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Abstract The asymmetry of mixed layer salinity (MLS) anomalies in response to El Nifio and La Nifia
events in the tropical Pacific is examined for the first time based on Argo observations and Estimating the
Circulation and Climate of the Ocean simulation. The difference of MLS anomalies between EI Nifio and
La Nina shows a dipole structure, with El Nifio featuring strong negative salinity anomalies east of 160°E
while La Nifia shows remarkable positive salinity anomalies west of 160°E. A salinity budget analysis
suggests that nonlinear zonal advection plays a dominant role in generating the asymmetric MLS structure.
This dipole MLS structure acts to generate a dipole structure of barrier layer thickness and thus likely plays
an important role in the development of El Nifio—Southern Oscillation asymmetries in sea

surface temperature.

Plain Language Summary The El Nifio-Southern Oscillation (ENSO) is well known for its great
impacts on global climate. Previous studies on the differences between El Nifio and La Nifa, defined as
ENSO asymmetry, focused primarily on temperature, but the differences in salinity between the two ENSO
phases and their potential effects on the ENSO asymmetry are relatively unexplored. In this paper, we have
for the first time documented salinity differences associated with El Nifio-La Nifia asymmetry and
diagnosed the air-sea processes in controlling these differences based on observations and model
simulations. We find a dipole structure exists in mixed layer salinity (MLS) variations between El Nifio and
La Nifia in the western-central equatorial Pacific, with stronger negative MLS anomalies to the east of
160°E during El Nifio and stronger positive MLS anomalies to the west of 160°E during La Nifia. Based on a
salinity budget analysis, the MLS dipole is mostly attributed to the nonlinear zonal advection. This dipole
MLS structure in relation to a dipole structure in barrier layer thickness, and their potential to feedback
on El Nifio and La Nifia sea surface temperature asymmetry, is also discussed.

1. Introduction

As the strongest interannual climate variation on the planet, the El Nifio-Southern Oscillation (ENSO) has
prominent impacts on global climate and its variability (McPhaden et al., 2006). The global consequences of
ENSO result from fluctuations in the distribution of heat in the ocean and atmosphere, but salinity varia-
tions are also an important element of the ENSO cycle (Schneider, 2004). Modeling studies have suggested
that salinity affects stratification in the Pacific warm pool, leads to the development of a barrier layer (BL)
between the mixed layer and isothermal layer, and hence plays an active role in ENSO (Lukas &
Lindstrom, 1991; Sprintall & Tomczak, 1992). The BL reduces the subsurface entrainment of cooling water
into the warmer-mixed layer (Ando & McPhaden, 1997; Maes et al., 2002) and enhances the zonal displace-
ment of the warm pool by increasing the response of a shallower-mixed layer to atmospheric wind forcing
(Maes et al., 1997; Vialard et al., 2002; Vialard & Delecluse, 1998a, 1998b).

Large interannual salinity anomalies in response to ENSO events have been attributed to freshwater forcing
and ocean current advection (Cronin & McPhaden, 1998; Delcroix et al., 2011; Delcroix & McPhaden, 2002;
Singh et al., 2011). Based on Argo, a salinity front and a thick BL are found to have a clear relationship with
the zonal displacement of the warm pool east boundary, accompanied with occurrence of warm sea surface
temperature (SST) anomalies (Bosc et al., 2009; Maes et al., 2006). Qu et al. (2014) diagnosed the relationship
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between salinity effects and ENSO using extended Argo observations and Aquarius satellite data and found
that the BL moves eastward during El Nifio and westward during La Nifia. The BL anomaly between El Nifio
and La Nifia shows a zonal seesaw pattern along the equator across 160°E (Zheng et al., 2014).

It is well known that the El Nifio and La Nifna events are not symmetric in terms of amplitude, pattern, and
temporal evolution (e.g., Deser & Wallace, 1987; Guan et al., 2018; Hoerling et al., 1980; Larkin & Harrison,
2002; McPhaden & Zhang, 2009; Takahashi et al., 2011; Timmermann et al., 2018). Previous studies have
mainly focused on dynamical processes involving wind, oceanic currents and thermocline depth variations,
and precipitation. In contrast, less attention has been paid to asymmetries in salinity related to El Nifio and
La Nina events due to a lack of salinity observations in the past, although the importance of salinity in the
evolution of ENSO is widely accepted (Zhang et al., 2012; Zhang & Busalacchi, 2009; Zheng & Zhang, 2012,
2015). Extensive Argo observations, satellite salinity, and model-based ocean state estimates allow us to
explore the salinity asymmetries related to ENSO in more detail. In the rest of this paper, we will describe
the notable salinity differences associated with El Nifio-La Nifia asymmetry in section 2 and diagnose the
air-sea processes controlling these differences based on a detailed salinity budget analysis in section 3, fol-
lowing by a summary and discussion in section 4.

2. Dipole Salinity Structure in Response to El Nifio-La Nifia Asymmetry

We use gridded Argo salinity and temperature data over 2005-2017 from the Asian Pacific Data Research
Center of the International Pacific Research Center (http://apdrc.soest.hawaii.edu/dods/publicdata/
ArgoProducts/monthlymean), with a horizontal resolution of 1° x 1° and a time resolution of 1 month.
The Fourier low-pass filter with a cutoff period of 13 months is applied to these data to obtain interannual
anomalies (Walters & Heston, 1982). Three El Nifio (2006-2007, 2009-2010, and 2015-2016) and three La
Nifia events (2007-2008, 2010-2011, and 2011-2012) are captured during the period (2005-2017) of
Argo observations.

Composite analysis of these El Nifio and La Nifia events is then conducted to illustrate interannual salinity
anomalies associated with El Nifio and La Nifia (Figure 1). Each composite is normalized by the Nifio3.4 SST
amplitude in the mature phase (defined as the period from November to the following January) of the cor-
responding composite ENSO event to avoid the potential biases caused by the El Nifio-La Nifia amplitude
asymmetry (Dommenget et al., 2013; Guan et al., 2018; Takahashi et al., 2011; Timmermann et al., 2018).
With or without normalization, however, the patterns are very similar (cf. Figures 1 and S1 in the supporting
information). During the mature phase of El Nifio, the strongest negative sea surface salinity (SSS) anoma-
lies appear in the western-central equatorial Pacific, centered at 175°E with a maximum of —0.4 psu/°C and
extending northeast to North America (Figure 1a). In contrast, the strongest positive SSS anomalies occur in
the far-western equatorial Pacific during the mature phase of La Nifia, centered near 160°E with a maximum
exceeding 0.4 psu/°C (Figure 1d). Near the equator averaged between 5°S-5°N, both the negative and posi-
tive salinity anomalies are mainly found in the mixed layer above 100 m. These anomalies begin to develop
in April and reach their maximum in the following December.

To make clear comparison of these mixed layer salinity (hereafter MLS) anomalies between El Nifio and La
Nifia with respect of location and amplitude, the composite anomalies are added to show their different
structures. A prominent dipole structure appears in the mixed layer of western-central equatorial Pacific,
characterized by negative anomalies east of 160°E and positive anomalies to the west, with amplitude
exceeding 0.2 psu/°C (Figures 1g to 1i). This dipole structure is initiated in the developing phase of ENSO
events and reaches its maximum during the mature phase of the events. The dipole structure can also be
clearly seen in recent satellite observations (Figures S2 and S3) from the European Space Agency's Soil
Moisture and Ocean Salinity (2010-2017) and the National Aeronautics and Space Administration's Soil
Moisture Active Passive (2015-2019), with a few detailed spatial differences probably due to their
shorter records.

This asymmetric salinity pattern affects the BL difference between El Nifio and La Nifia, which also exhibits
a dipole structure, with positive BL anomalies east of 165°E and negative BL anomalies west of 165°E
(Figure 2). The negative salinity anomalies in the east of the dipole contribute to the positive BL thickness
anomalies east of 165°E mainly through a shallower-mixed layer (Zheng et al., 2014). The thicker BL will
then affect the SST anomalies via positive feedback processes that reduce subsurface entrainment of
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Figure 1. Salinity anomalies for composite El Nifio (a—c) and La Nifa events (d-f) and their differences (g-i) based on Argo product. SSS anomalies during mature
phase are shown in the left panel, salinity averaged between 5S-5N during mature phase is shown in the middle, and evolutions of SSS averaged between 5S-5N are
shown in the right. El Nifio events for composite include 2006-2007, 2009-2010, and 2015-2016, while La Nifias include 2007-2008, 2010-2011, and 2011-2012.
Each composite is normalized by the amplitude of mean Nifio3.4 SST anomaly in the corresponding ENSO mature phase based on Argo. For the El Nifio events, the
Nifo3.4 index is 1.57 °C on average, while for La Nifia events is 1.28 °C. Unit is in psu/°C. ENSO = El Nifio-Southern Oscillation; SSS = sea surface salinity;
SST = sea surface temperature.

cooling water and enhance air-sea interactions (e.g., Ando & McPhaden, 1997; Maes et al., 2002; Vialard
et al., 2002), contributing to positive SST anomalies east of the dateline (Figure 2f). Similarly, positive
salinity anomalies in the western pole of the dipole lead to a thinner BL and hence negative SST
anomalies. Therefore, the dipole structures of MLS and BL suggest a role for salinity in the asymmetries
of El Nifio and La Nifia in SST.

Why there is dipole salinity structure? One might expect that this asymmetric salinity patterns might be sim-
ply controlled by the ENSO-associated precipitation, since the rain zone will move to the east during El Nifio
and to the west during La Nifia. However, we cannot neglect the effects of advection by ocean currents,
which has been suggested by previous studies to the dominant process affecting interannual variability of
salinity in the central and western Pacific (Delcroix et al., 2011; Delcroix & McPhaden, 2002; Singh et al.,
2011). Therefore, a quantitative analysis is required to clarify the relative importance of these
different processes.

3. Salinity Budget Analysis

We will use the Estimating the Circulation and Climate of the Ocean (ECCO) state estimation product,
which is based on the Massachusetts Institute of Technology general circulation model (Marshall et al.,
1997), to diagnose the salinity budget along the equator in the Pacific over 1993-2016. The ECCO product
has been applied in many scientific studies as it validates well against observations of oceanic circulation
and water properties (e.g., Ponte & Vinogradova, 2016). Importantly for this study, ECCO conserves energy
and mass (e.g., Fukumori et al., 2004; Kim et al., 2004; Qu, 2003; Gao et al., 2014; Zhang et al., 2016).

Before examining the salinity budget, we first compare the salinity output from ECCO with Argo analyses to
assess ECCO performance in the tropical Pacific Ocean. The Argo data and ECCO show similar patterns of
the long-term mean state of SSS, with a fresh pool (where SSS fresher than 34.5 psu) concentrated in the
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Figure 2. As in Figure 1, but for normalized barrier layer thickness (BLT) anomalies (left) and SST anomalies (right).
Units are in m/°C and °C/°C, respectively. SST = sea surface temperature.

western Pacific and two SSS maxima in the northern and southern subtropical gyres (Figures S4 and S5). On
interannual time scales, the largest standard deviations are located around 160°E in the western equatorial
Pacific, with very similar temporal variations and a correlation coefficient of 0.91 over the period 2005-2016.
Furthermore, a similar dipole structure and interannual evolution of MLS are also found based on the ECCO
product over both the same period of 2005-2016 as Argo and also an extended period of 1993-2016, except
with weaker amplitude and a slight eastward displacement of positive anomalies compared to Argo
observations (Figures S6 and S7). Therefore, the ECCO product represents reasonable surface salinity
variations in the tropical Pacific and is quite suitable for our salinity budget analysis. Note that the ECCO
product used hereafter covers seven El Nifio events (with the four more El Nifio events than Argo,
including 1994-1995, 1997-1998, 2002-2003, and 2004-2005 than Argo) and six La Nifia events (including
the three more than Argo including 1995-1996, 1998-1999, and 1999-2000).

Following Feng et al. (1998), the salinity diagnostic equation is expressed as

S _ _So(P-E)_ 0S_0S_  S=S.
ot h ox oy ¢ h

+R, ®

where S is the MLS, Sy is SSS, & is the mixed layer depth defined as the depth at which the density difference
is 0.125 g/m® greater than the surface salinity, S_j, is the salinity right below the mixed layer, P and E are the
rates of sea surface precipitation and evaporation, u and v are respectively the zonal and meridional oceanic
velocities averaged in the mixed layer, and w, represents the entrainment velocity as w, = dh/dt+wl_j,. The
first four terms on the right hand of the equation thus represent surface freshwater flux, zonal advection,
meridional advection, and vertical advection, respectively. Unresolved processes such as vertical diffusion
and computational errors are contained in the residual R. Interannual anomalies of each budget term are
obtained by subtracting the corresponding climatology mean from each term and then filtered by a 13-
month Fourier low-pass filter.

Since the salinity dipole structure is most pronounced during the mature phase of ENSO, we make compo-
sites of each budget term during the developing phases leading up to the mature phase (defined as the
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phase based on ECCO. Unit is in psu month™'-ec™!. ECCO = Estimating the Circulation and Climate of the Ocean; ENSO = EI Nifio-Southern Oscillation;
MLS = mixed layer salinity.

averages over the 3 months with maximum MLT tendency) to identify the key processes involved in
generating the dipole (Figures 3 and 4).

During the developing phases of El Nifio and La Nifia events, the patterns of the MLS tendency are mainly
consistent with the salinity anomalies during respective ENSO mature phase, with strong negative anoma-
lies centered at 170°E in the equatorial Pacific during El Nifio and negative anomalies centered at the 165°E
equatorial Pacific in La Nifia (Figures 3a and 3b). In contributing to these salinity tendencies, zonal advec-
tion (Figures 3g and 3h) has the largest amplitude and therefore plays a dominant role in driving these sali-
nity anomalies during both ENSO warm and cold events (e.g., Delcroix & McPhaden, 2002). During El Nifio,
surface freshwater flux drives positive MLS anomalies in the western equatorial Pacific due to reduced pre-
cipitation and freshens the ocean in the mean intertropical convergence zone and South Pacific convergence
zone bands; conversely, freshwater flux contributes to positive MLS anomalies in the off-equatorial western
Pacific during La Nifia (Figures 3d and 3e). Meridional advection contributes to the MLS tendency mostly in
regions around 5° off the equator but damps the tendency on the equator in both El Nifio and La Nifia
events. Vertical advection from the base of the mixed layer is very weak and can be neglected in both
ENSO warm and cold events.

In response to the salinity difference between El Nifio and La Nifia developing phases, the MLS tendency
also exhibits a similar dipole structure in the western-central equatorial Pacific (marked within a box cover-
ing 140°E-170°W, 5°S-5°N; Figure 3c), featured by positive anomalies to the west of 165°E and negative
anomalies to the east. Among the budget terms, it is found that only zonal advection shows a clear dipole
structure in line with the MLS tendency (Figure 3i). The surface freshwater flux makes its largest positive
contribution in the west but makes nearly no contribution to the east equatorial region. The difference in
meridional advection is mainly negative in the boxed region and the difference in vertical advection is weak.

Considering the dominant role of zonal advection, we break up u and ‘3—? into their climatological means and

’

. . . as
monthly anomalies such that the zonal advection term can be decomposed into three parts as (—u 6_x) =—
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u x —Ha —u e which are respectively anomalous advection of the mean zonal salinity gradient, mean

zonal advection of the anomalous MLS gradient, and the nonlinear advection. Interannual anomalies are
then computed as stated above. We find that advection by the anomalous zonal current plays a dominant
role in the development of the respective El Nifio and La Nifio salinity anomalies (e.g., Delcroix &
McPhaden, 2002); however, its difference shows a negative tendency in the boxed region due to a stronger
zonal advection in El Nifio than La Nifia events and thus does not contribute to the dipole structure of sali-
nity variations (Figures 4d and 4f). Mean advection of the anomalous salinity gradient has mainly an oppo-
site pattern to the dipole MLS tendency. Interestingly, we find that a clear dipole structure appears in the
nonlinear zonal advection term (Figure 41), similar to the sum of zonal advection, indicating its dominant
role in producing the dipole structure of MLS tendency.

Therefore, we conclude that the dipole structure of MLS in the western-central equatorial Pacific between El
Nifio and La Nifia during their respective developing phases results mainly from asymmetric changes in
nonlinear zonal advection.

4. Summary and Discussion

In this paper, characteristics of tropical Pacific salinity anomalies related to the El Nifio-La Nifia asymmetry
have been explored using the Argo observations and ECCO ocean state estimates. We find that a dipole
structure of salinity difference occurs in the mixed layer of the western-central equatorial Pacific between
El Nifio and La Nifia, with negative SSS anomalies to the east of 160°E and positive SSS anomalies to the
west. This salinity dipole structure occurs in the developing phases of El Nifio and La Nifia. The similar
dipole structure in BL thickness and SST anomalies in the central-western Pacific suggests a potential role
for the salinity dipole in the development of the SST asymmetry between El Nifio and La Nifia events.
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Based on a salinity budget analysis, we examined the processes that give rise to the dipole structure in sali-
nity anomalies. A clear dipole structure is also found in the mixed layer salinity tendency with its largest
amplitude during ENSO developing phases. The main mechanism responsible for this dipole structure is
the asymmetry of nonlinear zonal advection between El Nifio and La Niiia, neither the direct effect of sur-
face freshwater flux nor anomalous zonal advection for the mean salinity gradient.

This raises the question of what dynamical processes lie behind the asymmetry of nonlinear zonal advection.
The nonlinear term includes variations in zonal velocity and zonal salinity gradient. Previous studies
have suggested that Madden-Julian oscillation events can drive both anomalies of precipitation and zonal
wind in the western Pacific during the developing phases of ENSO events (Matthews et al., 2010, Drushka
et al., 2012). However, our analysis from ECCO is based on monthly time series products and so these
higher-frequency variations are largely filtered out. Thus, asymmetric nonlinear advection is most likely
related to the low-frequency nonlinear variations in the zonal oceanic velocity and precipitation, the latter
of which affects the zonal salinity gradient. This dipole in SSS is reflected in a dipole in BL thickness, which
may contribute to asymmetric SST variations and feedbacks from the ocean to the atmosphere over the
ENSO cycle.
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