
sustainability

Article

Barrier Layer Characteristics for Different Temporal Scales and
Its Implication to Tropical Cyclone Enhancement in the Western
North Pacific

Ding-Rong Wu 1, Zhe-Wen Zheng 1,*, Ganesh Gopalakrishnan 2, Chung-Ru Ho 3 and Quanan Zheng 4

����������
�������

Citation: Wu, D.-R.; Zheng, Z.-W.;

Gopalakrishnan, G.; Ho, C.-R.;

Zheng, Q. Barrier Layer

Characteristics for Different Temporal

Scales and Its Implication to Tropical

Cyclone Enhancement in the Western

North Pacific. Sustainability 2021, 13,

3375. https://doi.org/10.3390/

su13063375

Academic Editor: Flávio Augusto

Bastos da Cruz Martins

Received: 26 January 2021

Accepted: 16 March 2021

Published: 18 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Earth Science, National Taiwan Normal University, No.88, Sec. 4, Tingzhou Rd.,
Wenshan District, Taipei 11677, Taiwan; drwuatmos@ntnu.edu.tw

2 Climate Atmospheric Science and Physical Oceanography, Scripps, Institution of Oceanography,
La Jolla, CA 92093, USA; ggopalakrishnan@ucsd.edu

3 Department of Marine Environmental Informatics, National Taiwan Ocean University, No.2, Beining Rd.,
Zhongzheng District, Keelung 20224, Taiwan; b0211@mail.ntou.edu.tw

4 Department of Atmospheric and Oceanic Science, University of Maryland, College Park, MD 20742, USA;
qzheng2@umd.edu

* Correspondence: zwz@ntnu.edu.tw

Abstract: The barrier layer (BL) is a layer of water separating the thermocline from the density
mixed layer in the upper ocean, which has the capability of reducing the negative feedback effect
caused by tropical cyclone (TC) acting on the upper ocean and back on the TC itself. This study
analyzed in-situ Argo floats measurements, data-assimilated HYCOM/NCODA reanalysis, and the
longer-term (1961–2010) variations of Ocean Reanalysis System 4 (ORAS4) based BL in the TC main
development region (MDR) to characterize the BL in the western North Pacific (WNP) for different
temporal scales and to understand its role in resisting TC induced sea surface cooling. First, the
result indicates that the effect of BL on TC enhancement in the MDR of WNP might be overestimated.
Further analysis based on partial correlation shows that the BL plays a key role in resisting the cooling
response only while BL is strong (BL thickness ≥ 5 m) and TC wind forcing is weak. Meanwhile,
the distribution of BL demonstrates markedly the mesoscale characteristic. BL with thickness 0–5 m
occupies the highest proportion (~67.55%), while thicker BL (BL thickness (BLT) larger than 5 m)
takes up about 25–30%. Besides, there are ~3% with BL thicker than 30 m. For life length, BLT with
0–5 m is limited to 5 days, while BL with thickness more than 30 m can persist for more than 30 days.
The scenario is attributed to diverse processes that result in different characteristic temporal scales
of BL. Additionally, the analysis of coverage region and average BLT in the recent decade shows
a serious situation: both the spatial coverage and BLT increase sharply from 2001 to 2010, which
implies that TC–BL interactions might occur more frequently and more vigorously in future if the
changing trend of BL remains unchanged.

Keywords: barrier layer; tropical cyclone intensity; air-sea interaction; upper ocean stratification

1. Introduction

Interaction between tropical cyclone (TC) and the upper ocean structure has been
well investigated in the past decades [1–5]. Since the ocean is the energy source supplying
heat fluxes (latent heat fluxes, sensible heat fluxes) for TC enhancement, the studies of
pre-existing oceanic conditions along the TC tracks are important in improving the forecasts
of TC intensity development [6]. Despite the fact that TC intensity can be enhanced by
drawing energy from the ocean while passing the favorable pre-existing oceanic conditions
(such as high ocean heat content or warm mesoscale eddy), the violent wind field of
TC often stirs up colder water below, destroying these warmer upper ocean structures,
and results in the sea surface temperature (SST) cooling effect (i.e., negative feedback
effect). The TC-induced SST cooling effect is mainly associated with entrainment and
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upwelling processes while the translation speed of TC determines which process should
be dominant [7].

However, some upper ocean structures may have the capability of reducing the
negative feedback effect, which is discussed in previous studies [8–10]. Among these
pre-existing upper ocean structures, the ocean BL is a relatively less studied feature. The
BL is a layer of water separating the thermocline from the density mixed layer in the
upper ocean [11]. In some regions, especially the tropical oceans, a low-salinity layer is
situated on the surface where the uniform density mixed layer becomes shallower than
the isothermal layer, and thus a salinity barrier layer is formed [11]. In the meantime,
the upper ocean is divided into the mixed layer, the BL, and the thermocline into three
layers. In this situation, the increased stratification and stability within the layers reduces
storm-induced vertical mixing and sea surface temperature cooling when a TC passes over
regions with BLs. This causes an increase in enthalpy flux from the ocean to the atmosphere
and, consequently, a possible intensification of TC [8]. Meanwhile, heavy rainfall might
lead to the generation of BL, because the uniform density mixed layer becomes shallower
than the uniform temperature isothermal layer due to salinity influence. Subsequently, the
BL would act as a barrier to vertical mixing and influence the stratification eventually [8,11].
Besides, the barrier layer thickness (BLT) is the difference between the isothermal layer
depth (ILD) and mixed layer depth (MLD), which can be briefly interpreted as ILD minus
MLD (see Figure 1). In other words, BL appears when density stratification emerges in the
isothermal layer, i.e., Equation (1),

dρ

dz
=

∂ρ

∂T
∂T
∂z

+
∂ρ

∂S
∂S
∂z

(1)

where ρ is water density, T is temperature, S is salinity, and z is water depth. Since the
BL is part of the isothermal layer, the temperature gradient in the BL is relatively small.
Therefore, water density stratification in the BL is generally thought to be mainly controlled
by the salinity gradient [12]. This brings along the more stable water column within the BL
range. More precisely, the Richardson number (Equation (2)),

R =
−g ∂ρ

∂z

ρ0

(
∂V
∂z

)2 (2)

where g is the gravity, ρ0 is the water density, and V is the horizontal layer velocity, will
be larger under the same velocity shear condition if the vertical density gradient exists. A
high Richardson number results in a stabilized and stratified water column which reduces
the gradient mixing and the entrainment mixing. The area with the existence of BL thus
commonly maintains a higher SST than the area without it after the stir of storm wind field.

Studies about factors related to TC development and enhancement are important and
beneficial for improving the accuracy of TC intensity forecast while facing the threat of TC
invasion. The western North Pacific (WNP) has been the most active TC basin in recent
decades [13]. Moreover, the climatological composite of BLT during the TC-prevailing
season (July–November in the northern hemisphere and December–April in the southern
hemisphere) in the tropics reveals that the WNP TC-prevailing season matches the wide
range of BL coverage (Figure 2). This consistence makes the WNP TC main development
region (MDR) an ideal region for studying the TC-BL interaction (the MDR only refers to
the MDR at the WNP afterward).
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Figure 1. An illustration of the temperature (red line) and the density (blue line) profile. The solid 
line and the dashed line indicate the isothermal layer depth (ILD) and mixed layer depth (MLD) 
respectively. The barrier layer (BL) is then defined as the layer between the ILD and the MLD (Pro-
files data were retrieved from European Centre for Medium-Range Weather Forecasts (ECMWF) 
Ocean Reanalysis System 4 (ORAS4)). 
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Figure 2. Composite climatology of BL spatial distribution in global tropical area (30° N–30° S) of 
(a) July to November and (b) December to April in the period of 1961–2010, which represent the 
TC-prevailing seasons in the northern hemisphere and the southern hemisphere respectively. 
Black line boxes indicate several global TC main development regions and the WNP area is cov-
ered by yellow slants (data from ORAS4). 

Figure 1. An illustration of the temperature (red line) and the density (blue line) profile. The solid
line and the dashed line indicate the isothermal layer depth (ILD) and mixed layer depth (MLD)
respectively. The barrier layer (BL) is then defined as the layer between the ILD and the MLD (Profiles
data were retrieved from European Centre for Medium-Range Weather Forecasts (ECMWF) Ocean
Reanalysis System 4 (ORAS4)).
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Figure 2. Composite climatology of BL spatial distribution in global tropical area (30◦ N–30◦ S) of (a) July to November and
(b) December to April in the period of 1961–2010, which represent the TC-prevailing seasons in the northern hemisphere
and the southern hemisphere respectively. Black line boxes indicate several global TC main development regions and the
WNP area is covered by yellow slants (data from ORAS4).

Previous studies of the BL and TC intensification show controversial results. Some
studies suggest that the BL is favorable for TC intensification, whereas others demonstrate
that the BL has little impact. The diversity was thought to be associated with the mesoscale
characteristics and different temporal scales of BL as demonstrated in this study. In order to
examine the characteristic of BL in the WNP and its contribution to TC enhancement, this
study first generalizes the statistics of the capability of BL in resisting the sea surface cooling
induced by TC and then focuses on the longer-term (1961–2010) variation of BL in the
MDR. Additionally, previous studies [14,15] pointed out that BLs in the subtropical ocean
possess mesoscale characteristics with a life length of less than 10 days both on temporal
and spatial scales. Therefore, the changing trend of average thickness and life length of
transient BLs are investigated simultaneously. The data and methods are introduced in
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Section 2. Statistics of BL impact on TC enhancement is shown in Section 3.1. Mesoscale
BL characteristics and changing trends are demonstrated in Section 3.2. Temporal and
spatial variations in interannual temporal scale are presented in Section 3.3. Also, possible
dynamics leading to interannual BL variability are also unveiled and discussed. Finally,
conclusion and discussions are presented in the final Section.

2. Materials and Methods

The primary data used in this study is obtained from the European Centre for Medium-
Range Weather Forecasts (ECMWF) Ocean Reanalysis System 4 (ORAS4, [16]), which
includes several monthly mean physical variables (temperature, salinity, velocities, isother-
mal/mixed layer depth) on a 1 × 1 global grid. This study employs the ORAS4 data from
1961 to 2010 in the climate scale analysis of BL variability. Argo floats in-situ data [17] from
2001 to 2010 were used to compute the mean temperature, salinity and density profiles for
different BL formations including their location, which enabled us to compile statistics on
the relationship between BL and consequential TC-induced SST cooling. Besides, the Argo
floats data is also utilized for validating the HYCOM/NCODA 1/12 global daily reanalysis
(GLBu0.08, https://www.hycom.org/dataserver/, accessed on 28 May 2020 [18]), which is
analyzed to reveal the mesoscale characteristics of BL. Both the Argo floats and HYCOM
data are interpolated at an interval of 5 m with Akima spline method primarily [19]. All the
tropical cyclone best track data are obtained from Joint Typhoon Warning Center (JTWC).
The data includes TC center position (per 6 h), maximum wind speed, minimum sea level
pressure etc. A non-dimensional parameter, V/ f L, where V is the TC translational speed
(computed from TC center position data); f is the Coriolis parameter, and L is the TC length
scale defined as 100 km, is adopted to separate the slow-moving TCs (V/ f L < 1) from the
fast-moving TCs (V/ f L > 1) in the statistical analysis [20,21].

The density in the upper ocean, which is defined as above 200 m depth in this work,
is calculated via the Equation of State of Seawater. The equation of state was defined
by the Joint Panel on Oceanographic Tables and Standards (UNESO, 1981) by fitting
available measurements with a standard error of 3.5 ppm for pressure up to 1000 bars,
for temperatures between freezing and 40 ◦C, and for salinities between 0 and 42 [22].
The density ρ (in kilograms per cubic meter) is expressed in terms of pressure p (in bars),
temperature t (in ◦C), and practical salinity S. With accurate measurements of temperature,
salinity, and pressure, the equation can be used to determine density very accurately. The
complete form of equation of state can be seen in Gill [22]. Here, density is determined
using the temperature and salinity data from the ORAS4, HYCOM, and Argo floats. On the
other hand, the method of computing BL and BLT is defined in the Equations (3)–(6) below,

Isothermal Layer Depth (ILD) = Depth (T10 − 0.2 ◦C) (3)

Density Mixed Layer Depth (MLD) = Depth (σ10 + ∆σ) (4)

∆σ = σ (T10 − 0.2 ◦C, S10, 0) − σ (T10, S10, 0) (5)

BLT = ILD − MLD (6)

where T10 (◦C) and S10 (kg m−3) represents the temperature and salinity at 10 m under-
water, respectively. The threshold (∆σ, density) of MLD can be computed with the two
variables while neglecting the pressure effect. Consequently, ILD is the depth where the
water temperature decreases by 0.2 ◦C compared to T10, and the criterion of MLD is similar
but at the depth where the water density increases by ∆σ compared to σ10. Moreover,
the BL density profiles above 30 m depth must be strictly increasing for the purpose of
preventing unstable cases from being defined as BL mistakenly. All the monthly mean
gradients of temperature or salinity are estimated by the first order forward difference.
Partial correlation (using the matrix inversion method) and multiple regression are used
in analyzing the particular influence of different variables on the process of TC induced
sea surface cooling and in climate scale BL analysis. Finally, the two-tailed Student’s t-test

https://www.hycom.org/dataserver/
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is applied to all the correlation statistical tests. Hypothesis test of the significance of the
correlation coefficient can help to decide whether the linear relationship is strong.

3. Results
3.1. Possible Linkage between BL and Consequential TC Triggered Sea Surface Cooling

TC-BL events that occurred in 2001–2010 are analyzed using Argo floats and JTWC
data to evaluate the BL capability in resisting the sea surface cooling induced by the
TC. The TC events are separated into the Tropical Storm (TS) category and above TS
category (Category 1 to Category 5) according to the Saffir–Simpson hurricane scale (SSHS).
The SSHS classifies hurricanes (tropical cyclones) that exceed the intensities of tropical
depressions and tropical storms into five categories distinguished by the intensities of
their sustained winds. The central position of the TC (sampled every 6 h) is considered
as the origin, and the average cooling of SST (∆T at 10 m depth) of the surrounding area
(region covering 3 × 3 box) is computed from the temperature difference between the
10-day average (day 11 to day 2) prior to the TC-passage and the second day (day + 2) after.
Besides the BLT, the other important factors responsible for TC-induced surface cooling
include a depth of 26 ◦C isotherm (D26) which represents the warm subsurface structure,
TC wind speed, and TC translational speed, which are also chosen as independent variables
in the partial correlation with ∆T.

Among the different TC-induced cooling processes, Ekman pumping and vertical mix-
ing (entrainment cooling) are regarded as the two main mechanisms which are generated
by slow-moving TC and fast-moving TC separately. In addition to the non-dimensional
V/ f L parameter, the ratio between TC translational speed and phase speed of the ocean
first baroclinic mode (i.e., Froude number) is also reported to be a threshold for differentiat-
ing the above two mechanisms [23]. Therefore, TCs which possess both V/ f L < 1 and a
translational speed of less than 2.5 ms−1 (the same as the average phase speed of the first
baroclinic mode in the northern hemisphere, [24]) are defined as slow-moving cases and
are excluded from the analysis, but are still showed with cross marks in Figure 3.

Warm subsurface layer, low wind speed, and high translational speed provides favor-
able conditions for minimal surface cooling after the TC passage ([1,4,9,20,21,23]). These
expected relations are reproduced from the statistical analysis on average as shown in
Figure 3b–d. Also, the slow-moving TC cases hold the larger SST cooling than the relatively
fast-moving cases under the same conditions. Meanwhile, most of the ∆T inversions occur
with the existence of BL (Figure 3a). Vertical temperature inversion within BL is attributed
to the intense solar radiation penetrating below the mixed layer [25,26], which causes the
maximum temperature to appear at the subsurface. We think that the pre-existing inversion
could be another reason why the BL region provides more heat fluxes into the atmosphere
during the storm passage. However, it is somewhat surprising that the relationship be-
tween BLT and ∆T is not as clear as with the other factors, especially for the TC cases.
Thus, partial correlation analysis is applied to understand the individual influences of four
chosen variables on the surface cooling effect (Table 1). Partial correlation coefficients of
the TC groups are generally less than the TS groups either under the condition of within
BLT > 0 m or BLT ≥ 5 m, and furthermore only the TS-correlation coefficients between
the BLT and the surface cooling effect satisfy two-tailed t-test at 90% confidence level
(underlined coefficients). This implies that the BL plays a key role in resisting the cooling
response only while TC wind forcing is not that strong (belongs to TS category), and BL is
relatively strong (e.g., BLT ≥ 5 m).
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Figure 3. Scatter diagrams of four chosen variables, which are (a) BL thickness (BLT), (b) 26 ◦C
isotherm (D26), (c) wind speed, (d) translational speed, and the sea surface cooling effect, ∆T.
Historical records of tropical cyclones (TCs) and tropical storms (TSs) from Joint Typhoon Warning
Center (JTWC) are divided into a relatively fast group and a relatively slow group according to the
translational speeds and non-dimensional parameter V/ f L, and are symbolized by dot marks and
cross marks separately.

Table 1. Partial correlation coefficients between the four chosen variables and the sea surface cooling
effect. Tropical systems (relatively fast) are separated into two groups (TC and TS) according to the
wind speeds and are classified into BLT > 0 m and BLT ≥ 5 m further. The number of cases in each
group is shown, and the partial correlation coefficients with an underline indicate that the two-tailed
t-test at 90% confidence level is satisfied.

R BLT,∆T R D26,∆T R wind speed,∆T R translational speed,∆T

TC
BLT > 0 m
(63 cases) 0.00 0.12 −0.46 0.38

BLT ≥ 5 m
(12 cases) 0.21 −0.05 −0.34 0.44

TS
BLT > 0 m
(45 cases) 0.31 0.31 0.06 0.04

BLT ≥ 5 m
(18 cases) 0.52 −0.65 −0.14 0.53
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Wind speed is more dominant in the TC cases as expected, since the wind stress is an
important forcing of the air-sea interaction. Wind stress forcing acting on the ocean surface
is often parameterized as ρACDU2

10, where ρA is the density of the air; CD is the wind-drag
coefficient, and U10 is referred to the wind speed at 10 m above the ocean surface, so that its
magnitude is proportional to the square of the wind speed. This could also be a reason why
BL is rather unable to prevent the cold-water invasion while subject to the stirring by wind
field reaching the level of TC category. Recent work by Yan et al. [27] stated that results
from previous studies on the effects of BL on the TC cooling response were controversial
and in their recent study, they claim that the effect of BL on TC intensification is dependent
upon the depth where TC forcing can actually break through. Rudzin et al. [28] used
the one-dimensional ocean mixed-layer model to simulate the influence of the BL on SST
response under different thermal backgrounds, including the baroclinic wave speed within
BL. These research works focus on the dynamical mechanisms that are beneficial and
essential for more comprehensive analysis on how the BL responds to the strong wind
field while providing some explanations on the discrepancy between TCs and TSs from
the statistical analysis of this work. According to the partial correlation analysis discussed
above, the BL seems to hold a tendency toward decreasing, or even losing the ability of
resisting entrainment cooling when the atmospheric forcing is strong enough or the vertical
stratification is too weak. Nevertheless, to unveil and quantify the impact of BLT on tropical
systems with different intensities and environmental conditions, a series of systematic
control experiments based on numerical model are needed.

3.2. Characteristics of Mesoscale BL and Its Changing Trend

Transient characteristics of mesoscale BL have been reported by earlier studies [14,15].
The importance of being the potential factor in TC intensity enhancement makes the more
detailed realization of air-sea interaction worth studying. The HYCOM/NCODA provides the
daily, data-assimilated solutions for temperature and salinity, which satisfies the requirement
of high temporal-resolution. However, the accuracy of the HYCOM/NCODA solution is
not reported for the study region, especially for the salinity fields. Therefore, we validated
the HYCOM/NCODA solution for the study region using in-situ Argo floats data. Firstly,
the MDR was horizontally gridded with a resolution of 1 × 1, and the HYCOM/NCODA
solution, Argo measured temperature, and salinity profiles within each grid cell were collected
from 2001 to 2010 during the TC-prevailing season. After that, BLTs were estimated based on
Argo measurements and HYCOM/NCODA output, respectively. The model-data error was
defined as the ratio of absolute value of HYCOM/NCODA BLT minus the Argo floats BLT and
Argo floats BLT, since the Argo floats data is considered as the truth. The probability of a good
solution for each grid cell was defined as the number of profiles with an error of less than 1%
divided by the total number of profiles (Figure 4). Regions with more than 60% probability
of a reliable solution were chosen for the subsequent analysis of BL mesoscale variability.
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There are in total 2295 validated profiles which were collected within the chosen grids
(about 1.03 × 106 km2 coverage) during TC-prevailing season from 2000 to 2010. The
statistics reveal that BLT with 0–5 m occupies the highest proportion (Table 2). Some BLTs
are negative, which can also be found in Figure 3a, indicating that the ILD is shallower
than the MLD, and are referred to as compensated layer. However, the compensated layer
is beyond the scope of this study, so no further discussions about the compensated layer
will be provided. Although the proportion of unapparent BL (0–5 m) accounts for nearly
70%, the thicker BL (>5 m) still takes up about 25–30%. We take much more interest in
the latter, since only the BL with enough thickness (>5 m) could resist the entrainment
cooling effectively.

Table 2. Statistical percentage of BLT in different intervals which was computed from the chosen HYCOM gridded daily
data in TC-prevailing season during the period from 1996 to 2010.

<0 m 0–5 m 5–10 m 10–15 m 15–20 m 20–25 m 25–30 m >30 m

Percentage (%) 5.35 67.55 11.76 5.90 3.59 1.98 1.28 2.59

Moreover, the life length of daily BL with different thicknesses is compiled with the
same HYCOM/NCODA solutions, as shown in Figure 5. BLs are categorized into three
groups based on thickness: 0–5 m, 5–30 m, and greater than 30 m. Life lengths of the BLT
with 0–5 m are almost limited to 5 days, but the thicker BLs possess more probability to
live longer than 10 days. This result is comparable to the conclusion of Katsura et al. [29],
suggesting that the temporal scale of BLs in the subtropical Pacific is on average shorter
than 10 days. BL can be formed due to several mechanisms, such as the tilting process of sea
surface salinity (SSS) front, advection of fresher surface water, turbulent mesoscale eddies
etc. Diverse processes result in different characteristic temporal scale of BLs, which makes
us believe that forces responsible for density stratification in the MDR are various; whether
all kinds of BLs are effective in resisting the cooling response remains an interesting topic.
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To understand the spatial extent of BL, the coverage proportion (area occupied by
the detected BLs with thickness ≥ 5 m relative to the total area of MDR) and the average
thickness of daily BLs over 5 m in the recent decade (2001–2010) are displayed and ana-
lyzed using linear regression (Figure 6). The BL coverage proportion and thickness both
increase with time, which indicates that stratification of the upper ocean layer is stabilizing.
However, there is a discrepancy in thickness growth rate between each location since the
standard deviation of average BLT (gray shading in Figure 6b) is also increasing. Cover-
age proportion of the chosen grids changes between 10% to 40% in 2001, and generally
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expands by almost 50% after ten years. In other words, TC–BL interactions can occur
more frequently in the future if the increasing trend of BL remains unchanged. Besides,
the impact of El Niño-Southern Oscillation (ENSO) on BLT interannual variability is also
observed. Both the coverage and thickness of BL tend to increase in the La Niña periods
(2007/2008/2010) and decrease in the El Niño periods (2002/2004/2009). Interannual
variability of the BL is further discussed in the following section in detail.

Sustainability 2021, 13, 3375 9 of 15 
 

 
Figure 5. Statistical proportion of the life length of BL with different thickness, which are 0–5 m 
(white bars), 5–30 m (blue bars), and over 30 m (red bars). The time range of the collected BL data 
is from 2001 to 2010. 

To understand the spatial extent of BL, the coverage proportion (area occupied by the 
detected BLs with thickness ≥ 5 m relative to the total area of MDR) and the average thick-
ness of daily BLs over 5 m in the recent decade (2001–2010) are displayed and analyzed 
using linear regression (Figure 6). The BL coverage proportion and thickness both increase 
with time, which indicates that stratification of the upper ocean layer is stabilizing. How-
ever, there is a discrepancy in thickness growth rate between each location since the stand-
ard deviation of average BLT (gray shading in Figure 6b) is also increasing. Coverage pro-
portion of the chosen grids changes between 10% to 40% in 2001, and generally expands by 
almost 50% after ten years. In other words, TC–BL interactions can occur more frequently 
in the future if the increasing trend of BL remains unchanged. Besides, the impact of El Niño-
Southern Oscillation (ENSO) on BLT interannual variability is also observed. Both the cov-
erage and thickness of BL tend to increase in the La Niña periods (2007/2008/2010) and de-
crease in the El Niño periods (2002/2004/2009). Interannual variability of the BL is further 
discussed in the following section in detail. 

 

Sustainability 2021, 13, 3375 10 of 15 
 

 

Figure 6. Daily coverage proportion (a) and average thickness (b) with ± one standard deviation (gray shading) of 
mesoscale BL ≥ 5 m within the chosen grids. Time intervals are the TC-prevailing season in each year from 2001 to 2010. 
Orange lines indicate the first order linear regression lines of coverage and mean thickness. 

3.3. Interannual Variability of BL 
The empirical orthogonal function (EOF) analysis is applied to understand the longer-

term temporal and spatial pattern of BLT in the MDR. The input data is monthly mean 
anomaly of BLT during TC-prevailing season (July–November), with seasonal variation fil-
tered out (minus the climate average of 1961–2010). The sampling error of the significance 
of the modes are computed as (2/ ), where  is the given eigenvalue and N is the num-
ber of realizations (=250 in this case) [30]. Only the first and the second modes are conformed 
to the rule of thumb while determining the distinct eigenvalues. The first outcome spatial 
mode (Figure 7a) and time series of the principal component (PC) from the EOF analysis 
show that BLT in the MDR might have a strong relation to ENSO (Figure 7b). The Niño 4 
index from Global Climate Observing System (GCOS), Earth System Research Laboratory 
(ESRL), is utilized for comparing the correlation between the first PC and ENSO. Although 
the variance explained by the first BLT mode is only 15.45%, its PC temporal pattern appears 
to correspond well with the time series of Niño 4 index (R = −0.69, satisfying the two-tailed 
t-test at 99% confidence level). The relation between BL and ENSO in low latitude (equato-
rial region) has been investigated comprehensively [11,31–34], and BL is considered as one 
of the key factors in establishing the warm pool migration and maintaining the heat buildup 
during ENSO events [35]. Nevertheless, the other regions (e.g., the MDR) are seldom dis-
cussed in the previous studies. 

  

  

  

Figure 7. (a) Main development region empirical orthogonal function (EOF) spatial pattern of the first BLT mode calculated 
with the TC-prevailing season (July–November) in the period of 1961–2010, and (b) time series of the principal component 
associated with the first BLT mode. (c) is the second BLT mode and (d) is the corresponding time series as well. Both of 

Figure 6. Daily coverage proportion (a) and average thickness (b) with ± one standard deviation (gray shading) of mesoscale
BL ≥ 5 m within the chosen grids. Time intervals are the TC-prevailing season in each year from 2001 to 2010. Orange lines
indicate the first order linear regression lines of coverage and mean thickness.

3.3. Interannual Variability of BL

The empirical orthogonal function (EOF) analysis is applied to understand the longer-
term temporal and spatial pattern of BLT in the MDR. The input data is monthly mean
anomaly of BLT during TC-prevailing season (July–November), with seasonal variation
filtered out (minus the climate average of 1961–2010). The sampling error of the significance of
the modes are computed as λ

√
(2/N), where λ is the given eigenvalue and N is the number

of realizations (=250 in this case) [30]. Only the first and the second modes are conformed
to the rule of thumb while determining the distinct eigenvalues. The first outcome spatial
mode (Figure 7a) and time series of the principal component (PC) from the EOF analysis show
that BLT in the MDR might have a strong relation to ENSO (Figure 7b). The Niño 4 index
from Global Climate Observing System (GCOS), Earth System Research Laboratory (ESRL),
is utilized for comparing the correlation between the first PC and ENSO. Although the
variance explained by the first BLT mode is only 15.45%, its PC temporal pattern appears
to correspond well with the time series of Niño 4 index (R = −0.69, satisfying the two-
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tailed t-test at 99% confidence level). The relation between BL and ENSO in low latitude
(equatorial region) has been investigated comprehensively [11,31–34], and BL is considered
as one of the key factors in establishing the warm pool migration and maintaining the
heat buildup during ENSO events [35]. Nevertheless, the other regions (e.g., the MDR) are
seldom discussed in the previous studies.
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Observing System (GCOS) climate indices.

Based on the fact that the upper ocean density stratification results from the gradient
of temperature and salinity (Tz and Sz), we employ the same EOF method in decomposing
vertical temperature and salinity gradient, which are also computed from ORAS4 data.
PCs of BLT are used to correlate with the PCs of temperature and salinity gradients at each
depth above 200 m. The result shows that temperature and salinity gradients at 50 m depth
mark the highest correlation coefficients with PC1 and PC2, respectively, of BLT separately
(Figure 8), which are R = 0.66 and R = −0.53, both satisfying the two-tailed t-test at 99%
confidence level. This information suggests that the principal variation of interannual BLT
in the MDR from 1961 to 2010 was dominated by the change in temperature structure, and
the secondary variation is controlled by salinity structure. The assumption can be further
confirmed by the partial correlation analysis between the Tz, Sz, and BLT PC1 and PC2
(see Figure 9). It is found that the spatial patterns of area showing correlation are quite
coincident with BLT mode 1 and mode 2 (Figure 7), and besides, the negative correlations
between Tz and BLT PC1 as well as Sz and BLT PC2 (green shaded area in Figure 9) are the
primary reasons for the positive phase in BLT mode 1 and mode 2 respectively. During
the TC-prevailing seasons, the average temperature in the MDR decreases with depth (Tz
> 0), but average salinity commonly increases with depth (Sz < 0). Variations of vertical
gradient of temperature or salinity at the subsurface indirectly influence the ILD and MLD.
Reduction of Tz (getting smaller but still positive) makes the threshold of ILD harder to
reach, which deepens the ILD. As for the reduction of Sz (getting more negative), the water
in the layer above changes faster and the MLD declines. Therefore, BLT expands when the
magnitude of Tz decreases or the magnitude of Sz increases, and vice versa.



Sustainability 2021, 13, 3375 11 of 14

Sustainability 2021, 13, 3375 11 of 15 
 

the principal components have been normalized. Black solid line in (b) is the Niño 4 index accessed from the Global Cli-
mate Observing System (GCOS) climate indices. 

Based on the fact that the upper ocean density stratification results from the gradient of 
temperature and salinity (Tz and Sz), we employ the same EOF method in decomposing verti-
cal temperature and salinity gradient, which are also computed from ORAS4 data. PCs of BLT 
are used to correlate with the PCs of temperature and salinity gradients at each depth above 
200 m. The result shows that temperature and salinity gradients at 50 m depth mark the high-
est correlation coefficients with PC1 and PC2, respectively, of BLT separately (Figure 8), which 
are R = 0.66 and R = −0.53, both satisfying the two-tailed t-test at 99% confidence level. This 
information suggests that the principal variation of interannual BLT in the MDR from 1961 to 
2010 was dominated by the change in temperature structure, and the secondary variation is 
controlled by salinity structure. The assumption can be further confirmed by the partial corre-
lation analysis between the Tz, Sz, and BLT PC1 and PC2 (see Figure 9). It is found that the 
spatial patterns of area showing correlation are quite coincident with BLT mode 1 and mode 
2 (Figure 7), and besides, the negative correlations between Tz and BLT PC1 as well as Sz and 
BLT PC2 (green shaded area in Figure 9) are the primary reasons for the positive phase in BLT 
mode 1 and mode 2 respectively. During the TC-prevailing seasons, the average temperature 
in the MDR decreases with depth (Tz > 0), but average salinity commonly increases with depth 
(Sz < 0). Variations of vertical gradient of temperature or salinity at the subsurface indirectly 
influence the ILD and MLD. Reduction of Tz (getting smaller but still positive) makes the 
threshold of ILD harder to reach, which deepens the ILD. As for the reduction of Sz (getting 
more negative), the water in the layer above changes faster and the MLD declines. Therefore, 
BLT expands when the magnitude of Tz decreases or the magnitude of Sz increases, and vice 
versa. 

  

  
  

Figure 8. (a) Main development region EOF spatial pattern of the first vertical temperature gradient (at 50 m depth) mode 
calculated with the TC-prevailing season (July–November) in the period of 1961–2010, and (b) time series of the PC asso-
ciated with the first Tz mode. (c) is the same as (a), but represents the vertical salinity gradient instead. (d) is the corre-
sponding time series of Sz mode as well. Both of the PCs have been normalized. Black solid lines in Figure 8b,d are the 
PC1 and PC2 from Figure 7. 

Figure 8. (a) Main development region EOF spatial pattern of the first vertical temperature gradient (at 50 m depth)
mode calculated with the TC-prevailing season (July–November) in the period of 1961–2010, and (b) time series of the
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PC1 and PC2 from Figure 7.
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correlation coefficient is from −0.8 to 0.8 with an interval of 0.2. Dotted grids are the regions that the two-tailed t-test at 90%
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Although the time series of the second BLT mode does not have a clear relation to
prominent teleconnection patterns, its distribution of high variation area quite matches
the location of the North Equatorial Current (NEC) and the north boundary of the North
Equatorial Countercurrent (NECC). The NEC is part of the North Pacific subtropical
gyre that flows westward, separating into northward flowing Kuroshio and southward
flowing Mindanao Current at the Philippine coast. The NEC includes a zonal salinity
front that separates the southern fresh NECC water from the northern saline subtropical
water. Therefore, it is clear that the movement of NEC is important to the distribution of
ocean salinity front in the MDR. The long-term change of the NEC bifurcation has been
investigated previously [36,37], which claimed a quasi-decadal meridional migration of
the NEC bifurcation between 10◦ N and 15◦ N.
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Hence, the possible mechanism behind the first mode of BLT seems to be the well-
known, zonal translation of thermal structure accompanying the ENSO; the second mode
might be caused by the change of local salinity field, which could be induced by the precipi-
tation anomaly (e.g., Philippine Sea Anomalous Anticyclone/Cyclone) [38,39], advected by
the ocean current systems subsequently. Nevertheless, the vertical motion and the salinity
change caused by the precipitation and evaporation at the air–sea interface should also be
considered in the BL formation. The contributive ratio of the ocean horizontal motions to
other terms of BL seasonal and interannual variability is an unsolved problem.

4. Conclusions and Remarks

In order to improve the tropical cyclone intensity forecasts, it is necessary to quan-
titatively evaluate the effect of TC–ocean interactions on tropical cyclone intensity. For
quantitative evaluation of TC intensification rate and the maximum intensity, it is important
to understand how the upper ocean structure varies depending on the upper ocean stratifi-
cation and atmospheric forcing. In order to improve the TC intensity seasonal forecasts,
it is important to understand the influence of interannual variations in the barrier layer
on TC activity. In this study, a systematic statistical analysis is performed using in-situ
Argo floats measurements, HYCOM/NCODA reanalysis outputs for the period 2001–2010,
longer-term (1961–2010) variation of ORAS4 monthly BL, and JTWC TC data in the MDR
to understand the characteristics of the BL in the WNP for different temporal scales and to
quantify its capacity to resist TC induced sea surface cooling and thus the consequential
possible TC enhancement. First, in addition to BL, a warm subsurface layer, low wind
speed, and high translational speed are also considered as favorable conditions for minimal
surface cooling after the TC passage, and these expected relations were reproduced by
the statistical analysis. However, the relation between BLT and ∆T is not as clear as the
with other factors, especially for the TC cases. Further analysis using partial correlation
showed that the BL plays a role in resisting the cooling response only while the BL is strong
enough (BLT ≥ 5 m) and/or TC wind forcing is not that strong. This result is consistent
with the findings from a recent model study [27] that the effect of BL on TC intensification
is depended on the depth where TC forcing can actually break through.

To examine the mesoscale characteristic of BL within the MDR in the WNP, BL is
further analyzed for its distribution based on its thickness and life length. BLT with 0–5 m
occupies the highest proportion (~67.55%). Thicker BL (BLT greater than 5 m) takes up
about 25–30%. Also, there are ~3% BL with thickness greater than 30 m. As for life length,
BLT with 0–5 m is almost limited to 5 days, while BLs with a thickness more than 30 m
can persist to more than 30 days. Overall, the thicker BLs possess more probability to
live longer than 10 days. This result is attributed to diverse processes responsible for
different characteristic/temporal scales of BL, such as tilting process of SSS front, advection
of fresher surface water, and turbulent mesoscale eddies etc. Analysis of the BL coverage
portion and average BLT in the recent decade showed a sharp increase in both the spatial
coverage and thickness of BL. This implies that the impact of BL on TC enhancement
can occur more frequently and vigorously, which is a serious scenario that predicts the
occurrences of stronger TCs in the MDR in the near future.

Finally, the empirical orthogonal function (EOF) analysis is applied to provide the
detailed information about the longer-term interannual variability of BLT in the MDR in the
past 50 years (1961–2010). Dominant modes show that the interannual variability of BLT in
the MDR might be influenced by the ENSO and migration of NEC. Additionally, given the
fact that the upper ocean density stratification results mainly from the gradient of tempera-
ture and salinity (Tz and Sz), long-term interannual variability of vertical temperature and
salinity gradient are also decomposed by EOF analysis. The cross EOFs comparison shows
that the principal variation of interannual BLT in the MDR (EOF mode 1) is dominated
by the change of temperature structure, and salinity structure plays the secondary role.
A detailed discussion on the progress of temperature and salinity structures leading to
the variability of long-term interannual BLT is given separately in Section 3.3. The key
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mechanism leading to the interannual variability of 2nd mode of BLT is attributed to the
local ocean salinity front advected by the migration of NEC.

Studies about factors related to TC development and enhancement are important and
beneficial for improving the accuracy of TC intensity forecasts. The results shown in this
study not only provide one step toward more understanding about the characteristics of
BL in different temporal scales but also point out the increasingly important role played
by BL in the MDR in the WNP with statistical evidences. However, a comprehensive
understanding about how the BL resisting TC induces upper ocean responses (including
both thermal, saline, and other possible paths) requires further investigation.
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