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Abstract. The El Niño–Southern Oscillation (ENSO) is the
most prominent mode of interannual climate variability; its
simulation performance represents a critical benchmark for
evaluating the fidelity of coupled climate models. Increas-
ing model resolution is an effective approach to improve the
climate model performance; however, the impact of refin-
ing horizontal resolution from the hundred-kilometer scale
to the tens-of-kilometer scale on ENSO simulation, as well
as the underlying mechanisms, remains unclear. This study
provides a process-based evaluation of ENSO behavior in
two versions of the Chinese Academy of Sciences Flexi-
ble Global Ocean–Atmosphere–Land System Finite-Volume
version 3 (FGOALS-f3) climate system model: a low-
resolution configuration (∼ 100 km; FGOALS-f3-L, here-
after f3-L) and a high-resolution configuration (∼ 25 km;
FGOALS-f3-H, hereafter f3-H). Using a reproducible diag-
nostic framework, we assess how horizontal resolution influ-
ences ENSO amplitude, oscillation irregularity, key air–sea
coupling processes, and high-frequency (HF) atmospheric
variability. The low-resolution version severely overesti-
mates ENSO amplitude, whereas f3-H produces amplitude
closer to the observation. Process-based diagnostics show
that this improvement arises from the more realistic repre-
sentation of thermocline and zonal advection feedback pro-
cesses in f3-H, which arises from the more realistic repre-
sentation of the meridional structure of ENSO-related zonal
wind stress anomalies over equatorial Pacific in f3-H and

can be traced back to its improved horizontal resolution.
The ENSO cycle in f3-L exhibits excessive regularity, fea-
turing periodic warm-cold transitions; while f3-H reproduces
an irregular oscillation resembling the observation. The ex-
cessive regularity in f3-L is attributed to its coarser resolu-
tion, which limits the simulation performance of tropical cy-
clones and consequently weakens high-frequency westerly
wind activity over the tropical Pacific. The weak stochas-
tic forcing in f3-L is insufficient to disrupt its overly intense
ENSO cycle, yielding an overly regular oscillation. By iden-
tifying the structural sources of ENSO biases across resolu-
tions, this study provides a reproducible and model-agnostic
framework for diagnosing resolution effects on ENSO per-
formance in climate models and informs future development
of the FGOALS model family.

1 Introduction

El Niño–Southern Oscillation (ENSO), as one of the most
prominent interannual variabilities in the Earth’s climate sys-
tem, exerts a profound influence on regional and global cli-
mate (McPhaden et al., 2006; Cai et al., 2021). Therefore, the
ability to accurately simulate ENSO phenomenon serves as a
fundamental benchmark for evaluating the fidelity of coupled
climate models (Timmermann et al., 2018). Despite signifi-
cant progress in the development of climate models, large
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inter-model spread remains in ENSO characteristics across
Coupled Model Intercomparison Project (CMIP) generations
(Zhang et al., 2020; Planton et al., 2021). Common biases in-
clude inaccuracies in simulating ENSO amplitude (Planton
et al., 2021), period (Lu et al., 2018), seasonal phase lock-
ing (Liao et al., 2023; Yan and Sun, 2024), spatial distribu-
tion (Jiang et al., 2021), and intensity asymmetry (Zhao and
Sun, 2022), as well as an overly regular ENSO oscillation
(Chen et al., 2016a; Guilyardi et al., 2020). These deficien-
cies reflect systematic structural biases within models, which
directly limit the predictive skill of dynamical models (Barn-
ston et al., 2012) and hinder the reliability of climate projec-
tion regarding how ENSO may evolve under future climate
change (Jiang et al., 2020a). Therefore, it is imperative to
improve the fidelity of ENSO simulation in climate models.

Horizontal resolution has long been recognized as an im-
portant factor influencing model behavior (Yu et al., 2024).
Motivated by this, the latest CMIP6 launched a dedicated
High-Resolution Model Inter-comparison Project (High-
ResMIP) (Eyring et al., 2016) to systematically assess the
benefits of increased resolution on model simulations. Pre-
vious studies have shown that as model resolution in-
creases, simulation capabilities for both the climate mean
state and variability exhibit improvements (Dawson et al.,
2013; Chang et al., 2020). For example, high-resolution mod-
els demonstrate superior performance over low-resolution
counterparts in simulating the Asian summer monsoon (He et
al., 2025a), the impact of Tibetan Plateau thermal forcing on
Asian summer monsoon (He et al., 2025b), the precipitation
in southern China (Zi et al., 2024), the spatial distribution
and frequency of tropical cyclones (Kreussler et al., 2021;
Li et al., 2021), air–sea turbulent flux (Small et al., 2019),
heat transport by boundary currents (Docquier et al., 2019),
ocean mesoscale eddies (Hallberg, 2013), and Antarctic sea
ice (Docquier et al., 2019). This is partly because higher res-
olution allows models to explicitly resolve finer-scale phys-
ical processes, reducing their dependence on parameteriza-
tion schemes. Furthermore, high-resolution models facilitate
a more accurate simulation of topographically sensitive re-
gions, therefore improving the simulation of atmosphere-
ocean processes related to complex terrain (Bacmeister et al.,
2014; Hewitt et al., 2016). Then a pertinent inquiry arises:
does the ENSO simulation benefit from the increased resolu-
tion?

Regarding the impact of increased horizontal resolution
on ENSO characteristics, previous studies found that when
the atmospheric horizontal resolution in climate models was
increased from 3.8° (T30) or 2.8° (T42) to 1° (T106), sig-
nificant improvements can be found in the simulated ENSO
period (Guilyardi et al., 2004; Navarra et al., 2008) and
ENSO amplitude (Hua et al., 2018). However, the afore-
mentioned studies were primarily based on the comparisons
from ∼ 400 km (or 300 km) to 100 km scales. In the latest
climate models participated in the HighResMIP, model res-
olutions have advanced substantially, with some achieving

25 km resolution in atmospheric component and 10 km in
oceanic component. This higher resolution enables a more
realistic reproduction of climate variability, such as tropi-
cal cyclones (TCs) (Li et al., 2021) and tropical instability
waves (Li et al., 2023). Yet, a critical question remains un-
resolved: when model resolution reaches ∼ 25 km, a scale
that can reasonably simulate weather-scale systems like TCs,
does ENSO simulation also improve further?

ENSO is fundamentally driven by a number of coupled
ocean-atmosphere feedbacks (Li, 1997; Jin et al., 2006;
Chen et al., 2015b, 2016a); however, some analyses regard-
ing ENSO simulations are often result-oriented, focusing
only on changes in statistical indices while lacking sufficient
diagnostic analysis of the key air–sea feedback processes
that shape ENSO’s properties. Therefore, it is necessary to
conduct a process-oriented evaluation when comparing the
ENSO simulation between different resolution versions.

It is worth noting that the observational evidences have
suggested the significant influence of atmospheric “noise”
on the development and evolution of ENSO (Chen et al.,
2015a; Fedorov et al., 2015). Here the atmospheric “noise”
primarily refers to high-frequency (HF) wind activities such
as westerly wind bursts (Harrison and Vecchi, 1997; Fe-
dorov, 2002), including synoptic and intra-seasonal scales.
TC and Madden-Julian Oscillation (MJO; Madden and Ju-
lian, 1971; Madden and Julian, 1972) have been recognized
as key sources of HF wind activities in recent studies (Ying
et al., 2019; Liang and Fedorov, 2021). Considering the at-
mospheric components in HighResMIP models can reach a
horizontal resolution of 50 km or finer (which is sufficient
to reasonably reproduce TC features) and that the simulation
performance for TC and MJO activities improves with in-
creasing resolution (Davis, 2018; Tang et al., 2022; Roberts
et al., 2025), a further question arises: does the improved sim-
ulation of HF activities like TCs and MJO in high-resolution
models contribute to improved ENSO simulation?

Motivated by these open questions, this study will
conduct a process-oriented evaluation of ENSO simula-
tion for a Chinese climate model, the Flexible Global
Ocean–Atmosphere–Land System Finite-Volume ver-
sion 3 (FGOALS-f3) climate system model that was
developed by the Institute of Atmospheric Physics, Chinese
Academy of Sciences (IAP-CAS). FGOALS-f3 participated
in HighResMIP with both a low-resolution (∼ 100 km;
FGOALS-f3-L, hereafter f3-L) and a high-resolution version
(∼ 25 km; FGOALS-f3-H, hereafter f3-H) (An et al., 2022;
Bao et al., 2020). The high-resolution version (f3-H) has
been shown to have superior simulation performances
over the low-resolution counterpart (f3-L) in representing
mesoscale vortices (An et al., 2022), tropical instability
waves (Li et al., 2023), TCs (Li et al., 2021), East Asian
summer monsoon precipitation (Zi et al., 2024), and the
climatological mean states (Yu et al., 2024). Therefore,
this study employs the CAS-developed f3-H and f3-L to
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reveal the impact of model resolution on ENSO simulation
performance and the underlying air–sea coupling processes.

This model evaluation study will provide insights into
the resolution sensitivity of ENSO-related processes in
FGOALS-f3 and establishes a diagnostic framework that can
be applied to other coupled models participating in CMIP6
and future CMIP phases. The remainder of this paper is or-
ganized as follows. Section 2 describes the model configura-
tions, observational datasets, and diagnostic framework. Sec-
tion 3 presents an overview of the ENSO characteristics in
two versions of FGOALS-f3 model. Sections 4 and 5 demon-
strate how the model horizontal resolution impacts the ENSO
simulation. Section 6 summarizes the findings and discusses
implications for model development and evaluation.

2 Model configurations, datasets, and diagnostic
framework

2.1 Model configurations

FGOALS-f3 is a fully coupled climate system model de-
veloped by State Key Laboratory of Numerical Modeling
for Atmospheric Sciences and Geophysical Fluid Dynam-
ics (LASG), IAP-CAS, which couples four component mod-
els using the CPL7 coupler (Craig et al., 2012). The four
component models are the atmospheric model FAMIL2.2
(He et al., 2019; Li et al., 2021), the ocean model LICOM3.0
(Li et al., 2020), the land model CLM4.0 (Lawrence et al.,
2011), and the sea ice model CICE4.0 (Hunke and Lipscomb,
2010).

The atmospheric component FAMIL2.2 is the last ver-
sion of the Finite-volume Atmospheric Model developed by
the LASG-IAP (FAMIL) (Li et al., 2021). FAMIL2.2 uti-
lizes a finite-volume dynamical core constructed on a cubed
sphere grid that is globally partitioned into six tiles (Zhou
et al., 2015). In the vertical direction, the model uses hy-
brid coordinates over 32 layers, and the model top is 1 hPa.
While the horizontal resolution ranges from C96 (about
100 km) to C384 (about 25 km) across the different resolu-
tion version. The oceanic component LICOM 3.0 is the third
version of LASG-IAP Climate System Ocean Model (LI-
COM) (Yu et al., 2018). LICOM 3.0 updated a new ad-
vection scheme and employed a tripolar grid based on or-
thogonal curvilinear coordinates. The horizontal resolution
of LICOM 3.0 can vary flexibly between 1 and 1/20°. Sub-
grid parametrization schemes employed in LICOM 3.0 in-
clude the tidal mixing scheme, a buoyancy frequency related
thickness diffusivity scheme, a vertical viscosity and diffu-
sion scheme, and a chlorophyll a dependent solar penetra-
tion scheme, etc. A comprehensive description of the physi-
cal package in LICOM 3.0 can be found in Li et al. (2020).
The land component in FGOALS-f3 model is Community
Land Model (CLM) version 4.0. This advanced model sim-
ulates the water and momentum balances at the land sur-

face and incorporates interactive carbon and nitrogen cy-
cles, allowing for a more realistic representation of vege-
tation dynamics and ecosystem processes (Lawrence et al.,
2011). In FGOALS-f3 model, sea ice is simulated using the
Los Alamos Sea Ice Model version 4.0 (CICE 4.0). This is
a dynamic-thermodynamic model that simulates the evolu-
tion of sea ice thickness, concentration, and velocity. It fea-
tures multiple ice thickness categories and an elastic-viscous-
plastic (EVP) rheology to model ice deformation and dynam-
ics (Hunke and Lipscomb, 2010).

The FGOALS-f3 model includes two versions: f3-L and
f3-H (He et al., 2019; An et al., 2022). Both models are
participating in HighResMIP of CMIP6 and have success-
fully completed the Tier-1 and Tier-3 experiments. These two
models have the same components and physical processes.
The sole distinction between f3-H and f3-L lies in their hor-
izontal resolution and the corresponding time steps within
their finite-volume cubed-sphere dynamical core (FV3). To
maintain the stability of the integration for the dynamical
core, the two parameters (k_split and n_split) in FV3 are set
to 6 and 15 in f3-H, respectively (they are 2 and 6, respec-
tively, in f3-L). The specific resolutions of each component
of f3-L and f3-H models are shown in Table 1.

The model data used in this study are obtained from
the historical experiment outputs of f3-L and f3-H model.
Considering the experiment outputs of f3-H (highresSST-
present) start from 1950, the period during 1950–2014 for
the two models are analyzed. The main variables used in this
study include monthly sea surface temperature (SST), three-
dimensional ocean currents (uo, vo, wo), oceanic potential
temperature (thetao), surface wind stress (tauu, tauv), and net
radiation flux (rsds, rsus, rlds, rlus, hfss, hfls); daily surface
wind (uas, vas), precipitation (pr), six-hourly sea level pres-
sure (SLP), 850 hPa wind (ua, va), 300 and 500 hPa temper-
ature (ta). All data is detrended before analyzing.

2.2 Observation and reanalysis datasets

The observational and reanalysis data used in this study in-
clude: (1) the monthly SST data obtained from the Hadley
Centre Sea Ice and Sea Surface Temperature version 1.1
dataset (HadISST v1,1), with a horizontal resolution of
1°× 1° (Rayner et al., 2003); (2) the monthly, daily, and
hourly 10m wind fields are from the European Centre
for Medium-Range Weather Forecasts (ECMWF) reanaly-
sis data Fifth Generation (ERA5), with a horizontal resolu-
tion of 0.25°× 0.25° (Hersbach et al., 2020); (3) the daily
precipitation is from the Global Precipitation Climate Pro-
gram version 1.3 (GPCP v1.3), with a horizontal resolution
of 2.5°× 2.5° (Adler et al., 2003); (4) the monthly sea sur-
face wind stress data are provided by the ECMWF Ocean
Reanalysis Data (ORAS5), with a horizontal resolution of
1°×1° (Zuo et al., 2019) and America Ocean Data Assimila-
tion Data Set version 2.2.4 (SODA v2.2.4), with a horizontal
resolution of 0.5°× 0.5° (Carton and Giese, 2008); (5) the
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Table 1. Resolution comparison of each component model between the FGOALS-f3-L model and the FGOALS-f3-H model.

FGOALS-f3-L FGOALS-f3-H

Atmosphere FAMIL2.2 (1°× 1°, 32 levels) FAMIL2.2 (0.25°× 0.25°, 32 levels)
Ocean LICOM3.0 (1°× 1°, 30 levels) LICOM3.0 (0.1°× 0.1°, 55 levels)
Land CLM4.0 (1.25°× 0.9°) CLM4.0 (0.31°× 0.23°)
Sea Ice CICE4.0 (1°× 1°) CICE4.0 (0.1°× 0.1°)

historical TC data are from the China Meteorological Ad-
ministration (CMA) tropical cyclone best track dataset (Ying
et al., 2014; Lu et al., 2021).

2.3 Diagnostic framework

This study employs a reproducible, model-agnostic diag-
nostic framework for evaluating resolution-dependent ENSO
behavior. Diagnostics include ENSO amplitude and spec-
trum, ENSO irregularity index, Bjerknes index diagnosis and
the corresponding total derivative decomposition, meridional
distribution index of zonal wind stress anomaly, oceanic
zonal current decomposition, the HF atmospheric westerly
(easterly) wind index and the corresponding noise-to-signal
ratio, and TC detection and metrics.

Throughout this study, an overbar ( ) denotes the climato-
logical mean field, and a prime ( )′ denotes the interannual
anomaly obtained by removing the climatological seasonal
cycle. The subscript “HF” indicates a HF (sub-90 d) filtered
field. For example, u′HF denotes the HF component of daily
zonal wind anomaly, obtained by applying a 90 d high-pass
filter to the daily anomaly field. All symbols are used consis-
tently throughout the paper unless otherwise specified.

2.3.1 ENSO amplitude, spectral analysis and ENSO
irregularity index

Monthly SST anomaly (SSTA) is computed after removing
the climatological seasonal cycle. ENSO amplitude is mea-
sured by the standard deviation of Niño3.4 index (monthly
SSTA averaged in 5° S–5° N, 170–120° W). Power spectra
are derived using the multi-taper method following Thom-
son (1982). To quantitatively evaluate the regularity of ENSO
oscillation, we propose an ENSO irregularity index based
on the coefficient of variation of inter-event time inter-
vals (CVT). This metric is computed through the following
steps.

First, ENSO events are identified using the 3-month run-
ning mean of the Niño3.4 index. A warm (cold) event is
defined when the 3-month running mean Niño3.4 index
exceeds 0.5 (falls below −0.5) standard deviation of the
Niño3.4 index, and the event is considered to terminate when
the Niño3.4 index returns to within the ±0.5 standard devia-
tion range for at least two consecutive months.

Second, the time interval between two successive events
of the same sign is defined as the time separation between

adjacent event peaks (i.e., the month of maximum warming
for warm events or maximum cooling for cold events).

Third, the CVT is computed as the ratio of the standard
deviation to the mean of these inter-event intervals:

CVT=
σT

µT
(1)

where T denotes the set of all inter-event intervals, and
µT and σT denote the mean and the standard deviation of
these intervals, respectively.

Finally, the CVT is calculate separately for warm
events (CVTwarm) and cold events (CVTcold), and their av-
erage is taken as the final ENSO irregularity index used in
this study. A larger CVT indicates more irregular ENSO os-
cillation with highly variable inter-event spacing, whereas a
smaller CVT (approaching zero) indicates a more periodic
and regular oscillation.

2.3.2 Bjerknes index diagnosis

In order to quantitatively analyze the air–sea coupling pro-
cesses responsible for ENSO amplitude in FGOALS-f3 mod-
els, the diagnostic framework of BJ index (Kim and Jin,
2011a, b) is performed in this study. The specific formula-
tion is listed as follows:

BJ=
R− ε

2
(2)

R =−

(
a1
〈1u〉E

Lx
+ a2
〈1v〉E

Ly

)
−αs+µaβu

〈
−
∂T

∂x

〉
E

+µaβw

〈
−
∂T

∂z

〉
E
+µaβhah

〈
w

H1

〉
E

(3)

∂〈h′〉W

∂t
=−ε〈h′〉W−F

[
τ ′x
]

(4)〈
Q′
〉
E =−αs

〈
T ′
〉
E (5)〈

H(w)T ′sub
〉
E = ah

〈
T ′
〉
E (6)〈

h′
〉
E−

〈
h′
〉
W = βh

[
τ ′x
]

(7)〈
H(w)w′

〉
E = βw

[
τ ′x
]

(8)〈
u′
〉
E = βu

[
τ ′x
]
+βuh

〈
h′
〉
W (9)[

τ ′x
]
= µa

〈
T ′
〉
E (10)

where u, v, and w are the three dimensional oceanic current
velocity; T denotes sea surface temperature (°C); 〈 〉E and
〈 〉W represent averaged volume of the eastern box region
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(5° S–5° N, 170–90° W) and western box region (5° S–5° N,
130° E–170° W), respectively, from the ocean surface to the
mixed layer depth; Lx and Ly denote the longitudinal and
latitudinal lengths of the eastern box, respectively; H1 de-
notes the mixed layer depth (two complementary strategies
for specifying H1 are adopted in this study and their results
are compared in Sect. 4.1). The coefficients a1 and a2 are
obtained through linear regression using SSTA zonally or
meridionally averaged at the boundaries and area-averaged
SSTA over the box. The “1” in Eq. (2) represents the dif-
ferences of ocean current between the eastern and western

boundaries. H(w)=
{

1, w > 0
0, w ≤ 0 is the step function to

make sure only upward vertical motion is taken into account.
Here, the Eq. (1) defines the BJ index, serving as the primary
metric for the growth rate examined in this analysis. The cor-
responding dynamic and thermodynamic feedbacks are ex-
pressed in Eq. (2). In Eq. (3), the first term on the right-hand
side is the damping process at the rate of ε; the second term
represents the Sverdrup transport across the equatorial Pa-
cific basin. In Eqs. (4) to (9), αs (s−1) indicates the response
of the thermodynamic damping to SSTA; µa (N m−2 K−1)
represents the response of surface wind stress anomalies (τ ′x)
to SSTA; βu (m s−1 (N m−2)−1) represents the response of
upper ocean current anomalies (u′o) to τ ′x ; βh (m (N m−2)−1)
indicates the response of the anomalous zonal slope of the
equatorial Pacific thermocline to τ ′x ; βw (m s−1 (N m−2)−1)
denotes the response of ocean upwelling anomalies (w′o)
to τ ′x ; ah (K m−1) shows the effect of thermocline depth
change on subsurface temperature anomalies.

Based on the above equations, the main contribut-
ing terms of the BJ index include two negative feed-
back processes: the dynamic damping by mean advec-
tion (MA; −

(
a1
〈1u〉E
Lx
+ a2

〈1v〉E
Ly

)
), the thermodynamic

feedback (TD; −αs), and three positive feedback processes:
the zonal advection feedback (ZA; µaβu〈−

∂T
∂x
〉E), the ther-

mocline feedback (TH; µaβhah〈
w
Hl E

), and the Ekman feed-

back (EK; µaβw〈−
∂T
∂z
〉E).

2.3.3 Meridional distribution index

To further quantify the meridional structure of ENSO-
related τ ′x , a meridional distribution index (MDI) that was
proposed by Chen et al. (2015b), is employed. The MDI is
defined as:

MDI=

10°∫
−10°

τ ′x(y) |y|dy

10°∫
−10°

τ ′x(y)dy

(11)

where y denotes latitude, and τ ′x(y) represents the merid-
ional profile of the normalized τ ′x . The normalized τ ′x ob-
tained by regressing the zonal wind stress anomaly field onto
the Niño4 region (5° S–5° N, 160° E–150° W) averaged zonal
wind stress anomalies and then averaged over the Niño4 lon-
gitude range (160° E–150° W). The MDI provides a quan-
titative measure of the meridional concentration of ENSO-
related τ ′x within the equatorial band. Specifically, a smaller
MDI indicates that τ ′x is more concentrated near the equator,
whereas a larger MDI indicates a broader meridional distri-
bution.

2.3.4 Oceanic zonal current decomposition

ENSO-related zonal current anomaly (u′o) in the equatorial
region is composed of anomalous zonal geostrophic cur-
rents (u′g) and anomalous Ekman currents (u′e) (Su et al.,
2010; Su et al., 2014). The specific formulas of u′g and u′e are
listed below:

u′g =−
g∂2D′

β∂y2 (12)

u′e =
1
ρH1

rsτ
′
x +βyτ

′
y

r2
s + (βy)

2 (13)

where β and rs are the planetary vorticity gradient and
Rayleigh dissipation rate (0.5 d−1), respectively; τ ′y denotes
the sea meridional wind stress anomaly;H1 denotes the mean
mixed layer depth, and ρ is the seawater density.

2.3.5 HF westerly (easterly) wind index and
noise-to-signal ratio

An index regarding the HF zonal wind anomalies is used to
quantitatively measure the intensity of HF westerly (easterly)
wind activity in the f3-L and f3-H models. This index (named
WWI index and EWI index) is defined as the integration of
the averaged zonal HF westerly (easterly) wind over a fixed
region (5° S–5° N, 120–180° E). The formula is as follows:

WWI index=

time2∫
time1

u′HFdt,u′HF > 1ms−1 (14)

EWI index=

time2∫
time1

u′HFdt,u′HF <−1ms−1 (15)

where u′HF represents the daily zonal wind anomaly after ap-
plying a 90 d high-pass filter, time1 and time2 represent the
start and end time of the integrated period, respectively. In
this study, the development period of ENSO event (January
to August) is selected as the integrated period.

A noise-to-signal ratio (NSR) metric is proposed to quan-
tify the relative magnitude of stochastic atmospheric forcing
compared to the ENSO signal. The NSR is defined as:
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NSR=
σ
(
u′HF

)
σ (SSTANiño3.4)

(16)

where σ(u′HF) is the standard deviation of 90 d high-
pass-filtered zonal wind anomalies averaged over the
western equatorial Pacific (5° S–5° N, 120–180° E), and
σ (SSTANiño3.4) denotes the standard deviation of Niño3.4 in-
dex. A larger NSR indicates stronger stochastic forcing rela-
tive to the ENSO signal, and vice versa.

2.3.6 TC detection and metrics

The TC detection algorithm developed by the Geophysi-
cal Fluid Dynamics Laboratory (https://www.gfdl.noaa.gov/
tstorms/, last access: 28 May 2026; Zhao et al., 2023) was
used to detect TC activities in FGOALS-f3 model. The ba-
sic identification criteria and steps are: (1) a local minimum
SLP is found within a maximum distance of 3000 km; (2) the
wind speed at 850 hPa for this vortex exceed 17 m s−1; (3) the
absolute value of the vorticity is greater than 1.5×10−4 s−1;
(4) the temperature within 1200 km of the vortex center is
higher than that in the 1200–2400 km radius at 300–500 hPa,
indicating a warm core structure; (5) the lifespan of this
TC should be at least 3 d (72 h).

We further employ two metrics, i.e, accumulated cyclone
energy (ACE) and TC track density (TCTD), to assess the
TC activity in FGOALS-f3 models. The ACE index (Bell
et al., 2000) in each grid cell is defined as the sum of the
squares of the maximum surface wind speeds for all TCs oc-
curring within a 4°× 4° grid cell over all 6-hourly periods
(i.e., ACE=

∑
i

V 2
max, where i denotes the ith TC in a grid

cell and Vmax denotes its maximum surface wind speed). The
TCTD in each grid is defined as the sum of the number of
TCs that have passed through the region within a distance of
4°× 4° from the grid center.

3 Evaluation of ENSO Characteristics in f3-L and f3-H

Figure 1 shows the spatial distribution of the standard de-
viation (SD) of SSTA over the tropical Pacific. In both the
high- and low-resolution versions of FGOALS-f3, the inter-
annual variability of SSTA is concentrated in the central-
eastern equatorial Pacific (Fig. 1b and c), which is spatially
consistent with the observation (Fig. 1a). However, signif-
icant differences exist in the ENSO amplitude. Specifically,
the SD of the Niño3.4 index is 0.79° in the observation, 1.53°
in f3-L, and 0.62° in f3-H, respectively. This indicates that
f3-L severely overestimates the ENSO amplitude, whereas
f3-H’s simulation is much closer to the observation. Consid-
ering that the ENSO amplitude simulated in f3-L is approx-
imately 2.5 times that of f3-H, this study will firstly address
the causes of the stronger ENSO amplitude in f3-L compared
to its counterpart in f3-H.

Figure 1. The standard deviation of SSTA (shading, units: °C) for
(a) observation (HadISST), (b) f3-L and (c) f3-H.

Figure 2 presents the time series of the Niño3.4 index
for the observation and the two model versions. Obviously,
the oscillation intensity of Niño3.4 index in f3-L is much
stronger than that in the observation and f3-H, consistent
with the results of the SD analysis (Fig. 1). Another no-
table difference lies in the regularity of the oscillation: ENSO
events in f3-L exhibit highly periodic behavior, with a regu-
lar transition between warm and cold phases. In contrast, the
ENSO evolution in both the observation and f3-H exhibit ob-
vious irregularity. Furthermore, we conduct the power spec-
trum analysis on the Niño3.4 indices (Fig. 3). In the obser-
vation, the power spectrum is characterized by a broad band
of 2–8 years. However, the power spectrum in f3-L shows a
sharp and significant unimodal peak at approximately 3-year
period, with excessive concentration of ENSO energy at this
dominant period. In contrast, f3-H reproduces a broadband
spectral distribution similar to the observation.

Based on the proposed ENSO irregularity index, we calcu-
lated the CVT for the observation, f3-L and f3-H. As shown
in Table 2, the CVT values are 0.61, 0.17, and 0.53 for the
observation, f3-L and f3-H, respectively. The results clearly
indicate that ENSO oscillation in f3-L is excessively regular
compared to the observation (CVT of 0.17 vs. 0.61), whereas
f3-H produces a degree of irregularity much closes to the ob-
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Figure 2. Temporal evolution of Niño3.4 index (the averaged SSTA in the Pacific Niño3.4 region (5° S–5° N, 170–120° W), units: °C) for
(a) observation (HadISST), (b) f3-L and (c) f3-H.

servation. Therefore, the second question this study will ad-
dress is: what causes the overly regular oscillation in f3-L,
while f3-H captures more realistic irregularity?

4 Process-based diagnosis of ENSO amplitude
differences

4.1 Diagnostic analysis based on the BJ index

To investigate the physical mechanisms responsible for the
ENSO amplitude difference between the high- and low-

https://doi.org/10.5194/gmd-19-4725-2026 Geosci. Model Dev., 19, 4725–4747, 2026



4732 M.-E. Song et al.: Process-based evaluation of ENSO simulation sensitivity

Figure 3. The power spectra of Niño3.4 index for (a) observa-
tion (HadISST), (b) f3-L and (c) f3-H. The blue line in the plots
is the 95 % confidence level.

Table 2. The ENSO irregularity index (CVT) for the observation,
f3-L and f3-H.

Observation f3-L f3-H

CVT 0.61 0.17 0.53

resolution versions, we apply the BJ index framework to
quantitatively diagnose the stability of the coupled ocean-
atmosphere system in both models. When applying the BJ in-
dex or the commonly used mixed-layer heat budget di-
agnosis, one practical issue is the choice of mixed layer
depth (MLD) and whether the results are sensitive to this
choice. We therefore first examine the spatial distribution of
the climatological MLD in f3-L and f3-H. Here the MLD is
defined as the depth at which the ocean temperature is 0.8 °C
lower than the SST, following Wang et al. (2012) and Chen
et al. (2016b). As shown in Fig. S1 in the Supplement, the
climatological MLD exhibits a pronounced zonal variation
along the equatorial Pacific: it is relatively shallow in the
far eastern Pacific and gradually deepens toward the central
equatorial Pacific. Moreover, the MLD differs between the

two model versions, with the eastern box-mean values of ap-
proximately 65 m in f3-L and 50 m in f3-H over the eastern
equatorial Pacific (i.e., the eastern box used in the BJ index
calculation). Given this zonal and inter-model variability, we
adopt two complementary MLD strategies in the BJ index
diagnostic.

Strategy 1 (Constant MLD): a fixed MLD of a constant
value is applied to both f3-L and f3-H when computing the
BJ index. This approach follows the conventional practice in
previous BJ index studies (e.g., Kim and Jin, 2011a, b; Chen
et al., 2019a, b) and facilitates a direct comparison between
the two simulations under an identical diagnostic framework.
From the perspective of the BJ-index eastern-box average,
the climatological mean MLD over the eastern equatorial Pa-
cific is approximately 65 m in f3-L and 50 m in f3-H. There-
fore, in this first approach, we use a constant value of 65 m
for both simulations.

The BJ index results under Strategy 1 are shown in Fig. 4.
Figure 4 presents the BJ index calculated using a fixed MLD
of 65 m for the reanalysis, f3-L and f3-H, as well as their
difference (f3-L minus f3-H). The results demonstrate that,
although both models yield negative BJ indices, the value for
f3-L is significantly larger (i.e., less negative) than that for f3-
H. According to the physical interpretation of the BJ index
(Jin et al., 2006; Kim and Jin, 2011a, b), the less negative
BJ index in f3-L indicates that the coupled air–sea system in
f3-L is more unstable than that in f3-H. This more unstable
coupled system is more favorable for ENSO growth, thereby
leading to a stronger ENSO amplitude in f3-L than that in f3-
H.

It is worth noting that the BJ index derived from the re-
analysis is not more negative than that of f3-L, despite the
observed ENSO amplitude being slightly weaker than that
simulated by f3-L. This inconsistency can be attributed to
two factors. First, reanalysis products carry inherent uncer-
tainties, and direct comparison between reanalysis-derived
and model-derived BJ indices should be interpreted with cau-
tion. Second, the BJ index is a linear diagnostic framework
that does not account for nonlinear processes, including non-
linear atmospheric responses, semi-stochastic atmospheric
noise (i.e., the HF zonal wind anomalies discussed in this
study), and oceanic nonlinear processes such as nonlinear
dynamical heating (Wei et al., 2026). In other words, while
the BJ index is a useful tool for assessing whether the linear
air–sea coupling framework favors ENSO growth, the actual
ENSO amplitude is jointly determined by linear coupling,
nonlinear processes, and stochastic forcing. This represents
an inherent limitation of the BJ index framework. Therefore,
a comprehensive evaluation of ENSO simulation requires not
only the BJ index analysis of linear feedback processes but
also diagnostics beyond the linear framework to assess the
roles of nonlinear processes and stochastic forcing, as ad-
dressed in Sect. 5 of this study. In the following, our primary
focus is on examining the differences in the BJ index and its
contributing terms between f3-L and f3-H.
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Figure 4. BJ index and the corresponding main contributing terms for the reanalysis (ORAS5; grey bars), f3-L (red bars), f3-H (blue bars)
and their difference (f3-L minus f3-H, orange bars). Here the BJ index is calculated using a fixed MLD of 65 m. The five contributing terms
include dynamic damping by mean advection (MA), thermodynamic damping feedback (TD), zonal advection feedback (ZA), thermocline
feedback (TH) and Ekman feedback (EK).

A further question arises: which physical processes con-
tribute to the more unstable coupled system in f3-L? By ex-
amining the differences in the five contributing terms of the
BJ index (orange bars in Fig. 4), we find that the differences
in the thermocline feedback (TH) term and the zonal advec-
tion feedback ZA) term are the dominant contributors to
the BJ index difference (i.e., the system stability) between
the two model versions. Therefore, the subsequent analysis
will focus on the physical mechanisms responsible for the
stronger TH and ZA terms in f3-L relative to f3-H.

Strategy 2 (Longitude-varying MLD): each model version
uses its own longitude-dependent climatological MLD (av-
eraged over the equatorial band, 5° S–5° N) when comput-
ing the BJ index. This approach accounts for zonal varia-
tions and inter-model differences in stratification, providing
a more physically realistic diagnostic. In this approach, when
calculating the BJ index, we diagnose the mixed-layer tem-
perature anomaly above the longitudinally varying climato-
logical MLD (Fig. S1) within the three-dimensional eastern
equatorial Pacific box.

Figure S2 presents the BJ index and its contributing terms
calculated using the longitude-varying MLD for the reanal-
ysis, f3-L, and f3-H, as well as their difference (f3-L minus
f3-H). The main results are broadly consistent with those ob-
tained under Strategy 1. Specifically, the BJ index of f3-H re-
mains more negative than that of f3-L, which largely explains
the weaker ENSO amplitude in f3-H; and the BJ index differ-
ence between the two models is still primarily attributable to
the TH and ZA terms. The only notable discrepancy between
the two strategies lies in the MA term, which represents the

dynamic damping by mean zonal and meridional advection.
In brief, under the longitude-varying MLD strategy, the shal-
lower MLD in f3-H means that the vertical averaging is taken
over a thinner layer, in which the poleward (damping) branch
dominates more strongly, resulting in a more negative MA
term in f3-H compared to f3-L. A detailed analysis regarding
the MA difference between f3-H and f3-L is provided in the
Supplement (Sect. S1). Overall, the sensitivity test demon-
strates that the core conclusions of the BJ index analysis,
namely, the more unstable coupled system in f3-L and the
dominant roles of the TH and ZA terms are robust across
both MLD strategies.

According to the definition of the BJ index (see Eq. 3),
each ocean dynamic term consists of two components: one
related to the mean state and the other to air–sea feedback
processes. Considering that both components may contribute
to the differences in the TH and ZA terms between f3-L and
f3-H, we calculate the relative contributions of each compo-
nent to the total difference using a total derivative decom-
position. As shown in Fig. 5a, the stronger TH term in f3-L
compared to f3-H (bar 1) primarily arises from the difference
in βh (bar 4). The differences in µa and ah make minor con-
tributions, while the mean state differences and the covari-
ance term make negative contributions. Thus, the dominant
factor responsible for the stronger TH term in f3-L is the dif-
ference in βh. Similarly, for the stronger ZA term in f3-L, the
results (Fig. 5b) show that the difference in ZA term (bar 1)
is primarily determined by the difference in βu (bar 4), while
the difference in ah and the covariance term have marginal
contributions.
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Figure 5. (a) Contributions of different components to the change in TH term. Bar 1 indicates the change in TH term [f3-L minus f3-H,
d(TH)]. Bar 2 denotes the contribution from the mean state part change [d(w/H1)] to the change in TH term. Bar 3, 4 and 5 indicate the
contributions from the air–sea feedbacks [d(µa), d(βh) and d(ah)] to the change in TH term, respectively. Bar 6 is the residual, which
denotes the contribution from the covariant changes of both the mean state part and the air–sea feedbacks. (b) Same as (a) but for the zonal
advection feedback (ZA). Bar 1 indicate the change in ZA term [f3-L minus f3-H, d(ZA)]. Bar 2 denotes the contribution from the mean
state part change [d(∂T /∂x)] to the change in ZA term. Bar 3 and Bar 4 indicate the contributions from the air–sea feedbacks [d(µa) and
d(βu)], respectively. Bar 5 is the residual, representing the contribution from the covariant changes of both the mean state part and the air–sea
feedbacks.

4.2 Resolution dependence of the βh feedback process
difference

The air–sea feedback process βh represents the response of
the equatorial Pacific thermocline tilt to τ ′x . Figure 6 shows
the regression of thermocline depth anomalies onto zonal
wind stress anomalies for the two models. Both models re-
produce the expected pattern: in response to positive τ ′x over
the equatorial Pacific, the anomalous thermocline depth (D′)
deepens in the eastern equatorial Pacific and shoals in the
western equatorial Pacific. However, the response is much
stronger in f3-L than in f3-H.

Based on the Sverdrup balance relationship (Jin, 1997; Li,
1997), the response of the D′ to τ ′x is primarily determined
by the mean equatorial thermocline depth (H ) and τ ′x :

∂D′

∂x
=

τ ′x

ρgH
, (17)

where ρ is the seawater density and g is the reduced gravity.
We first examine the mean thermocline depth in both models
and find that the difference in H between f3-L and f3-H is
negligible (figure not shown). Therefore, the difference in H
is not the primary cause.

Previous studies (Chen et al., 2015b; Chen et al., 2019a)
have pointed out that the meridional structure of τ ′x is another
key factor influencing the strength of βh. Figure 7a presents
the meridional structure of τ ′x for the two models and their
difference (orange, f3-L minus f3-H). A significant differ-
ence exists: although the regression results show the same
magnitude of τ ′x within the equatorial Pacific (5° S–5° N), the
τ ′x in f3-L is meridionally more concentrated near the equa-
tor (0°) than that in f3-H. Since the τ ′x closer to equator is
more effective in influencing D′ (Chen et al., 2015b, 2019a),
this more equatorially-confined meridional structure of τ ′x in
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Figure 6. Distribution of the response of thermocline depth
anomaly to zonal wind stress anomaly [βh; units: m (N m−2)−1]
for (a) f3-L and (b) f3-H. Based on the linear relationship be-
tween sea surface height anomaly (SSHA) and thermocline depth
anomaly (D′), the SSHA is used as a proxy of D′. The D′ re-
sponse to zonal wind stress anomaly is derived through regressing
the SSHA field onto the averaged zonal wind stress anomaly over
equatorial Pacific (5° S–5° N, 120° E–100° W). The stippling in this
plot denotes the regression coefficient exceeding a confidence level
of 99 % by using Student’s t test.

f3-L inevitably results in a stronger response ofD′ to τ ′x (i.e.,
a larger βh).

Furthermore, we compare the meridional structure of
ENSO-related τ ′x in the two model versions with two reanal-
ysis datasets. As shown in Fig. 7b, the meridional structures
of τ ′x in the two reanalysis products (black lines) are very
similar between 10° S–5° N, while some discrepancies ex-
ist within 5–10° N region. For the models, the f3-H (25 km
atmospheric resolution) shows a τ ′x meridional structure in
the equatorial region (5° S–5° N) that substantially resembles
both reanalysis datasets. In contrast, the meridional structure
of τ ′x within 5° S–5° N in f3-L (100 km atmospheric resolu-
tion) shows obvious discrepancies from the two reanalysis
datasets. This suggests that model horizontal resolution can
influence ENSO simulation by affecting the meridional dis-
tribution of τ ′x . The higher horizontal resolution is conducive
to the more realistic representation of equatorial τ ′x merid-
ional structure, thereby yielding a more reasonable thermo-
cline feedback and ENSO amplitude.

4.3 Resolution dependence of the βu feedback process

The air–sea feedback process βu represents the response of
the equatorial Pacific upper ocean zonal current anomaly (u′o)
to τ ′x . Figure 8 shows the equatorial profile for the response

Figure 7. Meridional structure of normalized zonal wind stress
anomalies [units: N m−2 (N m−2)−1] averaged over the Niño4 lon-
gitude range (160° E–150° W) for (a) the result of f3-L (red solid
line), f3-H (blue solid line) and their difference (orange dash line,
f3-L minus f3-H). In this plot, all the data are both interpolated onto
a 1°×1° grid to facilitate the comparison; (b) the results of ORAS5
(black line marked by square, with a 1°× 1° grid), SODA2,2,4
(black line marked by asterisk, with a 0.25°×0.25° grid), f3-L (red
line marked by circle, with a 1°×1° grid) and f3-H (blue line marked
by circle, with a 0.25°× 0.25° grid). The normalized zonal wind
stress anomalies are obtained by regressing the zonal wind stress
anomalies field onto the Niño4 region (5° S–5° N, 160° E–150° W)
averaged zonal wind stress anomalies.

of u′o to τ ′x in both models. Both models simulate eastward u′o
in response to a unit eastward τ ′x in equatorial Pacific, but the
response is significantly stronger in f3-L than in f3-H.

Considering that ENSO-related u′o in the equatorial region
is composed of anomalous zonal geostrophic currents (u′g)
and anomalous Ekman currents (u′e) (see Sect. 2.3.4), we first
diagnose the response of u′g and u′e to wind stress anoma-
lies (Fig. 9). In both versions, the response of u′o to τ ′x is
primarily contributed by the response of u′g to τ ′x , while
the contribution of u′e is much smaller. This indicates that
the difference in u′g response to τ ′x is the main cause of
the difference in βu between the two model versions. Based
on the geostrophic formula (Eq. 12), the magnitude of u′g
is related to the second-order meridional derivative of D′.
Since the meridional structure of D′ (Fig. 6) exhibits a
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Figure 8. Vertical profile (averaged over 5° S–5° N) of the re-
sponse of zonal ocean current anomaly (u′o) to the zonal wind stress
anomaly [βu; units: m s−1 (N m−2)−1] for (a) f3-L and (b) f3-H.
The u′o response to zonal wind stress anomaly is derived through
regressing the u′o field onto the averaged zonal wind stress anomaly
over equatorial Pacific (5° S–5° N, 120° E–100° W).

parabolic shape (peaking at equator and decreasing pole-
ward), a strongerD′ in the equatorial region corresponds to a
larger value of second-order meridional derivative

(
−
∂2D′

∂y2

)
and, consequently, a stronger u′g. As the D′ response to τ ′x
is primarily modulated by the βh process, the difference in
the βu between the f3-L and f3-H is also primarily attributed
to difference in the βh process. That is, the stronger βh in f3-
L leads to a stronger D′, which in turn induces a stronger u′g
and u′o and ultimately results in a stronger βu.

4.4 Comparison with OMIP simulations

It should be noted that although our conclusions drawn from
Coupled General Circulation Model (CGCM) indicate that
the improved ENSO simulation is closely linked to the in-
creased atmospheric resolution, the potential influence of
oceanic horizontal resolution on ENSO simulation also mer-
its brief examination. For instance, from the perspective of
the oceanic component of CGCM (OGCM), Li et al. (2025)
examined the oceanic zonal current and thermocline depth

Figure 9. The ENSO-related zonal current anomalies (u′) averaged
over 0–65 m, zonal geostrophic current anomalies (u′g) and zonal
Ekman current anomalies (u′e) along the equatorial eastern Pacific
(2° S–2° N, 180–80° W) for f3-L (red bar) and f3-H (blue bar). The
ENSO-related zonal current anomalies, zonal geostrophic current
anomalies and zonal Ekman current anomalies are obtained by re-
gressing it anomalies field onto the zonal wind stress anomalies av-
eraged over Niño4 region (5° S–5° N, 160° E–150° W), respectively.

anomalies to zonal wind forcing by analyzing the out-
puts from Ocean Model Intercomparison Project 2 (OMIP2,
Griffies et al., 2016) and found that the oceanic response
to wind forcing is a key factor influencing ENSO simula-
tion. Therefore, the resolution-induced contrast between the
OMIP experiment and the CMIP experiment (i.e., the “histor-
ical” experiment) is a noteworthy phenomenon that warrants
explanation.

According to the CMIP6’s protocol, OMIP2 experiments
are forced by the identical atmospheric reanalysis datasets,
thus providing an ideal framework to isolate biases originat-
ing from the oceanic component. Both f3-L and f3-H have
participated in OMIP2, with respective oceanic horizontal
resolutions of approximately 1 and 0.1°. To further assess the
potential impact of oceanic horizontal resolution on ENSO
simulation, we compare the key air–sea feedback terms (βh
and βu) between f3-L and f3-H OMIP2 outputs. As shown
in Fig. 10, the response of zonal current and thermocline
depth anomalies to the identical τ ′x are remarkably similar
between the two ocean models. This indicates that the dif-
ferences in OGCM resolution itself may not be the primary
driver of the differences in βh and βu. Moreover, this find-
ing (Fig. 10) stands in stark contrast to the large differences
in βh and βu identified in the two coupled simulations (Figs. 6
and 8).

To understand the contrasting OMIP–CMIP behavior, we
compare the meridional structures of the “normalized τ ′x” be-
tween the CMIP and OMIP experiments for both model ver-
sions, as shown in Fig. S5. Here the normalized τ ′x is obtained
by regressing the τ ′x field onto Niño4-region-averaged τ ′x ;
and then averaging over the Niño4 longitude range (160° E–
150° W). This normalization procedure enables a fair com-
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Figure 10. (a)–(d) are same as Figs. 6 and 8, respectively, but for the OMIP2 simulations.

Table 3. Meridional distribution index (MDI; units: °) of τ ′x , calcu-
lated from the meridional structure of normalized τ ′x as shown in
Fig. B6.

f3-L f3-H

CMIP 2.55 2.71
OMIP 2.68 2.64

parison of the meridional structure of τ ′x across different ex-
periments and model versions. In f3-L, the CMIP experiment
produces stronger τ ′x near the equator compared to the OMIP
forcing that was derived from the JRA55-do reanalysis (red
lines in Fig. S5). This leads to an enhanced thermocline re-
sponse in CMIP relative to OMIP. Conversely, in f3-H, the
CMIP experiment yields weaker equatorial τ ′x than the OMIP
forcing (blue lines in Fig. S5), resulting in a weaker thermo-
cline response in CMIP relative to OMIP.

Furthermore, we quantify these structural differences in τ ′x
between the CMIP and OMIP experiments based on the MDI
metric, as introduced in Sect. 2.3.3. The qualitative differ-
ences in τ ′x distributions shown in Fig. S5 are corroborated
by the MDI results (Table 3). In f3-L, the CMIP experiment
yields a notably smaller MDI (2.55°) than the OMIP exper-
iment (2.68°), indicating a more equatorially concentrated
τ ′x structure that can more efficiently drive thermocline vari-
ability, and hence produces a larger βh in the CMIP experi-
ment. Conversely, in f3-H, the CMIP experiment exhibits a
larger MDI (2.71°) than the OMIP experiment (2.64°), cor-
responding to a broader τ ′x distribution that drives a more
moderate thermocline response and a smaller βh.

Therefore, the evidence from the OMIP2 experiments cor-
roborates our main conclusion: the refined atmospheric hori-
zonal resolution, which more realistically captures the merid-
ional structure of τ ′x , plays a decisive role in improving
the simulation of the key air–sea feedbacks (βh and βu)
and ENSO amplitude in FGOALS-f3 model. Nevertheless,
a more comprehensive investigation, potentially involving
finer oceanic resolutions and their interactions with the at-
mosphere, deserves further exploration in the future.

5 Diagnostic of oscillation regularity

5.1 Resolution dependence of ENSO irregularity:
differences in HF wind activity

A large body of studies have suggested that the HF zonal
wind activity over the western and central equatorial Pa-
cific (WCEP) plays a crucial role in the onset and devel-
opment of ENSO events (Rong et al., 2011; Chen et al.,
2017). In general, this HF zonal wind activity refers to west-
erly wind event (WWE) and easterly wind event (EWE) with
time scales less than 90 d. Due to their transient, intense, and
somewhat random nature, the HF zonal wind forcing is also
considered as an important factor contributing to the diver-
sity and irregularity of ENSO (Chen et al., 2015a; Fedorov
et al., 2015). Motivated by this, we hypothesize that the dif-
ference in the ENSO regularity between f3-L and f3-H may
arise from the differences in HF zonal wind activity.

To test this, we calculate the intensity of the HF zonal wind
activity based on the Eqs. (14) and (15). Figure 11 shows
the WWI and EWI index that measures the cumulative sum
of HF westerly (easterly) wind anomalies over WCEP dur-
ing the ENSO development period, for the observation and
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Figure 11. The boxplots of the (a) WWI index and (b) EWI index during the ENSO development phase (January to August). Red, blue
and black boxes indicate the f3-L, f3-H and observations, respectively. The upper and lower boundaries of the box represent the 75th and
25th percentile values, respectively. The horizontal line in the box represents the median. The black dot represents the average value.

the two model versions. As shown in Fig. 11a, the inten-
sity of HF westerlies in f3-H is comparable to that in the
observation, with similar mean and median values. However,
f3-L simulates much weaker intensity of HF westerlies. For
HF easterly activity (Fig. 11b), both models show compa-
rable statistics to the observation, with no significant differ-
ences between f3-L and f3-H. Overall, these results indicate
that f3-L strongly underestimates HF westerly wind activity
relative to the f3-H and the observation.

HF westerly wind activities are considered as semi-
stochastic perturbations that modulate ENSO evolution
(Gebbie et al., 2007; Gebbie and Tziperman, 2009). On the
one hand, their occurrence is partly influenced by ENSO-
related SSTA (Sun et al., 2020), but is also regarded as ran-
dom noise independent of ENSO system (Moore and Klee-
man, 1999). Most ENSO theoretical models treat HF west-
erly wind activity as external white noise forcing (Eisenman
et al., 2005). This implies that the impact of HF activity
on the coupled system depends, to some extent, on its rel-
ative magnitude relative to the ENSO amplitude. Notably,
the aforementioned analysis based on the BJ index (a lin-
ear framework that excludes nonlinear processes like atmo-
spheric “noise”) has shown that the coupled system simu-
lated by f3-L is more unstable than that of f3-H, hence the
ENSO variability in f3-L is more prone to self-sustained os-
cillation. Considering that the HF wind activities in f3-L is
also significantly weaker than that in f3-H, from the perspec-
tive of signal-to-noise ratio, this weaker “noise” is insuffi-
cient to “disrupt” the overly strong ENSO oscillation in f3-
L, allowing its ENSO cycle to evolve in a regular and self-
sustained manner.

To further quantify the relative magnitude of stochas-
tic atmospheric forcing compared to the ENSO signal, we

introduce an NSR metric, as introduced in Sect. 2.3.5. A
larger NSR indicates stronger stochastic forcing relative
to the ENSO signal. The NSR values are 2.67, 1.98, and
4.73 (m s−1 K−1) for the observation, f3-L, and f3-H, re-
spectively. The substantially smaller NSR in f3-L reflects
the combination of its weaker HF wind activity and stronger
ENSO amplitude, confirming that the stochastic forcing in
f3-L is insufficient to disrupt its overly intense ENSO os-
cillation. In contrast, the larger NSR in f3-H indicates that
stronger stochastic forcing acts on a weaker ENSO signal,
facilitating the irregular oscillation that more closely resem-
bles the observation.

5.2 Sources of differences in HF westerly wind activity:
evaluation of TC and MJO

To further explore the origin of difference in HF westerly
wind intensity between f3-L and f3-H, we compare the sim-
ulated performance of TC and MJO activities in these two
models. The results show that the differences in the HF west-
erly wind intensity are primarily related to the models’ ability
to reproduce TC activity. Figure 12 shows the spatial distri-
bution of TCTD over the western North Pacific (WNP). The
spatial distributions of TCTD in both f3-H and f3-L are simi-
lar to the observation, with TC tracks primarily located in the
southwestern quadrant of WNP. Although both versions can
reasonably reproduce the spatial distribution characteristics
of TC activities over the WNP, a significant difference exists
in TC frequency: TC activity is much more frequent in f3-H
than that in f3-L. The difference map (Fig. 12d, f3-H minus
f3-L) shows positive values almost everywhere north of the
equator. It is worth noting that TCTD in f3-H remains rela-
tively weak compared to the observation, which is a common
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Figure 12. The averaged TC track density (TCTD, units: counts per year) over western North Pacific for (a) observation (CMA), (b) f3-H,
(c) f3-L and (d) the difference between f3-H and f3-L (f3-H minus f3-L).

simulation bias in most current climate models (Nakamura
et al., 2017; Tang et al., 2022). Although f3-H still underesti-
mates TC activity compared to the observation, this improve-
ment relative to f3-L is substantial.

Furthermore, we compare the difference in the TC inten-
sity between f3-H and f3-L. Figure 13 shows the spatial dis-
tribution of ACE index over WNP in the observation and the
models. Both models show that strong TC activity is primar-
ily concentrated east of the Philippines sea, consistent with
the observation (Ma et al., 2025). However, the ACE index
in f3-H is significantly stronger than that in f3-L, indicating
stronger TC activity in f3-H. In summary, the TC activity
over WNP is more frequent and intense in f3-H than that in
f3-L, which largely explains the stronger HF westerly wind
anomalies in f3-H.

Model horizontal resolution is a key factor in TC simu-
lation (Tang et al., 2022). In general, climate models with
coarse resolutions (≥ 100 km) tend to only reproduce TC-
like structures (Camargo et al., 2005; Camargo and Wing,
2016), with activity that is relatively weak and infrequent
(Camargo, 2013; Nakamura et al., 2017). As resolution in-
creases, models can simulate more frequent and more in-

tense TC activity (Roberts et al., 2020a; Tang et al., 2022).
In particular, when the horizontal resolution is increased to
25 km, the simulation of TC spatial structure and associated
wind fields is significantly improved, yielding more realis-
tic characteristics of TC activity (Davis, 2018; Roberts et
al., 2020b). The analysis results of the FGOALS-f3 models
(Figs. 11 and 12) are consistent with these previous find-
ings. Compared to the f3-L model (with a horizontal reso-
lution of 100 km), the f3-H model (with a horizontal resolu-
tion of 25 km) provides a more realistic simulation of TC fre-
quency and produces stronger TC intensities. This difference
in TC simulation associated with model resolution modulates
the intensity of HF westerly wind activity and hence influ-
ences the regularity of ENSO cycle in the two models.

On the other hand, we also examine the other primary
source of HF westerly wind activity – the MJO. Figure 14
shows the wavenumber-frequency spectra of the space-time
filtered precipitation and surface zonal wind. It can be seen
that the spectral peak of precipitation and surface zonal wind
in both models are concentrated at 30–80 d period, consis-
tent with the observation. This indicates that both models re-
produce the observed MJO timescales reasonably well. In
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Figure 13. The averaged accumulated cyclone energy (ACE, units: 104 kn yr−1) over western North Pacific for (a) observation (CMA),
(b) f3-H, (c) f3-L and (d) the difference between f3-H and f3-L (f3-H minus f3-L).

terms of intensity, although the MJO-related precipitation
and zonal wind fields are somewhat exaggerated in both
models compared to the observation, the difference between
f3-L and f3-H is small, especially for MJO-related zonal
winds. Therefore, the difference in HF westerly wind activity
is likely not directly linked to MJO activity.

Although finer resolution may improve model perfor-
mance in certain aspects, these preliminary results show no
significant improvement in MJO simulation from 100 to
25 km in the case of these two FGOALS-f3 models. On the
one hand, this may be because MJO simulation is heavily
constrained by the accurate representation of physical pro-
cesses like convection parameterization, boundary layer pro-
cesses, and air–sea coupling. Thus, increased resolution must
be combined with optimized physics schemes to effectively
improve MJO simulation (Jiang et al., 2020b). On the other
hand, recent studies suggest that significant MJO improve-
ment can be seen when resolution increases to the kilometer-
scale – the “convection-permitting resolution” (Savarin and
Chen, 2022).

In summary, we find that the high-resolution version can
better simulate TC activity, with more frequent and stronger
TCs over the WNP than the lower-resolution version. This
difference results in stronger HF westerly wind activity in

f3-H than that in f3-L. Given that HF westerly wind activity
acts as a stochastic forcing on ENSO, the relatively weaker
HF atmospheric noise in f3-L has a limited randomizing ef-
fect on its stronger ENSO signal. In other words, the weaker
HF zonal wind activity in f3-L cannot overcome its inher-
ently stronger ENSO signal, leading to overly regular oscil-
lation in f3-L. In contrast, f3-H has a weaker intrinsic ENSO
signal but stronger “noise”” Therefore, the ENSO cycle in
f3-L appears much more regular than that in f3-H.

6 Conclusions and implications

6.1 Conclusions

This study provides a process-based evaluation of how
horizontal resolution influences ENSO simulation in the
CAS FGOALS-f3 climate system model. The compari-
son between its low-resolution (f3-L, ∼ 100 km) and high-
resolution (f3-H, ∼ 25 km) configurations reveals systematic
and resolution-dependent differences in ENSO amplitude,
period, oscillation irregularity, and underlying air–sea cou-
pling processes.
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Figure 14. Wavenumber-frequency spectra of space-time filtered (a–c) precipitation (units: mm d−1) and (d–f) surface zonal wind
fields (m s−1) during the boreal winter (November to next August) for observation (a, d), f3-H (b, e) and f3-L (c, f).

A key structural source of bias in f3-L is the overly
confined meridional structure of ENSO-related zonal wind
stress anomalies, which strengthens the thermocline and
zonal-advection feedbacks and leads to an exaggerated
ENSO amplitude. The process-oriented diagnosis based on
ENSO-related air–sea coupling processes demonstrates that
these feedbacks can be directly attributed to resolution-
sensitive meridional distribution of equatorial zonal wind
stress anomalies, indicating that resolving the meridional
structure of wind forcing is essential for realistic represen-
tation of ENSO amplitude.

The excessive regularity of ENSO in f3-L is another
resolution-driven bias, arising from insufficient HF atmo-
spheric variability. The high-resolution configuration pro-
duces more realistic TC activity and more vigorous WWEs,
which introduce stochastic forcing that disrupts the ENSO
cycle and generates irregular variability closer to the ob-
servation. These results highlight that the representation of
synoptic-scale atmospheric processes is integral to capturing
observed temporal irregularity of ENSO.

Overall, this study demonstrates that ENSO-related biases
in FGOALS-f3 arise from identifiable, resolution-sensitive
structural features in the coupled system. Through two com-

plementary diagnostic pathways, we provide a traceable and
mechanistic explanation for how horizontal resolution mod-
ulates ENSO simulation (Fig. 15). The diagnostic frame-
work developed here is model-agnostic and reproducible, of-
fering a practical tool for evaluating ENSO performance in
other climate models and guiding future development of the
FGOALS model family.

6.2 Implications

The findings from this study yield several actionable insights
for FGOALS-f3 development and for the broader CMIP-
class modeling community. (1) Improving the atmospheric
representation of equatorial wind stress meridional gradient
should be a development priority. (2) As shown in Fig. 15,
increase in horizontal resolution has impacts on ENSO dy-
namics from both deterministic and stochastic pathways:
the deterministic aspect influencing ENSO behaviors is via
air–sea coupling processes, and the stochastic aspect influ-
encing ENSO behaviors is via HF wind activity, both of
which should be explicitly considered in future model evalu-
ation framework. (3) The diagnostics applied here are model-
agnostic and can serve as a reproducible framework for as-
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Figure 15. Schematic diagram illustrating how increased horizontal resolution (∼ 100 to∼ 25 km) improves ENSO simulation in FGOALS-
f3 via both the deterministic feedback processes and the stochastic atmospheric forcing pathways.

sessing resolution effects in other climate models partici-
pating in CMIP6/CMIP7. We encourage the community to
adopt the process-oriented diagnostics presented here as a
complement to conventional statistical metrics, so that the
improvements in ENSO simulation can be traced back to
specific physical mechanisms rather than assessed solely by
outcome-based indices. (4) The ∼ 25 km atmosphere reso-
lution of f3-H improves both the air–sea coupling processes
and the stochastic forcing mechanisms, supporting the on-
going efforts toward next-generation high-resolution climate
models. However, the computational cost increases substan-
tially from f3-L to f3-H. The low-resolution version runs on
384 processor cores and achieves a throughput of approxi-
mately 15–20 model years per wall-clock day, whereas the
high-resolution version requires 6,144 processor cores and
achieves only ∼ 0.25 model years per wall-clock day. This
sharp increase in computational expense makes century-scale
ensemble simulations with high-resolution models, such as
f3-H, considerably more demanding. Such a cost–benefit
trade-off further motivates the development of variable-
resolution modeling frameworks (e.g., the Model for Pre-
diction Across Scales and the ICOsahedral Nonhydrostatic
model), which can selectively refine the grid over the tropical

Pacific to capture these resolution-sensitive processes while
maintaining coarser resolution elsewhere.

Code and data availability. Source codes of the FGOALS-f3
model used in this study and the analysis scripts are archived
at https://doi.org/10.5281/zenodo.19552337 (Song et al., 2026).
The model output of FGOALS-f3 models described in this paper
is distributed through the Earth System Grid Federation (ESGF)
and is freely obtained via the ESFG data portals after registration
(https://aims2.llnl.gov/search, last access: 28 May 2026). All the
observation and reanalysis datasets are available online and publicly
available as cited in the references. The ORAS5 and ERA-5 datasets
are obtained from https://cds.climate.copernicus.eu/datasets
(last access: 28 May 2026). The HadISST dataset is
from https://www.metoffice.gov.uk/hadobs/hadisst/data/
download.html (last access: 28 May 2026). The GPCP
dataset is available at https://www.ncei.noaa.gov/data/
global-precipitation-climatology-project-gpcp-daily/access
(last access: 28 May 2026). The SODA2.2.4 dataset can be ac-
cessed at http://apdrc.soest.hawaii.edu/datadoc/soda_2.2.4.php
(last access: 28 May 2026). The CMA TC best track
dataset is from https://tcdata.typhoon.org.cn/en/zjljsjj.html
(last access: 28 May 2026). The description and data for
HighResSST-present simulations of FGOALS-f3 can be found at
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https://doi.org/10.22033/ESGF/CMIP6.3312 (Bao and He, 2019;
Bao et al., 2020).
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