequency (Figures
1A–C). Increasing the model resolution can partly reduce the
frequency biases (Figure 1D) as being revealed in the literature
(Roberts et al., 2020). The interannual variability of genesis
density is also examined in Figure 2. It seems that both the HR
and LR models underestimate the interannual variations in the
TC genesis (Figures 2A–C), but increasing the resolution can
increase the TC variability (Figure 2D). Hence, in general, the
HR models outperform the LR ones on reproducing the
observed WNPTC mean state and variability (Roberts et al.,
2020).

Figure 3 shows the TC genesis anomalies regressed on the
Niño3.4 index based on the observations and MMEs. In the TC
peak season of El Niño developing years, the observed
southeastward shift of WNPTC genesis and the resultant
anomalous southeast-northwest orientated dipole pattern can
be better simulated by the HR than LR models (Figures
3A–C). The HR models not only simulate the higher
anomalous amplitude closer to the observed, but also
reproduce better the negative pole in the western WNP
(Figures 3B–D). As a result, the pattern correlation coefficient
between the observed and simulated TC genesis anomalies is
0.67 in the HR models, larger than that of 0.57 in the LR models
(Figures 3A–C). The higher anomalous amplitude in the HR
compared to LR models is partly due to the fact that the HR
models simulate more frequency occurrence of TCs, which
generally leads to the increased amplitude of interannual

FIGURE 1
Climatological TC genesis densities (units: number year−1, 5° × 5° grid) in theWNP in July-October based on (A) the observations and theMMEs of (B)
HR and (C) LR models, and (D) the HR-LR differences during 1979–2014.

FIGURE 2
The same as in Figure 1, but for the standard deviation of TC genesis densities (units: number year−1, 5° × 5° grid).
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variability (Figures 2B–D). Further, the El Niño-related
teleconnections are slightly different between the HR and LR
models; the anomalous cyclone in the WNP, that is, crucial to

convey the El Niño impacts on the WNPTCs extends less
westward but further eastward in the HR compared to LR
models (Figures 4A–C). Hence, their difference shows an

FIGURE 3
The July-October anomalies in TC genesis density (units: number year−1, 5° × 5° grid) regressed on the November-January Niño3.4 index based on
(A) the observations and the MMEs of (B) HR and (C) LR models, and (D)HR-LR differences during 1979–2014. The pattern correlation coefficients (PCC)
between the observations and HR/LR models are labeled in the top-right corner of the panel. Anomalies significant at the 90% confidence are stippled in
(A–C). Differences between the HR and LR models are stippled if 4 out of 6 CGCMs have the same signs in (D).

FIGURE 4
The July-October anomalies in (A–C) 850-hPa stream function (shading; units: 106 m2 s−1) and wind (vector; units: m s−1), (E–G) SST (units: °C), (I–K) zonal-
vertical circulation averaged between 15°S-15°N with the vertical velocity amplified by a factor of 1000, and (M–O) precipitation (units: mm day−1) in the tropical
Pacific regressedon theNovember-JanuaryNiño3.4 index basedon (A, E, I,M) theobservations, theMMEsof (B, F, J, N)HRand (C,G, K,O) LRmodels, and (D,H, L,
P) theHR-LR differences during 1979–2014. Anomalies significant at the 90% confidence level in wind in (A–C) and SST in (E–G) are shownonly, and those in
zonal and vertical velocity in (I–K) andprecipitation in (M–O) are stippled.Differencesbetween theHRandLRmodels are stippled if 4 outof 6CGCMshave the same
signs in (D, H, L, P). The purple and green rectangles in (H) denote the regions of Box1 (5°S-5°N, 140°E−170°E) and Box2 (5°S-5°N, 175°W-145°W), respectively.
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anomalous anticyclone/cyclone in the western/eastern WNP
(Figure 4D), which is conducive to less/more occurrences of
TC in the western/eastern WNP in the HR compared to the
LR models in the El Niño developing summers (Figure 3D). As a
result, the HR models reproduce more realistically the El Niño-
related anomalies in the WNPTC genesis (Figures 3A–C).
Moreover, the difference of interannual variability is small
over the Philippine Sea and mainly in the southwestern WNP
(Figure 2D), where interannual variability associated with the
monsoon trough is significant (Wu et al., 2012). The subtle
difference over the Philippine Sea may means that the better
performance of HR in this region (i.e., El Niño suppresses the
genesis of TCs, Figure 3) is primarily attributed to the
representation of ENSO-related large-scale fields.

The difference in the circulation anomalies in the WNP
between the HR and LR models may result from the
difference in the simulated El Niño-related SST anomalies in
the tropical Pacific (Figures 4A–H). As can be seen in Figures
4E–H, the positive SST anomalies in the HR models extend less
westward than those in the LR models, leading to the negative
difference between them in the western tropical Pacific referring
as Box1 (5°S-5°N, 140°E−170°E). Meanwhile, the positive SST
anomalies in the HR models show the higher anomalous
amplitudes in the central tropical Pacific referring as Box2
(5°S-5°N, 175°W-145°W). The dipole difference in the SST
anomalies between the HR and LR models can lead to the
dipole difference in convection and precipitation in the
tropical Pacific; less active convection and precipitation in

FIGURE 5
The May-October tendencies of SST anomaly in (A) Box1 and (B) Box2 and the contributions of six processes contributors (units: °C month−1)
regressed on the November-January Niño3.4 index based on the MMEs of HR (red bar) and LR (blue bar) models and their difference (grey bar). The total
contribution of six processes are summed and presented as the sum term. The six processes are themean circulation (MC), the zonal advection feedback
(ZA), the Ekman pumping feedback (EK), the thermocline feedback (TH), the nonlinear dynamical heating (NDH), and the thermodynamical
damping (TD).

FIGURE 6
The May-October anomalies in (A, B) the mixed-layer zonal gradient of SST anomaly (units: 10−6 °C m−1) (D, E) vertical velocity (units: 10−5 m s−1,
positive upward), (G, H) ocean subsurface temperature averaged between 50–100 m below the surface (units: °C), regressed on November-January
Niño3.4 index based on the MMEs of the (A, D, G) HR and (B, E, H) LR models and (C, F, I) their differences.
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Box1, but more in Box2 (Figures 4I, P). Consequently, the
anticyclonic/cyclonic circulation difference appears in the
western/eastern WNP as the Matsuno-Gill response to the pair
of positive-negative heating difference along the equator
(Matsuno, 1966; Gill, 1980). Hence, less/more TC genesis are
caused in the western/eastern WNP in the HR compared to the
LR models in July-October of the El Niño developing years,
contributing the higher anomalous amplitude in the HR
models (Figure 3D).

4 Simulated SST anomalies related to
ENSO in the HR and LR models

As discussed in Section 3, the differences between the responses of
WNPTCs to ENSO in the HR and LR models can be caused by the
differences in the ENSO-related SST anomalies in the tropical Pacific,
particularly in Boxes 1 and 2 Hence, it is interesting to investigate
possible thermal and/or dynamical processes responsible for the
differences. The dipole differences clearly appear in May-August
(MJJA) and enhance thereafter (JASO) in ENSO-related SST and
precipitation anomalies in the western and central tropical Pacific
between the HR and LR models (figures not shown). Thus, only the
May-October averaged SST anomaly tendency and the respective
contributions by the six different processes (Eq. 3) in both the HR
and LR models and their differences are shown in Figure 5.

In Box1 (Figure 5A), it is clear that each process has almost the
same-signed contribution to the SST anomaly tendency in both the
HR and LRmodels. TheMC, ZA, EK and TH enhance the anomalous

warming, but the NDH and TD suppress it. In the HR models, the
enhancement by the MC, EK and TH are smaller, resulting in the
smaller warming rate in the HR compared to the LR models.
Consequently, the MC, EK, and TH processes all together lower
the JASO SST anomalies in Box1 in the HR models. Further analyses
show that the term −�uzT′

zx is responsible for the weaker MC in the HR
models. The zonal gradient of the anomalous SST is positive and
smaller in the HR compared to the LR model due to the less westward
extension of warm SST anomalies related to the El Niño (Figures
6A–C, 4L), causing the smallerMC. For the EK difference, the term of
−w′z �Tzz matters most. Although the vertical gradient of climatological
ocean temperature above the thermocline is slightly sharper in the HR
models (figure not shown), the anomalous downward vertical velocity
is smaller due to the weaker surface westerly anomalies (Figure 4L)
and thus the smaller Ekman pumping in Box1 (Figures 6D–F), leading
to the weaker EK in the HR compared to the LR models (Figure 5A).
The weaker westerly anomalies in Box1 also cause the weaker
downwelling Kelvin waves and thus the smaller increase of
subsurface temperature, resluting in the weaker TH in the HR
compared to the LR models (Figures 6G–I).

In Box2 (Figure 5B), the May-October tendency of SST anomaly
is larger in the HR than LR models due to the higher positive
contributions by the ZA, EK and TH. This is not surprising because
in contrast to Box1, the surface westerly anomalies in Box2 are larger
in the HR than LR models (Figure 4L). This leads to the stronger
downwelling Kelvin waves and thus the larger responses of
anomalous eastward zonal current, downward vertical velocity
and increased subsurface temperature, which consequently
enhances the ZA, EK and TH (Figures 6F, I).

As discussed above, the dipole differences of SST anomaly in the
western and central tropical Pacific between the HR and LR models
can be mainly caused by the difference in the overlying surface wind
anomalies. However, the difference in the overlying surface wind
anomalies themselves can be the results of the dipole difference of
SST anomalies, implying the close air-sea interaction in the tropical
Pacific. Hence, it is interesting to reveal how these coupled
differences are initialized. As shown in Figure 7, the cold tongue

FIGURE 7
May-October mean state biases in SST (shade; units: °C) and
1000-hPa horizontal wind (vector; units: m s−1) during
1979–2014 between the (A) HR/(B) LR models and observations and
(C) theHR-LR bias differences. Differences in (A–C) are stippled if
4 out of 6 CGCMs have the same signs.

FIGURE 8
Schematic diagram of the HR-LR differences affecting ENSO and
its teleconnection in the WNP.
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biases in the tropical Pacific appear in both the HR and LR model as
being suffered by most state-of-the-art CGCMs (Guilyardi et al.,
2009; Zheng et al., 2012; Li and Xie, 2014; Ge and Chen, 2020).
However, they are much reduced in the HR compared to LR models
(Figure 7C). In other words, the cold tongue in the LR models is too
cold and extends too westward (Figures 7A, B). Suppose the tropical
Pacific in both the HR and LR models experience the same SST
anomalies in the western and central tropical Pacific at the very
beginning, it is very likely that the HR models have anomalous
convection center more eastward than that in LR models since the
convection requires the absolute SST (mean state plus anomaly)
higher than a threshold value as suggested by Johnson and Xie.
(2010); the colder mean state of LR models thus tends to have the
anomalous convection center more westward and closer to the
western warm pool to acquire the higher mean-state SST. The
eastward shift of the convection in the HR compared to the LR
models analogous to Figure 4P causes the differences in the surface
wind anomaly analogous to Figure 4L and leads to the dipole
difference of the SST anomaly analogous to Figure 4H as
analyzed in this section, which again enhances the dipole
difference of the precipitation. Hence, the difference in the mean
state of tropical Pacific may cause the difference of responses of
ENSO center, its teleconnection and climate impacts.

5 Conclusion and discussion

The ENSO is one of the major drivers of interannual variations
in the WNPTC activity. Hence, accurate simulation and prediction

of the ENSO impacts are vital for proper adaptation planning and
decision-making to mitigate potential damages caused by the TCs.
In this study, basing on the HighResMIP-PRIMAVERA project, we
have compared the performance of six pairs of HR and LR models
on reproducing the observed ENSO impacts on the WNPTCs.
Results show that the HR models outperform the LR ones in
reproducing the increased TC genesis over the southeastern
WNP but the decreased over the northwestern WNP in the
developing years of El Niño. The better performance of HR is on
one hand due to the generally increased frequency and variability of
the TCs in the HR models. On the other hand, the ENSO
teleconnection to the WNP shows a dipole circulation difference
in the lower troposphere with the cyclonic circulation difference in
the southeastern WNP but the anticyclonic in the northwestern
WNP, which enhances the dipole TC genesis anomalies in the HR
compared to LR models. The dipole circulation difference in the
WNP can stem from the dipole difference in the ENSO-related SST
anomalies in the tropical Pacific between the HR and LR models.
The El Niño-related positive SST anomalies are lower in the western
tropical Pacific, but higher in the central tropical Pacific in the HR
compared to the LR models. This can lead to the pair of negative-
positive difference in convection and diabatic heating along the
equator and thus the pair of anticyclone-cyclone circulation
difference in the WNP as the Matsuno-Gill response. Further
analyses show that the pair of negative-positive difference in the
El Niño-related SST anomalies can be mainly caused by the
difference in the convection-related surface zonal wind anomalies
via the Ekman, zonal advection and thermocline feedbacks,
indicating the close air-sea coupling in the tropical Pacific (Figure 8).

FIGURE 9
As in Figures 3B–D, but based on the MME of (A–C) the CGCMs with the increased resolution only in the atmospheric components in their HR
versions (CMCC-CM2 and MPI-ESM-1-2) and (D–F) those with the increased resolution in both the atmospheric and ocean components (CNRM-CM6,
EC-Earth3, ECMWF-IFS and HadGEM3-GC3.1).
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The possible trigger of these coupled differences in the surface wind,
convection and SST anomalies may be the smaller cold tongue biases in
the HR compared to the LRmodels. The higher mean-state SSTs in the
tropical Pacific enable the El Niño-related convection shift more
eastward in the HR than LR models, resulting in the pair of
negative-positive convection difference and the consequent surface
wind and SST differences, which can reversely enhance the initial
convection difference. The equatorial cold tongue bias commonly exits
inmanyCGCMs and is considered to be closely related to the bias in the
Intertropical Convergence Zone and the misrepresentation of
mesoscale atmospheric and oceanic processes (Li and Xie, 2014;
Xiang et al., 2017; Bayr et al., 2018; Tian and Dong, 2020; Zhou
et al., 2020; Si et al., 2021). This study shows that increasing the CGCM
resolution can reduce the cold tongue bias and improve the simulation
of the observed ENSO-WNPTC teleconnection. However, it is difficult
to quantitatively attribute the improvement to the increased
atmospheric or oceanic components since the higher resolution in
either atmospheric or oceanic models could improve ENSO and its
teleconnection simulations (Roberts et al., 2004; Navarra et al., 2008;
Dawson et al., 2013; Small et al., 2014; Hua et al., 2018). Here, four of six
HRCGCMs have the increased resolutions in both the atmospheric and
oceanic components and the rest two only increase the atmospheric
component (Table 1). We have compared the performance of the two
groups. It is found that the group with the increased atmospheric and
oceanic resolutions have better improvement than the group with the
increased atmospheric resolution only when compared to their LR
versions (Figures 3, 9). However, the results should be interpreted with
cautions due to the small number of models in each group and lack of
statistical significance.

Previous studies have shown that locations of the maximum SST
anomalies related to ENSO can modulate the ENSO impacts on the
WNP TC activity (Chen and Tam, 2010; Zhang et al., 2012; Patricola
et al., 2016; Zhao andWang, 2018). Although both the eastern Pacific El
Niño (EPE) and central Pacific El Niño (CPE) can cause the dipole
anomalies in the WNP TC genesis, the horizontal location of the dipole
related to the CPE is more westward compared to the EPE due to the
morewestward anomalouswarming of CPE (Kim et al., 2011; Song et al.,
2021). However, the models in HighResMIP-PRIMAVERA project have
poor performance in the diversity of El Niño events, there are few
differences in the simulation of WNPTCs activity between different El
Niño events. Investigating why the models cannot distinguish the two
types of ENSO become an intriguing question. In addition, the ENSO
can prolong its impacts on the climate in the Indo-Pacific sector in its
decaying summer via the Indo-western Pacific Ocean capacitor (IPOC)
effect (Xie et al., 2009; 2016; Du et al., 2011; Zhan et al., 2011; Takaya
et al., 2021). The observed anomalous warming in the northern Indian
Ocean and WNP, the anomalous anticyclone and thus suppressed TC
genesis in the WNP are well simulated by both the HR and LR models
during the decaying summer of El Niño (Xie et al., 2009; 2016; Du et al.,
2011). However, the anomalous amplitudes of both anticyclone and TC
genesis density are higher and closer to the observed in theHR compared
to the LR models (figures not shown). This is probably because the
anomalous warming in the southeastern tropical Indian Ocean is much
higher in the HR than LR models since the anomalous warming there
can lead to the anomalous anticyclone and less TC genesis in the WNP
(Zhan et al., 2011; Tao et al., 2017).

The CGCM biases not only influence the simulation of ENSO
and its teleconnection under the present climate, but also impact

the future projection of ENSO. Tang et al. (2021) corrected
several common biases in the tropical oceans in the CGCMs
participating the phase 5 of coupled model intercomparison
project (CMIP5), and found no significant changes in
frequency of the extreme El Niño under the RCP8.5 scenario,
which is contrasted to Cai et al. (2017) who showed a significant
increase. This indicates that when interpreting the future
projection of ENSO and its climate effects by using the
CGCMs, possible influences from the model biases should be
considered. In short, continuous efforts are needed to understand
the origins of and to reduce the model biases for better
simulation, prediction and projection of our climate systems.
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