
1. Introduction
Understanding the complexity of El Niño-Southern Oscillation (ENSO) has been a long-standing issue and key 
to improving forecast model skill on seasonal-to-interannual timescales (Guan & McPhaden, 2016; McPhaden 
et al., 2006; Timmermann et al., 2018). Understanding the amplitude and spatial asymmetry in sea surface tem-
perature (SST) between warm phase (El Niño) and cold phase (La Niña), is particularly challenging. This asym-
metry, with larger SST anomalies during El Niño than during La Niña, is manifest by a positive SST skewness in 
the eastern Pacific and a negative skewness in the western Pacific (An et al., 2021; Burgers & Stephenson, 1999; 
Dommenget et al., 2013). A large number of previous studies have focused on role of air-sea coupling processes 
in modulating ENSO asymmetry (An & Jin, 2004; Choi et al., 2013; Guan, McPhaden et al., 2019; Levine & 
Jin, 2010; Su et al., 2010). Freshwater flux (FWF) and resultant sea surface salinity (SSS) exhibit large inter-
annual variability in the equatorial Pacific (e.g., Schneider, 2004), but how these processes affect the ENSO 
asymmetry is largely unexplored.

In the western-central tropical Pacific, the FWF forcing and salinity act as a positive feedback effect on SST 
variability associated with ENSO (Maes et al., 2006; Vialard et al., 2002; Zhang & Busalacchi, 2009; Zheng & 
Zhang, 2012). During El Niño, large positive FWF and negative SSS anomalies enhance the vertical stratification 
in the upper ocean. A thicker barrier layer appears between the mixed layer and isothermal layer, which warms the 
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upper layer by reducing the subsurface entrainment of cold water and vertical mixing (Ando & McPhaden, 1997; 
Bosc et al., 2009; Maes et al., 2002, 2006; Vialard & Delecluse, 1998a, 1998b). Based on coupled model analysis, 
Zhang et al. (2012) found the FWF effects can enhance cooling during La Niña and warming during El Niño 
respectively, through changes in salinity and buoyancy flux that modulating the vertical mixing and entrainment 
in the upper ocean. Gao et al. (2020) further diagnosed that the FWF effects on ENSO SST are mainly though 
salinity changes. However, these studies are mainly focused on FWF and salinity effects over the entire ENSO 
cycle, with less attention paid to the differences between El Niño and La Niña. Additionally, modeling studies 
suggested that adequately representing salinity processes in ocean models can improve the simulations of ENSO 
variability (e.g., Maes et al., 2005; Zhang, 2015; Zhang et al., 2010; Zhao et al., 2014).

Recent increases in salinity observations have made it possible to investigate the role of salinity in ENSO asym-
metry (Qu et al., 2014). For example, based on 17-year Argo observational data set, Guan, Hu, et al. (2019, here-
after G2019) found maximum salinity anomalies appear in the central equatorial Pacific during El Niño, while 
they are located further west in the western equatorial Pacific during La Niña. They suggested that different zonal 
locations of salinity anomalies may have an impact on ENSO temperature asymmetry through affecting vertical 
density stratification. However, whether the asymmetric SST anomaly pattern during the ENSO cycle is sensitive 
to the zonal pattern of salinity anomalies and how precisely salinity affects ENSO asymmetry remains unclear. 
In this study, we will address these questions through a series of numerical experiments using an ocean general 
circulation model (OGCM).

The remainder of the paper is outlined as follows. We will describe the model configuration and experimental de-
sign in Section 2. In Section 3, we will diagnose the sensitivity of ENSO intensity to the zonal patterns of salinity 
anomalies. The impacts of salinity on ENSO temperature asymmetry will be examined in Section 4, followed by 
a summary and discussion in Section 5.

2. Model and Experimental Design
The OGCM adopted here is a primitive equation and reduced gravity model with a vertical sigma (σ) coordinate 
(Gent & Cane, 1989), covering the entire tropical Pacific basin. The model has 20 vertical layers with varying σ 
values and a mixed layer at the top determined by a mixed layer model (Chen et al., 1994). FWF (precipitation 
minus evaporation) is treated as a natural boundary condition to represent complete hydrology (Murtugudde & 
Busalacchi, 1998; Zhang et al., 2010). Other aspects of model configuration are described in the supplementary 
material. SST is from Extended Reconstructed Sea Surface Temperature Version 5 (Huang et al., 2017). Precip-
itation and evaporation are from the Global Precipitation Climatology Project (Adler et al., 2003) and the Ob-
jectively Analyzed Air-Sea Heat Fluxes (Yu & Weller, 2007), respectively. Wind stress is obtained from NCEP/
NCAR reanalysis (Kalnay et al., 1996). All these data are monthly from January 1979 to December 2016. This 
OGCM is well suited for simulating dynamical variabilities in the equatorial Pacific and has been widely used to 
investigate effects of FWF and surface salinity on ENSO (e.g., Luo et al., 2005; Murtugudde et al., 1996; Zhang 
& Busalacchi, 2009; Zhang et al., 2010, 2018).

To diagnose the salinity effects on ENSO SST, we simulate salinity anomalies by changing the strength and 
patterns of FWF forcing. FWF affects the ocean through modulating the upper-layer salinity and the mixed layer 
depth due to buoyancy fluxes. These fluxes have a direct and immediate impact on SSS on interannual time scales 
(Gao et al., 2020). Therefore, for simplicity we will interpret FWF effects in terms of salinity responses in this 
study.

Sensitivity experiments are executed in 2-year composite El Niño and La Niña (detailed designs can be found 
in the Supporting Information S1 and Table S1). ENSO composites of wind stress are constructed to drive the 
ocean model for two years. Spatial features of ENSO SST anomalies are well represented in the OGCM forced 
only by these wind fields (left panel in Figure 1). In particular, maximum El Niño SST anomalies are located 
within 160°W–105°W, which is more to the east than the maximum La Niña anomalies within 170°E−120°W. 
These differences lead to positive SST skewness east of the dateline and negative skewness in the west, which is 
generally consistent with previous results (e.g., Burgers & Stephenson, 1999; Dommenget et al., 2013).

An FWF strength test is first conducted by adding α times (α = 1, 2, 3) the observed 2-year composite FWF 
anomalies during El Niño and La Niña (Figure S1). To reproduce SSS anomalies that are close to the observations 
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during the ENSO events (e.g., as Figure 1 in G2019) and also highlight role of salinity effects, we choose twice 
FWF strength (α = 2, as shown in Figures 1b and 1e) as a reference in the following experiments. During both El 
Niño and La Niña, FWF anomalies start in July with 3 mm/day, gradually increase to maximum exceeding 9 mm/
day in winter and weaken in spring (Figures S6a and S6c). During the mature phases, it is shown that maximum 
FWF anomalies appear in the central equatorial Pacific (CEP; defined here as 170°E−150°W, 5°S–5°N) during 
El Niño and in the western equatorial Pacific (WEP; 120°E−170°E, 5°S–5°N) during La Niña (Figures  S1a 
and S1b). Under these FWF forcing scenarios, SSS anomalies during El Niño appear in the CEP with maxima 
exceeding 0.2 psu (Figures 1c and S1d), leading to an enhanced surface warming of 0.2°C (Figure 1c). During 
La Niña, SSS anomalies occur in the WEP with maxima more than 0.1 psu (Figures 1f and S1g), accompanied 
by extra cooling up to −0.2°C. As for the asymmetric features between El Niño and La Niña (Figure 1i), SSS 
anomalies present a dipole structure as seen from Argo analyses in G2019. More importantly, the salinity-induced 
SST anomalies also exhibit a dipole pattern in the western-central Pacific within 10°S–10°N, with a negative pole 
west of the dateline and a positive pole in the central Pacific. These results preliminarily reveal that FWF and sa-
linity can enhance the intensity and asymmetry of ENSO SST, which will be further unfolded in the next sections.

We aware that prescribing FWF in OGCM does not allow for ocean feedbacks to the atmosphere as occurs in a 
coupled system. For example, FWF can lead to an SST response that modifies atmospheric convection and sur-
face wind convergence to promote the Bjerknes feedback. However, our focus in this study is on how FWF-forced 
salinity variations affect SST via oceanic processes in a forced ocean model framework. This approach provides 

Figure 1. Sea surface temperature (SST) anomalies (shaded) during the mature phase (December–February) of El Niño (a–c), La Niña (d–f) and their differences (g–i) 
in the tropical Pacific. SST anomalies forced only by the interannual wind stress anomalies are shown in the left panel, SST anomalies forced by both interannual wind 
stress and twice observed freshwater flux (FWF) anomalies (in contour lines) are shown in the middle, and SST anomalies with sea surface salinity (SSS) anomalies (in 
contour lines) overlaid induced by the FWF effects (left minus middle) are shown in the right. The unit for SST is °C, for FWF mm/day and for SSS psu.
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indications for SST tendencies in response to atmospheric forcing as opposed to simulating the equilibrium re-
sponse of the coupled air-sea system. We note though these FWF-induced SST anomalies in the OGCM can be 
greatly amplified in air-sea coupled models (Gao et al., 2020; Zhang et al., 2019). We also note that though the 
barrier layer cannot be accurately simulated due to the vertical coordinate structure of the model, FWF changes 
the static stability across the base of the mixed layer and modify the rate at which entrainment and vertical mixing 
bring cold water up from the thermocline. Thus, the model mimics the effects of barrier layers in response to 
FWF without actually simulating them.

3. The Sensitivity of ENSO SST Intensity to SSS Anomaly Longitude
The sensitivity of ENSO SST intensity to the longitude of SSS anomalies is diagnosed by adding an ideal pattern 
of FWF anomalies in the equatorial Pacific from July (0) to July (1) in the 2-year simulations (Figure 2a). The 
FWF window is set to span 40° in longitude within 5°S–5°N. According to magnitudes and evolutions of the 
twice FWF composites (Figures S6a and S6c), the FWF intensity in El Niño is increased gradually from July, 
September to November of the first year as 3, 6–9 mm/day, then decreased symmetrically from March, May to 
July of the next year. The FWF intensity during La Niña has the same evolution but with negative magnitudes. 
Then we shift the window progressively eastward by 10° with a central longitude from 140°E to 120°W, super-
imposed on the mean climatological FWF field in the OGCM, to perform 11 groups of sensitivity experiments 
during El Niño and La Niña, respectively. Thus, the differences between the sensitivity experiments and the 
control experiments forced by climatological FWF field indicate the effects of zonal variations in FWF and how 
they influence salinity anomalies and the evolution of ENSO.

Figure 2. The freshwater flux (FWF) sliding window (a) and their forced sea surface temperature (SST) anomalies (thick black lines) during the mature phases and 
temperature budget terms (color lines) during the developing phases of El Niño (b) and La Niña (c) averaged in the Niño4 region. The X-coordinates of (b) and (c) are 
the central longitudes of the FWF forcing window in each experiment.
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With anomalous FWF forcing, the western-central equatorial Pacific becomes immediately fresher during El 
Niño and saltier during La Niña (Figures S2–S5). The SSS anomalies are found to have similar amplitudes and 
shift eastward along with the FWF window in either El Niño or La Niña event. In response to the FWF forcing 
and its effects on salinity, SST anomalies, however, exhibit a different evolution depending on the zonal location 
of FWF and SSS anomalies, with its strongest responses in the CEP. Salinity-induced SST anomalies averaged 
in the Niño4 region (160°E−150°W, 5°S–5°N) during the mature phases of El Niño and La Niña, are shown in 
Figures 2b and 2c, respectively. It is found that the SST anomalies in the El Niño experiments are all positive 
and present a clear “V”-type distribution, with the strongest SST anomalies of 0.15°C when the FWF window 
is centered at the 170°W in the CEP. During the La Niña group, the SST anomalies in the Niño4 region present 
a similar distribution that are strongest (−0.20°C) at 170°W and become gradually weaker to the west and east, 
even turning to positive anomalies east of 130°W. Therefore, we conclude that both El Niño and La Niña are 
very sensitive to the zonal locations of salinity anomalies; salinity effects on SST are the strongest when salinity 
anomalies are centered near 170°W in the CEP.

To examine what processes in the model control SST changes in response to SSS anomalies, mixed layer heat 
budgets in the Niño4 region are analyzed during the ENSO developing phases (defined as August [0]-November 
[0]). Results (Figures 2b and 2c) show that during El Niño, SST tendencies are positive in all the experiments, 
indicating salinity anomalies in all the locations can produce warming effects on the development phase of El 
Niño. Among the budget terms, the change in vertical mixing and entrainment is prominently positive with its 
peak of more than 0.15°C month−1 near the dateline, which is largely dampened by the negative surface net 
heat flux. Meridional advection is weakly positive, and zonal advection is weak negative in the central Pacific, 
whereas vertical advection is very small. During La Niña, the SST tendency is generally negative in response to 
salinity anomalies at all locations, becoming stronger to the east. The change in vertical mixing and entrainment 
is negative and contributes most in the western-central Pacific. The surface net heat flux is weakly positive in the 
western Pacific and tends to be negative east to the dateline. Zonal advection tends to be the largest positive term. 
In summary, for both El Niño and La Niña, the dominant oceanic process that results in the SST response to the 
zonal location of SSS anomalies is vertical mixing and entrainment, which contribute most remarkably in the 
CEP to the development of ENSO SST anomalies. Why are effects of FWF and salinity most pronounced in the 
CEP? Zheng et al. (2014) found that salinity controls near surface density stratification in the CEP, in contrast to 
the temperature-dominant controls in near surface density stratification in the western Pacific on the interannual 
time scale. Therefore, compared to other parts of equatorial Pacific, salinity anomalies in the CEP will be most 
effective on the stratification stability, and hence the ENSO SST.

4. Salinity Effects on ENSO SST Asymmetry
As discussed in Section 3, SSS anomalies in the central Pacific can result in stronger SST anomalies during both 
El Niño and La Niña than those in the western Pacific. Thus, another important question is does this difference in 
the zonal location of maximum salinity anomalies affect the El Niño-La Niña SST asymmetry?

Note that the composite FWF anomalies generally are found in the central Pacific with a maximum centered at 
170°W on the equator during El Niño but in the western Pacific with maximum centered around 165°E on the 
equator during La Niña (Figure 1). For the sake of discussion, the two scenarios are identified as the CEP case 
and WEP case, respectively. We further use these two cases to perform a group of sensitivity experiments to 
explore the relative effects of salinity anomalies in the central Pacific or western Pacific on ENSO asymmetry. 
Sensitivity experiments are designed separately through superimposing the FWF climatology with positive CEP 
FWF or negative WEP FWF during El Niño, and negative CEP FWF or positive WEP FWF during La Niña 
(Figure S6). The control experiment is solely forced by the FWF climatology.

Figure 3 shows the evolution of SSS and SST anomalies in response to the CEP and WEP FWF forcing, respec-
tively. During El Niño, positive SSS anomalies are generated in the CEP and negative anomalies in the west from 
June (0) in both cases (Figures 3a and 3b). Affected by the positive salinity anomalies, clear warming occurs in 
the central Pacific and subsequently reaches its peak in the El Niño mature phase. It is noted that the maximum 
positive SST anomalies are found more eastward by up to 10° longitudes in the CEP case than in the WEP case, 
resulting in a clear dipole structure as indicated by a difference (Figure  3c). In addition, the CEP-case SST 
anomalies also have larger amplitudes, indicating that the CEP location of salinity anomalies favors stronger El 
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Niño warming. During La Niña, most of the surface equatorial Pacific becomes saltier due to the negative FWF 
anomalies except for the far western Pacific, resulting in cooling broadly along the equatorial Pacific and warm-
ing in the far west in both cases. Compared to the WEP mode, the CEP-case SST anomalies appear slightly more 
eastward with a stronger amplitude, especially in the La Niña mature phase, leading to a dipole structure in the 
differences (Figure 3f).

To make comparisons quantitatively, SST anomalies averaged between 5°S and 5°N during the mature phases of 
El Niño and La Niña are depicted in Figures 4a and 4b. It shows that the larger ENSO SST anomalies emerge in 
the central Pacific in CEP-case experiments than in the WEP case. Compared to the asymmetry driven only by the 
wind forcing (Figure 1g), the CEP FWF increases the El Niño warming in the Niño4 region by 26%, larger than 
the WEP case of 20%. During La Niña, the CEP FWF increases SST cooling in Niño4 by 17%, which is larger 
than the 13% extra cooling by the WEP FWF. Therefore, CEP FWF and salinity favor stronger ENSO events 
than those in the WEP cases, consistent with our results in Section 3. Based on a mixed layer temperature budget 

Figure 3. Sea surface salinity (SSS) anomalies (lines) and sea surface temperature (SST) anomalies (shaded) during El Niño (a, b) and La Niña (c, d) in the equatorial 
Pacific forced by the two types of freshwater flux (FWF) cases.
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analysis in ENSO developing phases, we find that the SST tendencies in the CEP case are clearly stronger than 
those in the WEP case for both events. Intensified vertical mixing and entrainment process accounts for the great-
er SST anomalies in the CEP case during El Niño, while both vertical mixing and entrainment and net surface 
heat flux contribute to the stronger SST anomalies during La Niña.

Note that in reality, negative salinity anomalies appear as in CEP case during El Niño (Figure 1c), while positive 
anomalies appear as in WEP during La Niña (Figure 1f), with their difference resulting in a dipole structure of 
SST anomalies in the western-central Pacific (Figure 1i). However, if there are no difference in the zonal loca-
tions of salinity anomalies between El Niño and La Niña, assuming both are under CEP or WEP FWF conditions, 
the asymmetry in SST anomalies induced by the salinity effects is largely weakened as shown in Figures 4e 
and 4f, especially under the WEP case. Therefore, the results show that FWF and salinity effects play active roles 
in ENSO SST asymmetry, and the different zonal patterns of salinity anomalies between El Niño and La Niña 
strengthen the asymmetry in ENSO SST.

Figure 4. Sea surface temperature (SST) anomalies forced by the central equatorial Pacific (CEP) and WEP freshwater flux (FWF) cases during the mature phases 
of El Niño and La Niña in the equatorial Pacific (5°S–5°N) are shown in (a) and (b). Temperature budget terms averaged in the Niño 4 region during the developing 
phases of El Niño and La Niña are shown in (c) and (d), respectively. Asymmetric sea surface salinity (SSS) anomalies (lines) and SST anomalies (shaded) between El 
Niño and La Niña are shown in e for the CEP and (f) for the WEP FWF experiments.
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5. Summary and Discussion
This study examined the effects of FWF and sea surface salinity on ENSO intensity and asymmetry based on 
a series of OGCM experiments. We find that both the El Niño and La Niña SST anomalies are highly sensitive 
to the zonal patterns of freshwater flux and salinity, and these salinity effects are the strongest when maximum 
salinity anomalies occur near 170°W in the central Pacific, leading to an extra warming of 0.15°C during El Niño 
and cooling of −0.20°C during La Niña in the central Pacific.

Salinity effects on the ENSO asymmetry are further examined by a series of sensitivity experiments forced by 
CEP and WEP FWF forcing. Results show that CEP FWF leads to the central Pacific warming during El Niño 
while WEP FWF increases La Niña cooling in the western Pacific. The difference between the two cases leads to 
positive SST skewness in the central Pacific and negative skewness in the western Pacific, which clearly enhances 
the ENSO SST asymmetry. By alternatively applying these two FWF cases to El Niño and La Niña experiments, 
it is found that the CEP FWF drives stronger SST amplitudes in both El Niño and La Niña than the WEP case. 
The asymmetric feature of ENSO SST is clearly weakened if El Niño and La Niña are under the same FWF case. 
Therefore, we conclude that the CEP FWF leads to a stronger warming during El Niño, while the WEP FWF have 
weaker effects on La Niña cooling. Hence, the different zonal patterns of FWF and salinity anomalies between El 
Niño and La Niña directly lead to strengthening of the SST asymmetry in ENSO.

The dynamical mechanisms that determine the SST changes in response to different zonal patterns of FWF 
and salinity are further diagnosed based on temperature budget analysis. Results show that effects of FWF and 
salinity anomalies on SST are basically though vertical mixing and entrainment from below the base of mixed 
layer. As shown in Zheng et al. (2014), salinity controls upper-layer density stratification in the CEP in contrast 
to the temperature-dominant stratification in the WEP. So that when salinity anomalies occur in the CEP during 
ENSO events, the vertical mixing and entrainment of subsurface cold water becomes more effective, as a result of 
stratification changes than those in the WEP. Schematic diagram for these mechanisms can be found in Figure S7 
in the Supporting Information S1. As for why the FWF and salinity anomalies have such different zonal patterns 
between El Niño and La Niña, these asymmetric FWF patterns are simply controlled by the zonal movement of 
ENSO-associated precipitation, while the asymmetry in SSS anomalies is basically dominated by the nonlinear 
zonal advection (G2019). Though these features are originally responses to ENSO SST variations, they in turn 
strengthen the SST asymmetry though differential salinity effects.

We note that because we use only one model in this study, there may be some effect of model biases on our 
results due to model configuration (e.g., grid resolution, vertical mixing scheme, vertical coordinate structure, 
etc.). Multi-model intercomparisons from Phase 6 of the Coupled Model Intercomparison Project (CMIP6)/
Flux-Anomaly-Forced Model Intercomparison Project (FAFMIP) may provide some insights into this issue in the 
future. It is also interesting to find that SST anomalies are stronger during La Niña than El Niño in response to the 
FWF window centered at 170°W, probably induced by the difference in net surface heat flux (Figures 2b and 2c) 
based on our methodology. Further examination of this feature however is beyond of the scope of this study. In the 
meantime, this study will help inform our understanding of mechanisms of ENSO SST asymmetry and improve 
simulation skills of ENSO complexity in climate models, from the perspective of salinity effect.
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http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP-NCAR/.CDAS-1/.DAILY/.Diagnostic/.surface/.taux/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP-NCAR/.CDAS-1/.DAILY/.Diagnostic/.surface/.taux/
http://apdrc.soest.hawaii.edu/data/data.php
https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html
https://doi.org/10.6084/m9.figshare.16635064.v2
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