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Abstract Maximum sea surface salinity (SSS) anomalies are found in the central Pacific during the eastern
Pacific El Nifio (EPEN) and located further westward during the central Pacific El Nifio (CPEN), but whether
these differences affect event strengths is unclear. By performing ocean general circulation model experiments
via modifying freshwater flux anomalies, we find salinity effects on surface warming during both types are
highly sensitive to zonal locations of SSS anomalies, with the strongest warming induced by the SSS anomalies
near the international dateline. Further analysis reveals that vertical mixing and entrainment dominate this
temperature sensitivity, with the strongest response to SSS anomalies occurring in the central Pacific. The
central-Pacific SSS anomalies increase EPEN warming by 0.15°C while the westward-located SSS anomalies
make little contribution to CPEN warming. Therefore, the distinct zonal structures of SSS anomalies facilitate
stronger EPEN than the CPEN, increasing their difference in intensity by about 10%.

Plain Language Summary The El Nifio-Southern Oscillation (ENSO) is the strongest year-to-year
climate variability in the planet. The central Pacific El Nifio (CPEN) have been recognized in recent decades,
with weaker surface warming located more westward, in contrast to the traditional eastern Pacific El Niflo
(EPEN). Previous studies have underscored various air-sea processes in shaping these differences, however,
the impact of salinity remains unknown. Here based on ocean model experiments, we found the salinity effect
on El Nifio warming is very sensitive to zonal locations of salinity anomalies. The salinity anomalies located
in the central Pacific are more effective in modulating local ocean vertical stratification, weakening the colder
subsurface water into the mixed layer and further enhancing the surface warming. Therefore, the central
equatorial Pacific-located salinity anomalies during EPEN contributes to its stronger warming than those
west-located salinity anomalies during CPEN, enhancing the sea surface temperature difference between the
two events by about 10%. Our results provide new insight in understanding the ENSO diversity and also its
low-frequency variability, which may be helpful for interpreting more complex model simulations and for and
predicting ENSO variations.

1. Introduction

The El Niflo-Southern Oscillation (ENSO) has significant impacts on global climate (McPhaden et al., 2006). Its
warm phase El Nifio, occurs conventionally with positive sea surface temperature (SST) anomalies generated in
the eastern equatorial Pacific. A new type of El Nifio is detected and occurs more frequently in recent decades
with the largest SST anomalies in the central Pacific (Lee & McPhaden, 2010), known as dateline El Nifio (Larkin
and Harrison, 2005a, 2005b), El Nifio Modoki (Ashok et al., 2007), central Pacific El Nifio (Kao & Yu, 2009), or
warm pool El Nifio (Kug et al., 2009). Here we refer to these two types as EP El Nifio (EPEN) and CP EI Nifio
(CPEN). Understanding this diversity is one of the essential ways to understand ENSO complexity under climate
change (Cai et al., 2020; Geng et al., 2022; Timmermann et al., 2018).

Sustained attention has been paid to their differences and associated mechanisms in terms of atmospheric-oceanic
dynamics (e.g., Guan & McPhaden, 2016; Kug et al., 2009; Ren & Jin, 2013). As an important factor that deter-
mines the sea surface density, sea surface salinity (SSS) is found to have large negative anomalies in the tropical
Pacific during El Nifio events (e.g., Schneider, 2004). These salinity anomalies modify the vertical ocean strati-
fication and lead to a thicker barrier layer between the mixed layer and isothermal layer. It weakens the vertical
entrainment of subsurface cold water and vertical mixing at the bottom of the mixed layer, and hence warms
the upper layer, further exerting a positive feedback (Ando & McPhaden, 1997; Maes et al., 2002, 2006; Bosc
et al., 2009; Vialard & Delecluse, 1998a, 1998b; Vialard et al., 2002; Zhang et al., 2012). Model studies showed
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Figure 1. Anomalies of SST, SSS and FWF during the mature phase of EPEN (upper) and CPEN (middle) and their differences (bottom), respectively based on
ORASS reanalysis, Argo observation, and OGCM simulation.

that improving the representation of salinity effects helps better simulate ENSO variability in ocean general circu-
lation and coupled models (e.g., Maes et al., 2005; Zhang, 2015; Zhao et al., 2014).

Previous studies found tropical Pacific salinity anomalies show distinct characteristics in terms of zonal pattern
and time evolution between EPEN and CPEN (e.g., Singh et al., 2011). Qi et al. (2019) found that salinity anom-
alies are in the tropical central Pacific during EPEN, which are located more eastward by 25° on longitude than
those in the western Pacific during CPEN. Zhi et al. (2020, 2021) pointed out that the salinity anomalies in EPEN
lead the Nifio index by 8—10 months but there is no apparent lead-lag relation between the salinity and CPEN,
implying different salinity roles in these two types. As shown in Zheng et al. (2014), salinity anomalies in the
central Pacific have larger effects on modifying the upper-layer vertical stratification than those in the western
Pacific. Guan et al. (2022) further examined SSS zonal patterns in affecting ENSO asymmetry in an ocean model,
and found that central-Pacific SSS anomalies have larger impacts on ENSO development. Therefore, the ques-
tions arise: will the zonal patterns of salinity anomalies affect EPEN and CPEN differently; and if so, what are
the underlying dynamical processes? In this study, we will address these questions by executing ocean general
circulation model (OGCM) sensitivity experiments.

In the rest of this paper, we will describe data and experimental design in Section 2, followed by an investigation
of the sensitivity of EPEN and CPEN to SSS anomaly longitude in Section 3. The salinity effects on the EPEN
and CPEN SST anomalies are then examined in Section 4 and we will summarize the results and discuss remain-
ing issues in Section 5.

2. Data and Model Design

The OGCM used in this study is a primitive equation and reduced gravity model with a vertical sigma (o)
coordinate (Gent & Cane, 1989). It covers the tropical Pacific basin and has 20 layers vertically with a mixed
layer as the surface layer determined by a mixed layer model (Chen et al., 1994). These data are monthly over
1979-2016. In this model, freshwater flux (FWF) forcing can directly change the surface salinity and affect the
entire upper-ocean thermal-dynamics (e.g., Gao et al., 2020). The OGCM is well suited for simulating dynamical
variabilities in the equatorial Pacific including thermohaline characteristic and mixed layer dynamics (Figure 1
and Figure S1 in Supporting Information S1), and has been widely used to investigate the effects of FWF and
surface salinity on ENSO (e.g., Guan et al., 2022; Luo et al., 2005; Murtugudde & Busalacchi, 1998; Zhang &
Busalacchi, 2009; Zhang et al., 2018).
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We also use gridded Argo data over 2005-2019 and the ECMWF Ocean Reanalysis System 5 (ORASS5) over 1980—
2019 for the comparisons of temperature and salinity patterns during EPEN and CPEN with the OGCM. They
are both monthly with a horizontal resolution of 1° X 1°. EPENs/CPENS are selected referring to the consensus
events (EPEN: 1982-1983, 1986-1987, 1997-1998, 2015-2016; CEPN: 1987-1988, 1994-1995, 2002-2003,
2004-2005, 2006-2007, 2009-2010, 2014-2015) in Capotondi et al. (2020) and additionally the 1991-1992
EPEN and 2018-2019 CPEN (Guan et al., 2023; Sullivan et al., 2016). Events for composite are selected in
respective time span for Argo, ORASS and OGCM (see detailed in Table S1 in Supporting Information S1).

OGCM experiments are also executed in 2-year composite EPEN and CPEN based on events during 1979-2016.
The control experiment is set by forcing the ocean model by corresponding El Nifio composites of wind stress and
climatological FWF. We determine salinity patterns by tuning the FWF interannual anomalies to perform a series
of sensitivity experiments. This method can well represent the intensity of interannual SSS anomalies in the
spatial pattern. We afterward refer to FWF effects as salinity effects. More details on the model and experimental
designs are shown in the next two sections and also the Table S2 in Supporting Information S1.

3. Different Zonal Structures of Salinity Anomalies in EPEN and CPEN

Figure 1 shows the interannual anomalies of SST, SSS, and FWF during mature phases of EPEN and CPEN.
Based on ORASS, the EPEN warming is located more eastward and has a larger amplitude than those during
CPEN, with their difference depicted as stronger positive SST skewness to the east of the dateline, consistent
with previous studies (e.g., Guan, McPhaden, et al., 2019; Kug et al., 2009). During EPEN, prominent positive
FWF anomalies and its associated negative SSS anomalies are found in the central equatorial Pacific (CEP), in
contrast to those west-located anomalies during CPEN. Take the isohaline of —0.4 psu for example, the EPEN
SSS anomalies reach 150°W at equator, 40° in longitude more eastward than CPEN. Argo observation reveals
similar anomalous SSS patterns but much larger up to 0.8 psu during EPEN, probably attributed to different
time spans for the composite. The difference between the two types presents as an SSS zonal dipole, similar to
the salinity dipole in response to El Nifio-La Nifia asymmetry (Guan, Hu, et al., 2019; Guan et al., 2022). The
OGCM captures the SST structures well for both types (Figures 1j—10). Under the surface wind stress and FWF
forcing, SSS anomalies are similar to those in Argo and ORASS, albeit with smaller amplitudes for both events.

SSS and SST anomalies in response to interannual FWF anomalies for both events are shown in Figure 2. Maxi-
mum positive FWF and negative SSS anomalies during EPEN are very strong (up to 180 mm month~! for the
FWF and 0.2 psu for the SSS), located at around 160°W in the CEP and propagate eastward. As for CPEN, maxi-
mum FWF and SSS anomalies are much weaker and located west to 170°E. The CEP gets clearly warmer during
both events, especially with maxima in the Nifio 4 region (5°N-5°S, 160°E-150°W) in their mature phases. The
salinity-effect warming during EPEN is much stronger up to 0.2°C and extends to the eastern Pacific, while the
CPEN warming is weaker and limited around the dateline. As differences between the two events, FWF presents
contrasting anomalous trends: freshening and warming east of the dateline in contrast with salinification and
cooling to the west (Figures 2f and 2i). We note that these salinity-effect SST difference are consistent with the
total SST difference as in Figure 1, indicating that zonal structures of FWF and salinity can reinforce the differ-
ences between EPEN and CPEN SST.

4. The Sensitivity of EPEN and CPEN SST to SSS Anomaly Longitude

We first diagnosed whether El Nifio SST are sensitive to SSS anomaly longitude during both events. A FWF
window is set with positive anomalies spanning 40° zonally on the equator (Figure 3a). The magnitude is spatially
uniform, but temporally varies from 60 mm/month in July, increases gradually to the mature phase, and then
decays to June the next year. The anomalous evolution is set with reference to Figures 2a and 2b, but with
double amplitudes in order to construct SSS anomalies that are close to the observations during El Nifio as in
Figure 1 (Guan et al., 2022). We slide the FWF window with its central longitude moving from 140°E to 120°W,
to conduct 11 sensitivity experiments during either event (Figures S2 and S3 in Supporting Information S1).
Considering the induced SST anomalies are basically in the central Pacific (Figure 2), we use the mature phase
SST anomaly averaged in the Nifio4 region to indicate salinity effects in each experiment, marked as each black
circle in Figures 3b and 3c.

Results show that SST anomalies during both events are highly sensitive to different SSS zonal locations among
the experiments. When the FWF window is set in the CEP, the induced SST anomalies exceed 0.1°C. More
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Figure 2. Composite FWF anomalies (left) and their forced SSS (middle) and SST (right) anomalies in the equatorial Pacific during the two types of El Nifios and their
differences.

specifically from 180° to 170°W, SST anomalies are the strongest as up to 0.13°C for both events. And these
effects on SST are gradually decreased to the SSS zonal locations in the east and west. Therefore, FWF and salin-
ity effects on El Nifio SST are the largest when the anomalies occur in the CEP for both El Nifios.

To further examine the specific oceanic processes that control this warming sensitivity to different SSS zonal loca-

tions, we diagnosed heat budgets in the mixed-layer Nifio4 region during the developing phases (defined as August
[0]-November [0]) for either event. The equation is expressed as, Z—f = —u’;—T - UZ—T - w‘;—: + Qentsmix + Ohners
X 'y

where the left side is the temperature tendency and the right-side terms are zonal advection, meridional advec-
tion, vertical advection, vertical mixing and entrainment at the base of the mixed layer, and net sea surface heat
flux, respectively. In Figures 3b and 3c, temperature tendencies are all positive. Vertical mixing and entrainment
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the developing phases of EPEN (b) and CPEN(c) averaged in the Nifio4 region. The X-coordinates of (b) and (c) are the central longitudes of the FWF forcing window.

is the largest positive term and reaches its strongest up to 0.1°C/month, when the FWF window is centered at
180° during both events. Its warming effect is partly damped by the negative sea surface net heat flux, which also
peaks at about —0.05°C/month when the window is set near the dateline. During CPEN, meridional advection is
slightly positive up to 0.02°C/month and zonal advection is negative with its strongest magnitude of —0.02°C/
month in the central-Pacific experiments. Other terms are relatively weaker. Therefore, the warming sensitivity to
SSS locations is attributed to the vertical mixing and entrainment, which is more effective in the CEP.

5. Salinity Effects on the EPEN and CPEN SST Anomalies

In this section, we designed two FWF scenarios more specifically based on the FWF anomalies during EPEN
and CPEN for sensitivity experiments (Figures 2a and 2b). Since the magnitude of EPEN FWF anomalies is

larger than that during CPEN, we normalized these two scenarios as, FWFwgp = a X W X FWFcpen,

FWFcgp = a X AC”Z"M X FWFgpgn, where a = 2 is twice the FWF anomalies in Figure 2, and A is the
EPEN

amplitude of composite El Nifio based on the Nifio 3.4 index during 1979-2016 (A pzy = 1.01°C, A, = 1.97°C).
Therefore, we obtain 2.97 times the FWF anomalies during CPEN and 1.51 times the FWF anomalies during
EPEN to carry out two groups of sensitivity experiments in either El Nifio event. As in Figure 4, these two FWF
cases have similar amplitudes but different zonal structures, with their differences as clearly contrastive evolu-
tions on either side of the dateline. Considering the distinct maximum FWF anomalies located in the western
equatorial Pacific (WEP) and CEP receptivity, we refer them to the WEP case and CEP case, respectively.

Forced by these two FWF cases, salinity anomalies present different zonal structures: the CEP-case salinity
anomalies are located more eastward by generally 15° and have larger zonal distribution extending to the eastern
Pacific compared to those in the WEP case during both events. The SSS differences between the two cases show
dipole structures with the dateline as the axis, which is appropriate for the comparison experiments. In response
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Figure 4. The WEP and CEP cases of FWF anomalies (a—c) and its forced anomalies of SSS (d—i) and SST (j—o) during the EPEN and CPEN on the equator.

to these salinity effects, there are obviously anomalous warming in the equatorial central-eastern Pacific for all
the experiments (Figures 4j, 4k, 4m, and 4n). For the WEP case, positive SST anomalies during both events are
generated along the 165°E and extend gradually to the east but still with its maximum (exceeding 0.1°C) concen-
tration west of the dateline in the mature phase (Figures 4j and 4m). For the CEP case, the anomalous warming
propagates clearly to the eastern Pacific, and has a larger amplitude up to 0.2°C at around 150°W in both the
mature phases (Figures 4k and 4n).

During El Nifio mature phases, the CEP-case salinity induce clearly larger warming east of the dateline compared
to the WEP case (Figures 5a and 5b). Heat budgets are also analyzed in both cases to access different roles of
underlying air-sea processes (Figures 5¢ and 5d). During EPEN, SST tendencies are all positive dominated by the
vertical entrainment and mixing at the base of the mixed layer. Net surface heat flux is the largest negative term
and the ocean advections are relatively weak. Compared to the WEP cases, the stronger positive vertical mixing
and entrainment dominants the stronger warming in the CEP cases during both events, followed by the weaker
negative net surface heat flux during EPEN and stronger negative zonal advection during CPEN.

Salinity effects on Nifio indices for the two cases are shown in Figures 5e and 5f. Black lines and shading bars
depict the SST amplitudes induced by only the wind simulated in the OGCM. The CEP case leads to extra EPEN
warming in Nifio 4 by 0.13°C and in Nifi03.4 by 0.15°C, enhancing the warming by 25% in Nifio4 and 8% in Niflo
3.4. During CPEN, the CEP-case FWF increases the Nifio4 warming by 0.14°C (38%) and Nifio3.4 by 0.10°C
(20%). However, these warming effects in the WEP case are found only noteworthy in Nifio4, increasing the
EPEN warming by 0.10°C (18%) and CPEN warming by 0.09°C (25%).

Considering that the zonal patterns of FWF and salinity anomalies are observed different as the WEP case during
CPEN and the CEP case during EPEN, how much does the difference in SSS zonal structure contribute to the
amplitude difference of the two El Nifios? Take the Nifio3.4 index for example, the wind-forced amplitude differ-
ence between EPEN and CPEN is 1.26°C in this OGCM. Assuming these two events are forced by the same FWF
case, the amplitude difference is only 1.30°C for the WEP case and 1.31°C for the CEP case, which increases
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Figure 5. SST anomalies forced by the CEP and WEP FWF cases in the equatorial Pacific (5°S—-5°N) during the mature phases of EPEN (a) and CPEN (b).
Temperature budget terms averaged in the Nifio4 region during the developing phases are shown in (c) and (d). Salinity warming effects on Niflo indices are shown as
error bars in (e) and (f), in comparison with the wind-forced El Nifio warming (shown in black line and shading bars).

the wind-forced difference by 3% and 4% respectively. However, when these are the CEP case during EPEN
and WEP case during CPEN, the difference is 1.40°C, which increases the wind-forced SST difference by 11%.
Therefore, the different zonal structures of SSS anomalies clearly reinforce the stronger EPEN than the CPEN,

via the vertical entrainment and mixing.

6. Summary and Discussion

It is well known that the SST anomalies occur more eastward and have larger amplitude during the eastern
Pacific El Nino (EPEN) than those during the central Pacific El Nifio (CPEN). In response to the two types of El
Niflo, stronger SSS anomalies are located in the CEP during EPEN, while those during CPEN are located more
westward (referred to the WEP). Considering potential stronger salinity effects in the CEP on El Nifio warming,
this study examined how these different zonal structures of SSS affect the two types of El Nino based on OGCM

experiments.

We find that during both events positive SST anomalies induced by salinity effects are highly sensitive to the
zonal locations of FWF and have the largest amplitude when the FWF and salinity anomalies occur in the CEP in
between 180° and 170°W. Temperature budget analysis revealed that this sensitivity is dominated by the vertical

mixing and entrainment process.

To further diagnose how the different SSS zonal structures affect the two types of El Nifio, WEP-case and
CEP-case FWF experiments are applied alternatively to either event to execute sensitivity experiments. Results
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show that during both events the CEP-case salinity can induce larger El Nino warming that extends more east-
ward than those in the WEP case. The CEP-case salinity effects during EPEN and the WEP case during CPEN
enhance the intensity difference between the two El Nifio by 11%, compared to the difference under the same case
by 3%—4%. Therefore, the different zonal structures of SSS anomalies clearly facilitate stronger EPEN than the
CPEN, enlarging their difference in intensity.

Our results emphasize salinity's role in affecting El Nifio diversity. During EI Nifio, negative SSS anomalies in
the western-central equatorial Pacific enhances vertical stratification as with a shallower mixed layer and weak-
ened vertical temperature gradient under the mixed layer, which suppresses the entrainment of colder subsurface
waters into the mixed layer and also weakens the vertical mixing (Figure S4 in Supporting Information S1).
These processes can be explicitly simulated included in the vertical entrainment and mixing term in this OGCM.
Consistent with Guan et al. (2022), we found that the CEP is a unique region to facilitate the salinity effects on the
development of ENSO events. Zheng et al. (2014) pointed out that salinity dominates the interannual variability
of CEP upper-layer stratification. Here we confirm that salinity affects SST in the CEP primarily through the
strongest vertical entrainment and mixing there. Why salinity has such a large effect in the CEP can be attributed
to the background conditions in the tropical Pacific. During an El Nifio when the trade wind weakens and the
equatorial thermocline gets less tilted, the CEP acts like the fulcrum of a zonal seesaw. The vertical temperature
structure does not change much here compared to the significant changes to the west and east, but it is where the
maximum salinity anomalies are found along the equator with its maximum at the surface. These variations in
the CEP lead to clearly shoaling of the mixed layer but little change in the isothermal layer, which then weakens
the entrainment of colder subsurface water into the mixed layer and further enhances the surface warming. We
also note that some model biases (such as caused by vertical coordinate structures) may exist since we examined
these processes in only one model, and also that salinity effects on ENSO SST may be underestimated because
of neglected positive air-sea coupling processes (Gao et al., 2020). The results of this study nonetheless provide
additional insights into ENSO diversity and may help guide improvements our ability to simulate and predict
ENSO variations.

Data Availability Statement

The Argo data, ECMWF ORASS (Zuo et al., 2017), NOAA/OAR/ESRL PSD SST (Huang et al., 2017), NCEP/
NCAR wind stress reanalysis (Kalnay et al., 1996), GPCP precipitation (Adler et al., 2003) and OAflux evapora-
tion (Yu & Weller, 2007) used are available online at the IPRC Asian Pacific Data Research Center. Nifio indices
are from NOAA climate prediction center. OGCM Data is available at Feng (2023).
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