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Abstract

By using gridded Argo data from 2004 to 2017, a systematic comparison study is conducted on the
evolution features of the tropical Pacific Barrier Layer (BL) between El Nifio and La Nifia (ENSO) period.
As of climatology, the BL in the tropical Pacific Ocean presents three distinctive zonal bands at about 12°
N, 5°N, 10° S, separately, extending from the western Pacific warm pool eastwards to the eastern Pacific
Ocean. Among them, the BL (>20m) in the warm pool occurs throughout the whole calendar year, whilst
the BL at both 12° N and 10° S bands exist mostly often in Winter and Summer periods

Composite analysis reveals that the ENSO-relevant BL variations are largely confined within the equatorial
Pacific west of 160° W. Specifically, overwhelming thick (thin) BL occurs east of 160° E during El Nifio (La
Nifia) year, respectively. It is deduced that the heavy rainfall, horizontal transport of low saline water and
downwelling Kelvin waves are three main contributors for the unusual thick BL occurrence east of 160°
E during the El Nifio period. Correlation diagnosis verifies that the interannual BL changes lags the Nino
3.4 index by one month. Conversely, the BL variability leads the Nino 3.4 index by one month for the La
Nifia event and anomalous thickening of the Isothermal Layer (IL) triggered by water convergence and
subduction is believed to be the main cause for the abnormally thick BL emergence west of 160° E.

Keywords: Barrier layer; El Nifio-southern oscillation; Rainfall; Ocean advection; Kelvin wave

Abbreviation: IL: Isothermal Layer; ENSO: El Nifio-Southern Oscillation; BL: Barrier Layer; NCEP:
National Environmental Prediction Center; NCAR: National Atmospheric Environment Center; CPC:
Climate Prediction Center; OLR: Outgoing Longwave Radiation; MLD: Mixed Layer; BLT: Barrier Layer
Thickness; SPCZ: South Pacific Convergence Zone; ITCZ: Intertropical Convergence Zone

Introduction

Tropical Pacific Ocean is the main heat source of the earth-atmosphere system, which
can provide abundant latent and sensible heat for the global climate. It has not only seasonal
changes, but also obvious interannual and interdecadal changes cane [1]. The El Nifio-Southern
Oscillation (ENSO), as the most significant interannual variation signal in the tropical Pacific,
can have a significant impact on global climate and human activities through large-scale
ocean-atmosphere interactions and teleconnections [2,3]. Because of vertical mixing, the
upper ocean usually forms vertically uniform isothermal layer, isohaline layer and isopycnal
layer at above surface. Beneath them lies the so-called thermocline, halocline and pycnocline,
respectively, with significant vertical gradient changes. In most cases, depth of the isothermal
layer and the isopycnal layer are approximately equal. Since 1990s, however, with the more
salinity observations, [4] found that the depth of the upper boundary of the thermocline is
obviously deeper than the upper boundary of the pycnocline, and the water layer between
the bottom of the isopycnal layer and the top of the thermocline is thereafter named as
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Barrier Layer (BL). Because of the uniformly vertical distribution
of temperature within the BL, the vertical transport of sea surface
heat flux downward to the ocean interior is effectively inhibited,
so that the heat inside the mixed layer and the thermocline cannot
exchange effectively [5].

Likewise, the appearance of thick BL weakens the cooling
effect of the thermocline cold water entrainment upwards into the
mixed layer and as a result, coupling between the atmosphere and
the ocean is seriously suppressed [6,7]. Moreover, with formation
of the BL, the salinity stratification not only hinders the upward
entrainment of cold water into the thermocline, but also traps
energy of external wind disturbance within the fresh surface layer
[8,9] revealed that the BL plays an important role in the storage of
heat in the western equatorial Pacific through coupling model, and
mostimportantly, the accumulation ofheatin the western equatorial
pacificis a premise for El Nifio excitation. Besides, the BL is generally
believed to play a positive role in the development of the tropical
cyclone by suppressing vertical mixing and reducing sea surface
cooling Balaguru [10]. However, Yan [11] put forward a different
point that the BL may play a totally different role in affecting the
tropical cyclone. Since previous studies on the characteristics and
variation patterns of the BL are mainly performed by short-term
data (CTD, anchors) in the tropical Pacific, relationships between
the BL and ENSO events are not well acknowledged. Therefore, this
paper attempts to launch an in-depth investigation on the evolution
characteristics of tropical Pacific BL during different types of ENSO
events.

Data and Methodology
Data

The temperature and salinity data are taken from the Global
OceanArgo (BOA_Argo) grid datasetprovided by the ChinaReal-time
Information Center [12]. It spans from January 2004 to December
2017, with 1°x1° horizontal grid and vertically 58 standard layers
(0-2000dbar). Precipitation data is of CMAP provided by the
National Oceanic and Atmospheric Administration of the United
States [13]. The time span is from January 2004 to December 2017,
with spatial resolution of 2.5°x2.5°. Outgoing Longwave Radiation
(OLR) data is obtained from satellite observations by the National
Oceanic and Atmospheric Administration of the United States
[14]. It lasts from January 2004 to December 2017, with spatial
resolution of 2.5°x2.5°. Surface wind stress and flow field data are
derived from the Global Ocean Data Assessment System provided
by the National Environmental Prediction Center of the United
States [15]. The time span is from January 2004 to December 2017
with spatial resolution of 1°x(1/3)° (longitude latitude. Flow field
data at 5m is selected as the sea surface flow field. Wind field data
is from the National Environmental Prediction Center/National
Atmospheric Environment Center (NCEP/NCAR) reanalysis data
[16], with spatial resolution of 2.5°x 2.5° and 17 vertical layers as
1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50,
30, 20, 10hpa. The ENSO index selects the Nino3.4 of the Climate

Prediction Center (CPC) and which, is defined as the abnormal
average SST of the equatorial mid-East Pacific (5° S-5° N,170°-120°

Ww).
Methodology

For the BL calculation, firstly, the temperature and salinity
data within upper 300m are linearly interpolated to 1m intervals.
Secondly, as is well known, both of depths of the Isothermal Layer
(ILD) and the Mixed Layer (MLD) are needed. Usually, there are
gradient method and threshold method for recommendation.
Gradient method is suitable for single station observation data with
high vertical resolution (such as CTD), whilst threshold method is
favorable for gridded data with lower vertical resolution. Therefore,
threshold methods of [17,18] are adopted in this work. With 10m
taken as the reference layer, ILD temperature threshold is set as
AT=-0.2 °C. MLD is calculated with AGG=0‘9T10+AT, S, PO—GGTN, Sy
P, where T,y S, Py 00 denotes temperature and salinity at 10m,
pressure at sea surface, potential density, respectively. As a result,
the Barrier Layer Thickness (BLT) is defined as follows: BLT=ILD-
MLD.

Result
Seasonal distribution of the BL

Figure 1 shows the seasonal distribution of the BL in the
tropical Pacific ocean. There are permanently thick BL In the
western Pacific warm pool regime throughout the calendar year.
The thickness of the BL is larger than 20m, frequently accompanied
by strong rainfall (greater than 6mm/d) occurrence. In winter,
thick BL is mainly located within 10° S - 5° N in the western Pacific
and which, is in accordance with the position of the South Pacific
Convergence Zone (SPCZ). Besides, a band of thick BL between
10°-20° N stretching from western Pacific to eastern Pacific can be
identified, which is over 25m and not usually witnessed in other
seasons. However, this latitudinal zone is not in the Intertropical
Convergence Zone (ITCZ)-induced precipitation region (Figure
1a), meaning that rainfall is not responsible for the occurrence
of the thick BL. Whilst, combined Ekman advection of equatorial
freshwater and subduction of subtropical subsurface high saline
water were proved to be two main causes [19]. The BL near 15°
N becomes thin and gradually 121 retreats westwards in spring,
at the meantime, the BL at 10° S begins to extend 122 eastwards
and thickens slowly. The BL at 15° N nearly vanishes in summer,
whilst the 123BL adjacent to 10° S extends eastward to 100° W and
reaches its maxima thickness of 124 about 30m within 140°-120°
W ranges. Pioneering studies indicated that the BL in the 12532~82
S zone is resulted from both subduction of the Southern Equatorial
Current and 126 thinning of the mixed layer due to freshening of
the surface water. And the freshening 127 of the surface water is
deduced to be mainly caused by the heavy precipitation and the 128
eastward flowing low saline equatorial jet Vialard [8]. Overall, the
129 latitudinal zone of the two BLs (15° N & 10° S) shows obvious
seasonality.
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Figure 1: Seasonal distribution of the BLD in the tropical Pacific (shaded, unit: m). a. Winter (January-March), b.
Spring (April-June), c. Summer (July-September), d. Autumn (October-December). Where the red line represents
28.5C isotherm and contours denote the precipitation with CI of 3mm/d (unit: mm/d).

Comparative analysis of the BL between El Niiio and La (Figures 2&3) shows the synthetic distribution of atmospheric
Nifia period and oceanic variables for two different type ENSO events. During

The Nino 3.4 index is adopted from the United States Climate El Nifio period, negative SSS anomalies occurs mostly in western

Center (CPC) and for which, 2004, 2009, 2015 are defined as El equatorial Pacific, meaning SSS freshens between 160° E-180°.

Nifio years, 2007, 2008, 2010 and 2011 are taken as La Nifia years. Whilst a positive SSS anomaly emerges in equatorial western
Pacific (150° E-180°) for La Nifia years.
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Figure 2: Composites of the BLT anomaly (a and b, unit: m), SST anomaly (c and d, unit: C), and SSS anomaly (e
and f, unit: Psu) in the tropical Pacific for the El Nifio (left panel) and La Nifia (right panel) events. The black line and
red line indicates the contours of 34.8psu, 28.5°C, respectively.
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Figure 3: Composites of the wind stress anomaly (a and b, shading represents zonal wind stress anomaly, unit:
N/m?), surface current anomaly (c and d, shading represents zonal surface current anomaly, unit: m/s), and
precipitation anomaly (e and f, unit: mm/d) in the tropical Pacific for the El Nino (left panel) and La Nina (right
panel) events.

Correspondingly, a rarely thick BL lies in equatorial regime
east of 160° E and exceptionally thin BL occurs west of 160° W for
El Nifio years. As to La Nifla years, abnormally thin BL happens
east of 160° E and extremely thick BL occurs west of 160° W.
Comparatively, biggest differences in the wind stress happens in
the western equatorial Pacific between El Nifio and La Nifia events.
The westerly stress anomaly extends from the western equatorial
Pacific eastward across the dateline to 150° Wm during El Nifio
period, meanwhile, a weak easterly stress anomaly is detected
in the eastern pacific (Figure 3a). Correspondingly, the eastward
ocean current anomaly covers almost the entire equatorial Pacific,
with anomalous zonal flow reaches about 30cm/s (Figure 3c).
Conversely, the zonal easterly stress anomaly occupies the entire
equatorial west, central Pacific and most of the south Pacific
(Figure 3b) and in accordance, a westward zonal flow occurs in the
equatorial Pacific during La Nifia days (Figure 3d).

The occurrence, development and vanish of the BL are directly
linked with the evolution of MLD and ILD. For a thick BL, its
formation often involves many contributors such as weak wind,
heavy rainfall, horizontal advection, vertical shear of zonal flow
and even oceanic wave processes Bosc et al. [17]. Apparently,

deeper thermocline in eastern equatorial Pacific (positive ILDA)
and shallower thermocline in western equatorial Pacific (negative
ILDA) can be found during El Nifio period. It is totally reversed
for La Nifla days. For El Nifio event, the extremely thick BL (>8m)
appears in the equatorial Pacific east of 160° E and is mainly caused
by abnormal thinning of the MLD. Comparatively, the abnormally
thick BL (>8m) occurs west of 160° E during La Nifia period and
which, is believed to be induced by the unusually thick ILD (Figure
2).

Furthermore, westerly stress anomaly is found to be strongest
adjacent to 170°W, in accordance with much shallower ILD and MLD
for El Nifio event. Vialard and Delecluse [6,8] pointed out BL changes
could be modulated by oceanic Kelvin waves, that is, upwelling
Kelvin wave tends to thin the BL, whilst downwelling Kelvin wave
is apt to thicken the BL. Since strong westerly stress anomaly will
induce abnormal surface Ekman convergence to deepen the ILD,
the shallower ILD can be attributed to the upwelling cold Kelvin
wave emanating from the reflection of Rossby wave at the western
boundary [20]. Moreover, deduced from the negative feedback
theory of delayed oscillators, the westerly wind anomaly can
excite eastward warm (downwelling) Kelvin wave and westward
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cold [21,22]. After the Rossby wave hit west boundary, it will be
turned into eastward cold (rising) Kelvin wave and as a result, the
ENSO phase is converted. Meanwhile, the westerly wind anomaly
can trigger changes of the eastward equatorial current (Figure 3c)
and transport low saline water from far western equatorial Pacific
eastward to the dateline, in conjunction with heavy rainfall there
(Figure 3e), further freshen water within 160° E~160° W regime
(Figures 2e&4a) and leads much shallower MLD than ILD. (Figure
4a) also demonstrates that ML is much shallower than IL east of
160°E and is favorable for thicker BL occurrence within 160°
E-160° W.

Meanwhile, the unusually thick BL is found to be adjacent to
the salinity front (34.8psu) (Figure 2a). By contrast, on one hand,

easterly stress anomaly will cause anomalous westward equatorial
zonal current during La Nifia period (Figure 3d), transporting cold,
saline water from the eastern Pacific westward to the equatorial
western Pacific. On the other hand, the easterly stress anomaly
will enhance the Southern Equatorial Current (SEC), carrying
more saline, cold water westwards and converging with the warm,
fresh water in the western Pacific. The resulted water sinking,
and vertical shear significantly deepens the IL, in accordance with
the downwelling Kelvin wave. At the same time, although with
unusually low precipitation (Figure 3f), more saline sea surface
(Figure 2f) and enhanced vertical mixing, the ML does not change
much, leading to much deeper IL than ML at west of 160° E (Figure
4b).
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Figure 4: Latitudinal distributions of the ILD anomaly (ILDA, unit: m), MLD anomaly (MLDA, unit: m), zonal
wind stress anomaly (TA, unit: 2103N/m?), SSS anomaly (SSSA, unit: psu), SST anomaly (SSTA, unit: °C) and
precipitation anomaly (PA, unit: 2mm/d) along the equatorial Pacific (band-averaged between 5°N and 5°S ) for the
El Nifio (a) and La Nifna (b) events, where the Red & Blue shaded zone denotes the thickened & thinned regime of the
ILD, respectively.

As aresult, extremely thick BL is to be formed within 130°-160°
E. It's worth noted that the BL is a result from mutual interactions
of the ML and the IL variations, testified to be influenced by various
dynamic and thermodynamic processes. It is suggested that ML
changes play a vital role in the formation of the thick BL east of 160°
E during El Nifio period, whilst IL variations are the main causes
for the thick BL occurrence west of 160° E for La Nifia event. Above
studies indicates that BL distribution has prominentlocality, that s,
bounded by about 160° E, exceptionally thick (thin) BL occurs see-
saw alike for El Nifio (La Nifia) events. It shows that Nino 3.4 index
lags about one month than the BL of western equatorial Pacific and
they are largely inverse phase changed (Figure 5ab). The maximum
negative correlation coefficient reaches about -0.75 and passes the
95% significance test, revealing responses to ENSO occurs firstly in

the subsurface of equatorial western Pacific.

It also confirmed importance of the BL in the western Pacific
for ENSO excitation. Furthermore, relative contributions of the
MLD and ILD to BLT are discriminated using regression analysis.
For western equatorial Pacific, the regression coefficients between
MLD and ILD to BLT are 0.11 and 1.11, respectively, suggesting that
interannual variations of the BL variability is mostly triggered by
the IL changes. As to eastern equatorial Pacific, BL changes is almost
in phase with Nino3.4 index (Figure 5c). When the BL lags Nino 3.4
index by one month, it shows the maximum positive correlation of
0.51 (Figure 5d). Moreover, regression coefficients of the MLD and
ILD to the BLT are -0.76 and 0.24, respectively, meaning that the BL
variations is largely excited by the ML disturbances.
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Figure 5: Anomaly of BLT (black line), ILD (green line) and MLD (blue line) averaged in a. western (130°-160°E,
5°S-5°N) and c. eastern (160°E-170°W, 5°S-5°N) equatorial Pacific, with Nino3.4 index (red line) being superimposed.
b and d denotes the lead/lag correlations between BLT anomaly and Nino 3.4 index.

Conclusion

By employing comparative study of the BL behaviors between
El Nifio and La Nifia period, different dynamic and thermodynamic
processes responsible for the BL formation are identified and
diagnosed. It is revealed that interannual changes of the BL in the
equatorial Pacific are tightly linked with ENSO evolution. Most
ENSO-relevant BL variations are confined to the equatorial Pacific
west of 160° W. Exceptionally thick (thin) BL is located east of
160° E and abnormally thin (thick) BL is found west of 160° E for
El Nifio (La Nifia) events, respectively. During El Nifio period, the
MLD anomaly caused by heavy rainfall, horizontal transport of low
saline water and downwelling Kelvin wave is responsible for the
occurrence of the abnormally thick BL east of 160° E, whilst the ILD
anomaly induced by water convergence and subduction is believed
to be the main cause for the thick BL west of 160° E during La Nifia
days. Further diagnosis suggest that the BL distributes locally and
spatially uneven in the equatorial Pacific. For the western (130°-
160°E, 5°S-5°N) equatorial Pacific, responses to ENSO are detected
firstly in the subsurface equatorial western Pacific, confirming
impacts of the BL on ENSO excitation. Most importantly, it is
found that BL changes is mainly modulated by MLD variations in
the eastern (160°E-170°W, 5°S-5°N) equatorial Pacific, whilst ILD
plays a leading role in influencing the BL variability for the western
(130°-160°E, 5°S-5°N) equatorial Pacific.
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