
1. Introduction
In most regions of the ocean, the mixed layer depth (MLD) determined by the density stratification is the 
same as the isothermal layer depth (ILD). However, when the ILD is deeper than the MLD, a “barrier layer” 
(BL) exists (Lukas & Lindstrom, 1991) that can inhibit the vertical mixing of cold water from below into the 
mixed layer (Godfrey & Lindstrom, 1989) as well as trap the incoming solar radiation to a shallower surface 
layer. BLs can form for a variety of reasons: as a result of heavy rainfall, especially (but not only) under light 
wind conditions; the horizontal advection of a remotely formed BL; the tilting of near-vertical salinity con-
tours due to vertical shear in horizontal currents; and the vertical stretching of the upper water column, as-
suming the pre-existence of a BL (Bosc et al., 2009; Cronin & McPhaden, 2002; Vialard & Delecluse, 1998). 
River runoff, subduction of high salinity waters, the deepening of the ILD and mesoscale eddy process-
es and down-welling propagating waves can also impact BL formation and evolution (Foltz & McPhad-
en, 2009; Girishkumar et al., 2011; Mignot et al., 2009; Parampil et al., 2010; Thadathil et al. 2007, 2008; 
Zeng et al., 2009; Zeng & Wang, 2017).

Abstract Intensive air-sea interaction and the formation of the salinity barrier layer (BL) in the 
Pacific has fundamental importance to the El Niño evolution. The structure and formation of the BL in 
the equatorial Pacific Ocean during moderate and extreme El Niños over the past 30 years are investigated 
using in situ temperature and salinity data measured by the TAO/TRITON array and the data-assimilating 
ECCO2 product. In the western and central Pacific Ocean, the BL is thicker during moderate El Niños 
compared to extreme El Niños due to a deeper isothermal layer depth compared to the density defined 
mixed layer depth. Moreover, in the western and central Pacific Ocean, the anomalous zonal eastward 
current related to the westerly wind event that initiates El Niños is found to be stronger during extreme El 
Niños, advecting the thicker BLs from west to east. A salinity budget suggests that during both moderate 
and extreme El Niño events, surface freshwater flux dominates at the equator. During extreme El Niños, 
the change in the freshwater flux drives a strong surface jet in the far western Pacific at 1°S, 156°E. 
North of the equator, the surface freshwater flux largely dampens this advective impact. Thus during the 
different El Niño strengths, the BL distribution, evolution and impact are also different. This suggests that 
climate models need to better distinguish different types of El Niño events in order to simulate the ENSO 
dynamics correctly.

Plain Language Summary During the different El Niño scenarios, the barrier layer (BL) 
distribution, evolution and impact are different. Observations from TAO/TRITON array shows that the 
BL is thicker during moderate El Niños than during extreme El Niños in the western and central Pacific 
Ocean. Less heat input leads to a thinner isothermal layer depth during extreme El Niños. Stronger 
anomalous zonal eastward current during extreme El Niños advects the thicker BLs from west to east, 
dampens thick BL maintaining in the western and central Pacific Ocean. During extreme El Niños, the 
diagnosis shows that the change in the freshwater flux further drives a strong eastward surface jet mainly 
through salinity effect in the far western Pacific, further advect the thick BL to the east. Climate models 
need to better distinguish the evolution of BL during different types of El Niño events.
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Previous theories have suggested a fundamental influence of the verti-
cal salinity stratification on the heat buildup for the maintenance of the 
warm pool (Maes et al., 2002) and the evolution of El Niño events (Cronin 
& McPhaden, 2002; Maes et al. 2002, 2005). During El Niño events there 
is intense air-sea interaction and heavy rainfall over the warm sea surface 
in the central Pacific Ocean, and the formation of salinity-stratified BLs 
can help sustain the higher surface temperature by inhibiting the verti-
cal transfer of heat. Cai et al. (2014) showed that compared to moderate 
El Niño events, extreme El Niño events are characterized by a massive 
reorganization of atmospheric convection in the tropical Pacific Ocean 
and extension of the warm pool edge into the eastern Pacific (See Figure 
1 from Cai et al., 2014). More specifically, during extreme El Niños, rain-
fall not only increases tremendously in the central Pacific Ocean but that 
rainfall can also extend further into the eastern equatorial Pacific. This 
might suggest that the presence of thicker BLs is more extensive through-
out the Pacific due to the stronger rainfall experienced during extreme 
El Niños. However contrary to expectations, our study will show that in 

the western and central Pacific Ocean, thinner BLs occur during extreme El Niños compared to moderate 
El Niño events. This means that other processes must also play an important role in BL formation during 
these two El Niño strengths.

In this study, we estimate the spatial distribution of the BL during moderate and extreme El Niño events 
since the 1990s, and explore the related mechanisms responsible for the BL formation. Previous studies 
have shown that a “freshwater jet” forms in the western Pacific Ocean in response to the presence of BLs 
(Roemmich et al., 1994; Zhang & Clarke, 2015). We examine the role of this jet on the dynamics occurring 
during the two different El Niño strengths.

The overall structure of the study is as follows. The data sets and methodology are described in Section 2. 
Major features of the upper ocean stratification are presented in Section 3. Section 4 compares the BL thick-
ness during the moderate and extreme El Niños. The oceanic and atmospheric conditions under each El 
Niño strength are examined in Section 5 and a salinity budget is performed in Section 6 with a focus on the 
formation mechanisms of the BL. Dynamics of the freshwater jet in the western Pacific Ocean formed in 

response to the BL under extreme and moderate El Niños is discussed in 
Section 7. Section 8 discusses and summarizes the main results.

2. Data Sets and Methodology
2.1. Data Sets

Monthly in situ temperature and salinity data from the TAO/TRITON 
moored array at 0°, 156°E and 0°, 170°W, that have records covering the 
period 1995 through 2016 (Figure 1), are used to explore the upper ocean 
stratification. These two TAO stations that are the focus of our study rep-
resent the western Pacific Ocean warm pool region (0°, 156°E) and the 
central Pacific Ocean (0°, 170°W) (Figure 2) as we expect that there will 
be significant change in the BLT in each of these regions. In addition, 
these two sites have a more complete time series of TAO salinity data 
needed to determine the density-defined MLD. There are very few salin-
ity data available with depth from the TAO array in the eastern Pacific 
Ocean. Additional temperature and salinity data at 2°S, 156°E and 2°N, 
156°E were used to estimate the “freshwater” jet.

The available salinity records were typically measured at the surface 
(1–3 m), then roughly every 5–10 m to 30 m depth and every 20–25 m 
down to 300  m. Temperature sensors were similarly distributed along 
the mooring line. However, data were not always available at each depth. 
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Figure 1. Standard deviation of monthly sea surface salinity anomaly 
(color shading) and mean BL thickness (contours, units: m) based on the 
ECCO2 output for the period of 1993–2016. The red squares denote the 
four TAO\TRITON mooring stations used for this study. BL, barrier layer; 
ECCO2, Estimating the Circulation and Climate of the Ocean.

Figure 2. Time evolution of the upper 125 m in situ (a) temperature (°C) 
and (b) salinity at 0°, 156°E based on TAO/TRITON data. Panels (c and d) 
are the same but for 0°, 170°W.
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Hence in order to make a complete vertical profile, the salinity and temperature data were vertically dec-
imated to depth levels of 1 m, then 25 m intervals between 25–150 m depth and 50 m intervals between 
150–300 m. Occasional temporal gaps at discrete depths were filled using a weighted linear interpolation 
approach.

The monthly gridded temperature and salinity data (0.5° latitude by 0.5° longitude) from the Estimating 
the Circulation and Climate of the Ocean simulation (ECCO2, Marshall et al., 1997) for the period January 
1993 to December 2016 were used to obtain a more complete spatial pattern and temporary evolution of the 
BLT in the equatorial Pacific Ocean as well as in the salinity budget analysis. The data have a vertical res-
olution of ∼10–15 m in the upper 150 m and 25–30 m from 150–300 m. As discussed in Guan et al. (2019), 
the ECCO2 product has been applied in many scientific studies and has been validated with observations of 
oceanic circulation and water properties (e.g., Ponte & Vinogradova, 2016).

Monthly near-surface current estimates from the Ocean Surface Current Analyses-Real time (OSCAR, Bon-
jean & Lagerloef, 2002) data set were also utilized. These data are available at 1/3° gridded resolution and 
we used data for the period January 1993 to December 2016.

Monthly surface winds are from the European Centre for Medium-Range Weather Forecasts (ECMWF, Dee 
& Uppala, 2009) from January 1979 to December 2016 with a gridded horizontal resolution of 0.75°. Sea 
Surface Height Anomaly (SSHA) is from the 1/4° gridded monthly Archiving, Validation, and Interpreta-
tion of Satellite Oceanography (AVISO, Ducet et al., 2000) data for the period October 1992 to December 
2016. The monthly CMAP (Xie & Arkin, 1997) precipitation data on a 2.5° × 2.5° grid are available from 
January 1979 to December 2016. The evaporation (derived from the latent heat component) (available from 
January 1958 to December 2016) and net heat flux (available from January 1984 to December 2009), both on 
a 1° × 1° spatial grid, are from the Objective Analysis Flux (OAFlux; Yu & Weller, 2007).

The monthly anomaly for each of the data sets listed above is determined by removing the seasonal cycle at 
each grid point and, if needed, the data are then interpolated to a 1° × 1° grid. The “interannual” monthly 
time series is then obtained by filtering these monthly anomaly data with an 11-point symmetric filter 
(Trenberth, 1984). For the salinity budget analysis, the “noisy” advection terms are further filtered by a 
3-point running mean in space.

The “moderate” and “extreme” El Niño events are defined by the same extreme events identified in Cai 
et al. (2014) and Zhong et al. (2019), which are based on the observed December to February rainfall during 
anomalously warm periods in the Niño3 region (150°W–90°W, 5°S–5°N). The extreme El Niño events are 
defined as the years that the rainfall in that region was greater than 5 mm per day. Seven El Niño events are 
present during the period of our study from January 1993 to December 2016 of which five events are clas-
sified as moderate (1994, 2002, 2004, 2006, and 2009), and two events are classified as extreme (1997, 2015) 
(Cai et al., 2014; Zhong et al., 2019). Composites of moderate and extreme El Niño events were obtained by 
averaging over all the events in each scenario. Composites for all fields constructed from the ECCO2 data 
include all the El Niño events in each scenario. Due to the limited TAO/TRITON data availability, only the 
0°, 156°E site is used to construct the composites and these include only the extreme El Niño of 2015 and 
the moderate El Niños composited during 2002, 2004, and 2006 when data were available. Each individual 
El Niño event used to form the composite events from both the in situ mooring data and the ECCO2 product 
can be found in the Supplement (See Figures S1–S6). While some discrepancies exist between the individ-
ual events, for the most part they tend to support the major features of the temperature structure, the BLT 
and ILD structure, and their phasing with respect to the El Niño events as discussed for the composites in 
Section 3. Nonetheless, given the small sample size, the robustness of our results should be considered with 
caution. Since the net heat flux data is only available from January 1984 to December 2009, the extreme El 
Niño is only available during 1997 for the construction of the surface flux forcing.

In order to see the evolution of the BLT and forcing fields, the composited 24-month duration is shown be-
ginning in January (0) during each of the El Niño events to December (+1) of the year following the El Niño 
event. The tropical Pacific maps of various fields are constructed to be the mean of the typical peak seasons, 
namely November (0) through January (+1) (referred to in the following as NDJ).
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2.2. Methodology

The ILD is given by

   ILD Δsz T T T (1)

where Ts is the temperature at 10 m and Δ 0.5T °C. Similarly, following Sprintall and Tomczak (1992), we 
estimate the MLD as:

    
  


MLD Δsz T

T
 (2)

where ρs is the density at 10 m and Δ 0.5T °C. The BLT for each month (t) is then given by

 BLT ILD MLD (3)

For cases when ILD < MLD, we assign BLT = 0. In our study, the ILD, MLD, and BLT are estimated using 
both the TAO/TRITON data at 0°, 156°E and 0°, 170°W and the complete ECCO2 output for the tropical 
Pacific.

3. Upper Ocean Stratification Characteristics
3.1. Mean State of the Equatorial Pacific Ocean

To have an overall picture of the equatorial Pacific Ocean mean state, we first show the standard deviation 
of the sea surface salinity anomaly and the mean BLT based on the ECCO2 output for the period January 
1993 to December 2016 (Figure 1). The standard deviation shows that salinity variability is highest in the 
fresh warm pools of the western Pacific Ocean and in the far eastern tropical north Pacific. This is due to the 
high variability of precipitation in these regions. The maximum BLT in the mean is found in the equatorial 
western Pacific Ocean (about 30 m) and decreases eastward (about 10 m near 140°W). Note that this is the 
mean picture, which may reflect that the BL is only seasonally or sporadically present, such as in the east-
ern Pacific Ocean (e.g., Katsura & Sprintall, 2020), or alternatively that the ECCO vertical resolution is not 
sufficient to resolve the thin BLTs and shallow MLDs in this region.

The two stations that are the focus of our study represent the western Pacific Ocean warm pool region 
(0°, 156°E) and the central Pacific Ocean (0°, 170°W) (Figure 2). These two regions are also where signif-
icant changes from deep convection occur during moderate and extreme El Niños (see Figure 1 from Cai 
et al., 2014). Warm temperatures of >28°C characterize the surface layer at 0°N, 156°E. The thermocline 
depth is typically about 100 m, although shallower thermoclines are evident during the extreme El Niño 
events of 1997 and 2015 (Figure 2a). Over the time series, the salinity at 0°N, 156°E is typically fairly fresh 
(<34 psu) in the surface layer (Figure 2b). In contrast, the temperature at 0°N, 170°W is cooler, and fre-
quently lower than 28°C while the surface layer is saltier, at around 35.5 psu (Figures 2c and 2d), compared 
to the western Pacific. However, as will be discussed further below, during El Niño events, the salinity in the 
central Pacific freshens relative to that in the western Pacific in response to the eastward shift in convection.

3.2. The BL at 0°N, 156°E and 0°N, 170°W

The composite of the MLD, ILD, and BLT during moderate and extreme El Niño events are estimated at 0°N, 
156°E (Figure 3). During moderate events, the ILD is about 75 m during the developing phase and shoals to 
about 55 m during the mature phase and deepens again afterward. In contrast, the MLD is almost constant 
during the developing and mature phase (about 50 m) and shoals during the decaying phase (about 40 m). 
As a result, at 0°N, 156°E the BLT is nearly 20 m during the developing and decaying phases of moderate 
El Niños, but reduces to around 5 m during the peak season from November to January (Figure 3a). During 
extreme El Niño events, the BLT is about 20 m during the developing phase of El Niño but is near zero for 
the mature phase and afterward. This is mainly due to the shoaling of the ILD during the mature and de-
caying phase (Figures 3d and 3f).
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Since there are limitations in the complete time series of the in situ data from the TAO/TRITON array, we 
repeat the calculation with the ECCO2 product (Figure 4), which has no gaps in the data set and yet shows 
similar signals in the upper ocean stratification to those observed at the 0°, 156°E buoy. The ECCO2 product 
at 0°N, 156°E shows that during moderate El Niño events, the ILD is deeper during the developing and 
decaying phase of the El Niño, but shallower during the mature phase. This leads to a thicker BLT (about 
40 m) before and after the mature phase of El Niño events (see Figures 4a, 4c and 4e). In contrast, during 
the extreme El Niño events the BLT is thick (about 40 m) during the developing phase and decreases to 
almost zero during the mature and decaying phase, this is mainly due to the shoaling ILD (Figures 4b, 4d 
and 4f). At 0°N, 156°E the depth of the 29°C isotherm is about 80 m before and after the mature phase of the 
moderate El Niño event, but shoals to about 60 m during the mature phase (Figure 4e). In contrast, during 
the extreme El Niño events, the depth of the 29°C isotherm is about 90 m during the developing phase and 
shoals to about 20 m during the mature phase before deepening again to about 90 m during the decay phase 
(Figure 4f).

Unlike at 0°N, 156°E, further east at 0°N, 170°W the BLT determined using the ECCO2 product is thicker 
(about 40 m) during the mature phase of moderate El Niño events but is non-existent before and afterward. 
This may indicate that during the mature phase of moderate El Niño events the deep convection related 
precipitation extends to at least 0°N, 170°W. During extreme El Niño events, the deepest ILD and MLD 
shift prior to the mature phase and last longer at 0°N, 170°W (see Figures 4g, 4h, 4j, and 4l) compared to 
0°N, 156°E. The ILD also deepens from 45 to 85 m after the mature phase of extreme El Niño events at 0°N, 
170°W (Figures 4h and 4l). During extreme El Niño events the temperature decreases from 30°C during the 
developing and mature phase and drops to about 24°C afterward (Figure 4l). During moderate El Niños, the 
surface temperature is about 28°C before and after the mature phase, but reaches 30°C during the mature 
phase (Figure 4k). This is consistent with the extension of the western Pacific Warm pool region.

3.3. Spatial Distribution of the Upper Ocean Characteristics

Spatial distribution of the BLT, ILD, and MLD in the Pacific Ocean determined using ECCO2 are shown 
composited during the peak season (November(0)–January(+1)) for moderate (Figures 5a, 5d and 5g) and 
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Figure 3. Composites of isothermal layer depth (ILD, blue line), mixed layer depth (MLD, red line) and BL Thickness 
(BLT, green line) computed from the TAO/TRITON mooring data at 0°, 156°E for the (a) moderate (1994, 2002, 2004, 
2006) and (d) extreme El Niño events (1997 and 2015). Panels (b and e) are the same as (a and b) but for density. Panels 
(c and f) are the same as (a and b) but for temperature. The x-axis is 24 months, beginning in January(0) of the El Niño 
events to December(+1) of the year following the El Niño events. BL, barrier layer.
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extreme El Niño events (Figures 5b, 5e and 5h) and their differences (Figures 5c, 5f and 5i). Here the differ-
ence is calculated by subtracting the composite of extreme El Niños from the moderate El Niños.

During moderate El Niños, the BLT is thickest (about 30 m) in the central-western Pacific Ocean (150°E to 
130°W) between 10°S and 10°N (Figure 5a). During extreme El Niños, the BL is thinner (about 20 m) and 
is located further eastward and largely confined to the equatorial region (Figure 5b). Thus, the BL is thicker 
(∼15 m) in the western Pacific Ocean and shallower (∼10 m) in the eastern Pacific Ocean (Figure 5c) in 
moderate events compared to extreme events. In general, the composite of ILD and MLD during the mod-
erate and extreme El Niños (Figures 5d–5i) supports the patterns found in Figure 4. The ILD and MLD are 
deeper during moderate El Niños (Figures 5f and 5i), and the deeper ILD, particularly in the western Pacific, 
results in a thicker BL.
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Figure 4. Composite of ILD (blue line), MLD (red line), and BLT (green line) for the (a) moderate and (b) extreme 
El Niño events at 0°, 156°E based on ECCO2. Composite of density and temperature for the (c, e) moderate and (d, f) 
extreme El Niño years, respectively. Panels (g–l) are the same as (a–f), but at 0°, 170°W based on ECCO2. The x-axis is 
24 months, beginning in January(0) of the El Niño event to December(+1) of the year following the El Niño event. ILD, 
isothermal layer depth; ECCO2, Estimating the Circulation and Climate of the Ocean; MLD, mixed layer depth.
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Figure 6 shows the composites of ILD, MLD, and BLT along the equator for the moderate and extreme El 
Niños based on the ECCO2 output. During extreme El Niños, the thickest BLTs along the equator extend 
further eastward to ∼120°W compared to moderate events (Figures 6c and 6f). Initially from January(0) 
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Figure 5. The BL thickness (left), isothermal layer depth (middle) and mixed layer depth (right) for composite 
moderate El Niños (a,d,g) and extreme El Niño (b, e, h) events and their differences (c, f, i) based on ECCO2. The 
difference is calculated by subtracting the composite of extreme El Niños from moderate El Niños. BL, barrier layer; 
ECCO2, Estimating the Circulation and Climate of the Ocean.

Figure 6. Composite of ILD (top), MLD (middle) and BLT (lower) along the equator in the Pacific Ocean for the 
moderate (a–c) and extreme (d–f) El Niños based on ECCO2. The y-axis is 24 months, beginning in January (0) of the El 
Niño event to December (+1) of the year following an El Niño event. ILD, isothermal layer depth; ECCO2, Estimating 
the Circulation and Climate of the Ocean; MLD, mixed layer depth.
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to May(0), the BLT during extreme events is >40 m but then they quickly thin extending further eastward 
before largely disappearing following the peak El Niño period (January(+1)). In contrast, the BLTs during 
the moderate El Niños are ∼30 m thick and west of ∼160°W remain throughout the evolution of the event 
(Figure 6c). In the western Pacific Ocean, the differences in BLT between the peak phase of moderate and 
extreme El Niño events are mainly due to the deeper ILD and MLD (Figures 6a–6f), especially the deeper 
ILD. Namely during the moderate El Niño events, the ILD is deeper (about 80 m) during the mature phase 
compared to an ILD of ∼40 m during the extreme El Niños. In the western equatorial Pacific Ocean, the 
MLD during moderate events is about 50 m compared to 30 m during the extreme events.

To summarize, our analysis suggests that overall the BLT is thicker initially during extreme El Niño but 
then quickly erodes, whereas during moderate El Niños the BLT is relatively thick but lasts longer and is 
more confined to the western Pacific. In the western equatorial Pacific Ocean, during the mature phase the 
BLT is thicker during moderate El Niños compared to extreme El Niños, which is mainly due to a deeper 
ILD compared to the MLD. In the following, we will explore the possible mechanisms responsible for the 
thickening of the BLT during the mature phase of moderate events in the western equatorial Pacific Ocean.

4. The Atmospheric and Oceanic Conditions during the Moderate and 
Extreme El Niños
To explore the possible mechanisms responsible for the BL differences during moderate and extreme El 
Niños, the anomalous atmospheric and oceanic conditions that exist during the two types of events are 
examined. The composite of the monthly anomalous net heat flux, net freshwater flux (precipitation minus 
evaporation), wind stress (vectors) and its curl (contours) and the ocean surface current during the mature 
phase (NDJ averaged) of moderate El Niños (Figures 7a, 7d, 7g, and 7j), extreme El Niños (Figures 7b, 7e, 
7h, and 7k), and their difference (Figures 7c, 7f, 7i and 7l) are computed for the events during the period 
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Figure 7. Composite of monthly anomalous net heat flux (W m−2) (a–c); precipitation minus evaporation (cm yr−1) 
(d–f), wind stress (N/m2, vectors) and its curl (N/m3x108, colors) (g–i); ocean current (m/s, vectors), SSS (colors) (j–l); 
and Barrier Layer Thickness (m–o) during the mature phases (NDJ averaged) of moderate El Niños (a, d, g, j, m), 
extreme El Niños (b, e, h, k, n), and their difference (c, f, i, l, o). The difference is estimated by subtracting average of 
extreme El Niños from the moderate El Niños. The overlain red (green) contours are the positive (negative) BLT, and 
given at 10 m intervals.
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of January 1993 to December 2016. Here the difference is estimated by subtracting the average of extreme 
El Niños from the moderate El Niños. We have shown above that during the mature phase (i.e., Novem-
ber(0) through January(+1)) of the moderate El Niños, the BL is thicker in the equatorial western Pacific 
Ocean, which is mainly due to a deeper ILD (Figure 5). The location of the thickest BLTs coincides with the 
maximum anomalous net heat flux and also with where the anomalous P-E > 0 (i.e., where there is a net 
freshwater flux into the ocean compared to the mean) (Figure 7). More specifically, during both extreme 
and moderate El Niños, the BLT coincides with the anomalous net heat flux and the anomalous net heat 
flux is less negative for the moderate El Niños, which means that less heat is removed from the ocean and 
leads to a deeper ILD. In terms of freshwater flux, during extreme El Niños the P-E is anomalously more 
positive, which means that there is more freshwater input into the ocean (compared to the mean) that acts 
to further shoal the MLD. The anomalous zonal eastward current is stronger during extreme El Niños (Fig-
ure 7k) and so potentially advects the thicker mean BL from west to east (see Figure 1). The wind stress curl 
is also anomalously stronger during extreme El Niños and the anomalous Ekman pumping is therefore also 
stronger, and so results in a shallower ILD and thinner BLT.

5. Salinity Budget Analysis
A mixed layer salinity budget is constructed using the ECCO2 output to diagnose the processes that might 
be responsible for the shallow haline stratification along the equator in the Pacific during the moderate and 
extreme El Niño events. Following Ren et al. (2011), the salinity budget analysis equation is expressed as:
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Here, τ denotes wind stress, ρ = 1,026 kg/m3 is the seawater density, f is Coriolis frequency, hm is MLD, Sm 
is mixed layer salinity, ∆S is the salinity difference between Sm, and the salinity at the depth 20 m below the 
MLD, E is evaporation, P is precipitation, and ε is the residual term. The entrainment velocity we is given 
in Equation 5 which is comprised of the Ekman velocity (wEK) and the mixing velocity (wm). The Ekman 
velocity wEK corresponds to the upwelling (downwelling) generated by the convergence (divergence) of the 
horizontal wind-driven Ekman transport as defined by the first term on the right hand side of Equation 5 
(Yu, 2011). The mixing velocity wm can be separated into local tendency of the MLD ((∂ℎm)/∂t) and the hori-
zontal advection term ∇∙ℎm v, where v is the surface current (including both the Ekman and geostrophic 
currents).

During both moderate and extreme El Niños, the surface freshwater flux (E-P) term dominates along the 
equator (Figures 8c and 8d). During the extreme El Niño events, there is more precipitation in the central 
Pacific Ocean and across the equatorial Pacific Ocean such that the net freshwater flux extends further east-
ward and is closer to the equator. This is also what we expect based on Cai et al. (2014). Moreover, the ten-
dency of mixed layer salinity changes is positive in the northern hemisphere and negative in the southern 
hemisphere, which corresponds to an increasing mixed layer salinity in the northern hemisphere and de-
creasing mixed layer salinity in the southern hemisphere (Figure 8b). In contrast, during the peak phase of 
moderate El Niños mixed layer salinity increases in the western Pacific Ocean but becomes fresher in the far 
western Pacific Ocean. In the far western Pacific during both moderate and extreme events, the advection 
term (  


mv S ) dominates north of the equator (Figures 8e and 8f; positive means that lower salinity is ad-

vected westward) and surface freshwater flux acts to dampen this impact (Figures 8a and 8b). The entrain-
ment term tends to increase the mixed layer salinity in the northern hemisphere and in the southwestern 
Pacific Ocean during moderate El Niño events. During extreme El Niño events, the increased salinity due to 
entrainment is even stronger in the northern and southwestern Pacific Ocean, although entrainment acts to 
decrease the mixed layer salinity in the northwestern Pacific Ocean (Figures 8g and 8h). The entrainment 
term is mainly dominated by the mixing velocity term wm near the equator, which varies mainly in response 
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to the meridional advection term (Equation 5). The residual term, calculated as the left hand side minus the 
sum of right hand side of Equation 4 (see Figures 8i and 8j), is largest near the equator, which may be due 
to the neglection of the nonlinear terms or reflect the large uncertainty in the entrainment term.

We further separate the advection terms into the zonal and meridional advection components (Figure 9). 
A positive (negative) divergence term (−   mv S  > 0) means that mixed layer salinity increases (decreases). 
Near the equator, in general the meridional advection dominates while away from the equator the zonal 
advection terms play a more important role. Near the equatorial central Pacific (180°E−155°W), the diver-
gence term is negative (i.e., −   mv S  < 0) (Figures 9a and 9b) and the meridional advection term (Figures 9e 
and 9f) becomes important. The negative divergence term implies that the mixed layer salinity in the central 
equatorial Pacific decreases due to the divergence. In contrast, in the Western Pacific Ocean, the divergence 
term is positive (i.e., −   mv S  > 0) (Figures 9a and 9b), so the mixed layer salinity increases due to the di-
vergence of salinity and is dominated by the zonal advection terms (Figures 9c and 9d). The typical deep 
convection in the western Pacific Ocean lowers the mean salinity compared to the east (i.e., there is a fresh 
pool in the western Pacific Ocean in the mean state) therefore the salinity increases zonally (∂S/∂x > 0) and 
meridionally (∂S/∂y > 0) especially during the moderate El Niño events (see Figure 7j, color shading), which 
suggests that v’ < 0 (i.e., a southward meridional current anomaly) and u’ < 0 (a westward zonal current 
anomaly).

In summary, the analysis of the mixed layer salinity budget reveals a dominant role of the surface fresh-
water flux in the generation of salinity anomalies within the equatorial Pacific Ocean. In the central 
Pacific, the mixed layer salinity decreases and both meridional and zonal advection are responsible for 
the freshening. In the far western Pacific during both moderate and extreme events, the salinity advection 
term is westward and dominates north of the equator but the surface freshwater flux acts to dampen this 
impact.
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Figure 8. Composite of the terms in the salinity budget constructed from the ECCO2 product including the (a, b) 
mixed layer salinity (MLS) tendency, (c, d) tendency caused by surface freshwater flux term, (e, f) divergence term,  
(g, h) entrainment term and (i, j) residual during the mature phase of the moderate (a, c, e, g, i) and extreme (b, d, f, h, j) 
El Niños. The units for all terms are ×10−7 psus−1. ECCO2, Estimating the Circulation and Climate of the Ocean.
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6. Impact of the BL on the Upper Layer Circulation
Zonal movement of the western equatorial fresh/warm pool of water is fundamental to ENSO dynam-
ics (Bosc et  al.,  2009; Cronin & McPhaden,  1998; Delcroix & Picaut,  1998; Picaut et  al.  1996,  2001; Qu 
et al., 2014). Monthly salinity anomalies as large as 1 psu are common in the western equatorial Pacific as 
the warm, fresh pool and the BL at its eastern edge move eastward during El Niño over distances of thou-
sands of kilometers. As shown in the previous section, the anomalous zonal eastward current is stronger 
during extreme El Niños, advecting the thicker BLs from west to east. The total zonal current during El 
Niños is dominated by a “freshwater jet” in the western Pacific Ocean in response to the presence of BLs 
(Roemmich et al., 1994; Zhang & Clarke, 2015). In this section, we examine the role of this jet on the dy-
namics occurring during the two different El Niño strengths.

Following Zhang and Clarke (2015), the fresh-water flux impact on the zonal geostrophic current at 1°S, 
156°E, 0°N, 156°E, and 1°N, 156°E is calculated using the TAO/TRITON time series of T and S (Figure 10). 
The contribution to the current from the monthly anomalous salinity (uF) and temperature (uT) effect off 
the equator is given by
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Figure 9. The divergence term (  


mv S ) in the salinity budget (a, b), induced by (c, d) zonal advection (−u /mS x) 
and (e, f) meridional advection (−v /mS y) during the moderate (a, c, e) and extreme (b, d, f) El Niño events. The units 
for all terms are ×10−7 psus−1.
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In Equations 6–9, f is the Coriolis parameter, β = df/dy off the equator, g = 9.8 m/s2 is the gravitational 
acceleration, S = 7.5 × 10−4 is the salinity contraction coefficient and T  = 3.3 × 10−4oC−1 is the thermal 
expansion coefficient, S′ is the monthly salinity anomaly, and T′ is the monthly temperature anomaly. The 
salinity (temperature) induced dynamic height is estimated by integrating the monthly salinity (tempera-
ture) anomaly over the ILD. The total zonal current, uTF, is given by the summation of Equations 6 and 7 off 
the equator and Equations 8 and 9 on the equator. Thus, uTF represents the current that includes both the 
thermosetric and halosteric contribution. Physically, this means that if there is a negative salinity anomaly 
(S’ < 0), corresponding to a freshening anomaly, the water in the isothermal layer is less dense and so to 
keep the pressure at the isothermal layer depth constant, the sea level must slightly increase. Based on the 
idea that the zonal scale is much larger than the meridional scale, to a first approximation the low-frequen-
cy zonal flow is geostrophically balanced (see Zhang & Clarke, 2015 for a detailed discussion). The associat-
ed low-frequency zonal geostrophic current at 1°N, 156°E is thus estimated based on the in situ temperature 
and salinity data at 2°N, 156°E and 0°N, 156°E. Whereas on the equator (0°N, 156°E), uTF (uF, uT) are esti-
mated based on the temperature and salinity at the three stations (2°S, 156°E, 0°N, 156°E, and 2°N, 156°E).

In Figure 10, we show the salinity and temperature induced zonal current anomaly during extreme (blue 
line) and moderate (red line) El Niños. Since under the mean state, the zonal current in the western Pacific 
Ocean is westward, here when there is a positive (negative) total zonal current anomaly (uTF), it means a 
weakening (strengthening) of the westward zonal current. Thus, during the extreme El Niños (blue line in 
Figure 10), the eastward current anomaly is stronger (about 60 cm/s) during the developing phase (Janu-
ary(0)–September(0)) of the events compared to the total current anomaly (about 30 cm/s) during mod-
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Figure 10. The freshwater flux induced current at 1°N, 156°E (a), 0°N, 156°E (b) and 1°S, 156°E (c) for moderate 
El Niños (red lines) and extreme El Niños (blue lines). Panels (d–f) are the same as (a–c), but for the temperature 
contribution to the total zonal current and panels (g–i) for the salinity contribution to the total zonal current. The x-axis 
is 24 months, beginning in January(0) of the El Niño events to December(+1) of the year following El Niño events. uTF 
is the zonal current related to the freshwater flux, uT is the temperature contribution, and uF is the salinity contribution. 
The units are cm/s.
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erate El Niño events (red line in Figure 10) especially at 1°S, 156°E (Figures 10a–10c). This eastward zon-
al current anomaly pushes the warm pool edge eastward. During the decaying phase of El Niño events 
(June(+1)–December(+1)), the eastward current anomaly becomes almost zero (Figures 10a–10c). During 
the extreme El Niño events, there is a shift to a westward current anomaly. This suggests that the negative 
feedback following extreme El Niños is stronger than during the moderate scenarios.

Furthermore, the salinity and temperature induced zonal current anomaly based on Equations 6–9 shows 
that salinity anomalies (i.e., the halosteric contribution) are the main causes for this change in the total 
current anomalies (i.e., uF is about 30 cm/s while uT is about 20 cm/s) at all three stations (1°S, 156°E; 0°N, 
156°E; and 1°N, 156°E).

7. Summary and Discussion
In this paper, the BL in the equatorial Pacific Ocean during moderate and extreme El Niños was studied 
using TAO/TRITON data and ECCO2 output. Our analysis shows that in the western Pacific Ocean, the 
ILD deepens during moderate El Niño events and then shoals during the year following the event. This 
phenomenon is even more obvious during extreme El Niños. The ILD deepens during the developing phase 
but shoals during the peak phase of the El Niño events.

Using in situ data and ECCO2 output, the composite of BLT, MLD, and ILD during extreme and moderate 
El Niños shows that during the peak months of El Niño events (November(0) to January(+1)), the BLT is 
thicker in the western Pacific Ocean during moderate El Niños compared to extreme El Niños, which is 
mainly due to a deeper ILD compared to the MLD. Moreover, at 0°N, 156°E before the peak months of the 
El Niño event, the BL thickens during extreme El Niño years compared to moderate El Niño years. This is 
mainly due to the deepening ILD. Maes et al. (2002) pointed out that the presence of the BL is important 
for the development of El Niño as removing the BL reduces the build-up of the heat in the western Pacific 
Ocean. This perhaps explains why we see thicker BLT before extreme El Niños, and furthermore that they 
may be responsible for the increased heat buildup that leads to the extreme El Niño events.

A salinity budget analysis shows that the freshwater flux and advection are the main reasons for the BLT 
differences during the two types of El Niño events. Furthermore, the result of the mixed layer salinity 
budget reveals a dominant role of the surface freshwater flux in the generation of salinity anomalies along 
the equatorial Pacific Ocean. But in the far western Pacific Ocean and central Pacific Ocean, the divergence 
term also contributes. The whole process can be summarized in the schematic (see Figure 11). Namely, dur-
ing moderate El Niños, the anomalous net heat flux is less negative, which means that less heat is removed 
from the ocean and this leads to a deeper ILD. In terms of freshwater flux, during extreme El Niños the P-E 
is anomalously more positive, which means that there is more freshwater input into the ocean (compared 
to the mean) that acts to further shoal the MLD. The anomalous zonal eastward current is stronger during 
extreme El Niños (Figure 7k) and so potentially advects the thicker BLT from west to east (see Figure 1). The 
wind stress curl is also anomalously stronger during extreme El Niños and the anomalous Ekman pumping 
is therefore also stronger, and so this acts to shoal the ILD and produces a thinner BLT.

Lastly, our study shows that during both moderate and extreme El Niños, the zonal current anomaly related 
to the freshwater flux is not negligible (about 18 cm/s). In addition, during extreme El Niños, the fresh zonal 
current anomaly is stronger before and after the event, especially at 1°S, 156°E. The current is mainly driven 
by the salinity effect. The existence of near-surface relatively fresh equatorial flow was first documented 
by Roemmich et al. (1994) who observed an extremely fresh salinity anomaly within an equatorial jet over 
several months occurring in a surface layer 50 m thick. Beneath this fresh layer was a sharp halocline that 
occurred in an isothermal layer, in other words, a BL existed. However, the Roemmich et al. (1994) theory is 
only appropriate over short periods of about 10 days. On longer time scales, our study suggests that during 
the development of extreme El Niños, the presence of a thicker BLT helps in the build-up of heat that is 
transported east in the freshwater jet, which further leads to the occurrence of the extreme El Niño events.

Brown et al. (2014) have shown that many of the state-of-the-art Coupled Model Intercomparison Project 
Phase 5 (CMIP5) models poorly represent the salinity variability at the warm pool edge and so would seem 
to be missing a basic component of the coupling dynamics. Furthermore, since the zonal movement of the 
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western equatorial fresh/warm pool of water is fundamental to ENSO dynamics (Bosc et al., 2009; Cronin & 
McPhaden, 1998; Delcroix & Picaut, 1998; Picaut et al. 1996, 2001; Qu et al., 2014), our study also provides 
further information about the strength, spatial structure of the interannual flow related to this zonal move-
ment. This helps to improve our understanding of the ENSO dynamics during the two different El Niño 
regimes.

Data Availability Statement
Data sets used in this study can be found at the following websites: TAO/TRITON: https://www.pmel.noaa.
gov/tao/drupal/disdel/; ECCO2: http://www.ecco-group.org/; Oscar Currents: https://podaac.jpl.nasa.gov/
dataset/OSCAR_L4_OC_third-deg/; AVISO SSHA: https://www.aviso.altimetry.fr/en/data.html. Precipi-
tation: http://www.esrl.noaa.gov/psd/data/gridded/data.cmap.html. Evaporation (derived from the latent 
heat component) and the net heat flux are from OAFlux: http://oaflux.whoi.edu/data.html. ECMWF Wind-
stress data: http://apps.ecmwf.int/datasets/.
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Figure 11. Schematic of the mixed layer characteristics during (left) moderate and (right) extreme El Niños. MLD is 
the mixed layer depth, ILD is Isothermal Layer Depth, and BLT is BL Thickness. BL, barrier layer; ILD, isothermal layer 
depth; MLD, mixed layer depth.
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