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The effects of tropical cyclones
on characteristics of barrier layer
thickness
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The impact of tropical cyclones on the characteristics of barrier layer (BL)
thickness is investigated in this study in combination with observations and
numerical simulations. Statistical results based on Simple Ocean Data
Assimilation reanalysis (SODA) data and Argo float measurements reveal a
significant effect of TCs on the BL characteristics. The BL thickness
increases remarkably with the TC approaching, reaches its maximum
1-5days after the TC passage, and recovers to its pre-storm state within
30 days on average. The peak increase in BL thickness is slightly rightward
biased relative to the TC track, reaching ~1.31 m (26.93%) relative to the pre-
storm state as revealed by SODA data. The changes in BL thickness show a
strong correlation with TC characteristics in terms of intensity and translation
speed, tending to be more significant with more intense or slower-moving TCs.
The thickening of the isothermal layer on the right of TC tracks and shallowing
of the mixed layer act together to determine the BL development. The three-
dimensional Price—Weller—Pinkel (3DPWP) ocean model is applied to explore
the influence of precipitation on BL thickness. The results show that the
precipitation tends to decrease the mixed layer depth while the vertical
mixing of TCs deepens the isothermal layer depth, both of which act
together to increase the BL thickness.

KEYWORDS

tropical cyclone (TC), barrier layer thickness, mixed layer depth (MLD), isothermal layer
depth, air-sea interaction

Introduction

Tropical cyclones (TCs) are devastating weather systems that originate and develop
over the warm ocean surface, with their energy coming mostly from sea-to-air enthalpy
fluxes (Emanuel, 1986; Ma and Fei, 2022). Strong near-surface wind stress of TCs forces
dramatic changes in the thermal and dynamic processes of the upper ocean, entraining
cooler water from the thermocline to the surface of the ocean and decreasing the sea
surface temperature (SST). The decreased SST leads to suppressed sea-to-air enthalpy
fluxes, thereby playing a detrimental role in the intensification of TCs (Price, 1981;
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Bender et al., 1993; Bender and Ginis, 2000; Lloyd and Vecchi,
20115 Li et al,, 2022). As such, the activities of TCs are highly
sensitive to the ocean’s response to TCs.

The extent of oceanic response has been traditionally
regarded as a function of TC characteristics such as
translation speed and intensity, and the upper ocean
characteristics such as mixed-layer depth and thermocline
gradient, wherein mesoscale oceanic eddies have played an
important role (Liu et al, 2021; Ma et al, 2021). However,
salinity is also a fundamental element of the oceanic
environment. In the regions where there is plenty of fresh
water input, a halocline may form within the isothermal layer,
creating a barrier layer (BL) that acts as a barrier to vertical
entrainment of cooler water beneath (Sprintall and Tomczak,
1992). Previous studies demonstrate that the BL can inhibit the

10.3389/feart.2022.962232

TC-induced SST decrease due to its suppression of vertical
mixing and entrainment cooling via increased stability (Wang
et al., 2011; Neetu et al., 2012; Reul et al., 2014; Newinger and
Toumi, 2015), with its effect depending on the characteristics of
TCs and the ocean background (Yan et al.,, 2017; Rudzin et al.,
2017). The BL impact on SST response can feedback to TC
intensities effectively (Grodsky et al., 2012; Vissa et al., 2013;
Mawren and Reason, 2017). Using a string of observations and
coupled model simulations, Balaguru et al. (2012) proposed that
the intensification rate of TCs can be ~50% higher in regions with
the BLs than in those without the BLs on a global scale.
Although there has been increasing literature about the role
of BLs in TC-induced oceanic response and subsequent TC
intensity evolutions, current knowledge of how the BL is
modulated by TCs is limited. Using Argo float profiles in the
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Temporal evolution of the along-track-averaged composite (A) barrier layer thickness anomaly (m) and (B) average value of BLT change within

200 km across TC track. The climatological trend has been removed from the anomalies of barrier layer thickness. The two black-dashed lines in (B)
denote the largest and smallest proportion of barrier layer thickness anomaly (BLTA) before TC came respectively. Different colored areas in (B)
represent different stages in which barrier layer thickness changes. The purple line represents the change of isothermal layer anomaly (ILDA).

The green dashed line denotes the evolution of mixed layer anomaly (MLDA).

02

50 60 70 80 90

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.962232

Zhang et al.
A
25
Category 0
2| ——Category 1
| ——Category 2
= 15 ——Category 3-5
= 1
]
g 05
<
=05
-1
1.5
-10 0 10 20 30 40 50 60
Time relative to TC passage (day)
FIGURE 2

10.3389/feart.2022.962232

BLT Anomaly (m)

<2m/s
—2-4m/s
——4-8m/s
>8m/s

>, 0 o = N W
T =2, O =, TN WO

-
o

10 20 30 40
Time relative to TC passage (day)

50 60

The recovery process of BLT anomaly under different TC categories (A) and under different TC translation speeds (B) in 65 days. Category
0-5refers to a tropical depression, tropical storm, severe tropical storm, typhoon, severe typhoon, and super typhoon, respectively (same as Figures

3, 7).

Atlantic and central and eastern Pacific, Steffen and Bourassa,
2018 found that the BL characteristics can be changed effectively
over the Atlantic and central Pacific basins but negligibly over the
eastern Pacific basin after the passage of TCs. Their follow-up
work on the case of Hurricane Gonzalo evinces that high
precipitation rates in TCs could be a potential contributor to
the BL strengthening (Steffen and Bourassa, 2020). Nonetheless,
the limited sample sizes of Argo floats may hinder a more
generalized investigation, especially the spatial and temporal
changes in BL characteristics. It also matters whether the BL
changes by TCs are perpetual or not. Therefore, this study aims to
examine the impact of TCs on the spatial and temporal
characteristics of BLs in the Northern Hemisphere, using a
combination of Simple Ocean Data Assimilation reanalysis
(SODA) data and Argo float data. A set of idealized
experiments are carried out using the 3DPWP model to
examine the mechanisms leading to the changes in BL
thickness. The data and methodology are introduced in
section 2. Section 3 presents the statistical results and Section
4 presents the simulation results, with a summary provided in
section 5.

Data and methods

The TC information including center position, maximum
surface wind, and translation speed is derived from the
International Best Track Archive for Climate Stewardship
(IBTrACS; Knapp et al,, 2010). The SODA v3.12.2 reanalysis
dataset (Mawren and Reason, 2017) at a temporal resolution of
5 days and spatial resolutions of 0.25 x 0.25° and Argo float
profiles are used to obtain the BL characteristics. All Argo float
profiles consist of delayed mode and quality-controlled data.
Ocean temperatures are accurate to +0.002°C, pressures to
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within *2.4 dbar, and salinities to within +0.01 PSU (Carval
and Coauthors, 2011). A time period from 2002 to 2016 is chosen
for the SODA dataset and Argo dataset.

The BL is defined to exist if the isothermal layer (IL) is thicker
than the mixed layer (ML). Its thickness is calculated as the
difference between the isothermal layer and the mixed layer
following De Boyer Montégut et al., 2007:

BLT = ILD - MLD, (1)

where BLT is barrier layer thickness, ILD is isothermal layer
depth, and MLD is mixed layer depth. For the SODA and Argo
dataset, MLD is defined as the depth where the density (p) had
increased by 0.125 kg m > when compared to surface density (p,;
Girishkumar et al., 2014; Levitus, 1982; Ye et al., 2019). The ILD
is calculated as the depth where the temperature has decreased by
0.5°C from a 5-m reference depth (Levitus, 1982; Bosc et al., 2009;
Girishkumar et al., 2014; Ye et al, 2019). After conducting
experiments using different criteria for calculating ILD and
MLD, Steffen and Bourassa (2018) found that TC-induced
changes to BL characteristics are qualitatively consistent
regardless of the threshold criteria selected.

The research area of this study is the region with frequent
tropical cyclone activities in the northern hemisphere (0-40°N).
Similar to Ma et al. (2020), we define a square domain with
widths of 20° along and across the TC track at spatial resolutions
of 0.1° x 0.1°, centered on the TC center for each best-track data
point (Ma et al.,, 2018). The x axis of a domain is across the TC
track and the y axis is along the TC track. A total of
50339 domains are identified by best track data points. The
ILD, MLD, and BLT obtained from SODA data are bilinear-
interpolated and rotated into the domain according to the TC
translation direction. For each domain, a 101-days time period
from —10 to 90 days relative to TC passage is calculated for each
variable (ILD, MLD, and BLT). The anomalies of these variables
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FIGURE 3
The pie charts (left) in (A) and (B) show the percentage of sample size under different TC characteristics (total sample size: 50339). The boxplots
(right) in (A) and (B) represent the relationship between the BLT anomaly and TC intensity as well as its translation speed, respectively. The numbers in
the figure represent the size of the 50th percentile. The difference between the two adjacent groups is statistically significant above the 99%
confidence level based on the Student's t-test.
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FIGURE 4
The temporal evolution of the along-track-averaged composite barrier layer thickness anomaly (m) under different TC categories.
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FIGURE 5

The temporal evolution of the along-track-averaged composite barrier layer thickness anomaly (m) under different TC translation speeds.

are all calculated by the post-storm value minus the pre-storm
value, wherein the pre-storm value is defined as an average
between —10 and -5 days relative to TC passage (Ma et al,
2020). In order to better understand the evolution of BLT, and
consolidate the observed results of SODA data, we select the Argo
float profiles within 200 km around the TC recording point
according to the time change, screened out the data with
incomplete data or errors, and verify the results obtained
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from SODA data. These two observational datasets are
combined by considering that the Argo dataset is relatively
precise but cannot provide complete spatial and temporal
characteristics; the SODA data are not so accurate but can
capture the whole spatial and temporal evolution of BL
characteristics.

Numerical simulations were performed using the three-
dimensional Price-Weller-Pinkel (3DPWP) ocean model. The
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FIGURE 6
Temporal evolution of the along-track-averaged composite (A) isothermal layer depth (m) and (B) mixed layer depth (m). The climatological
trend has been removed from the anomalies of isothermal layer depth and mixed layer depth.
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FIGURE 7

represent standard errors which are calculated as the standard deviation divided by the square root of each sample size.

The pie chart (left) in (A) shows the percentage of Argo profile size within 200 km around the best track recording point (total profile size: 2801).
The boxplot (right) in (A) represents the relationship between the BLT and the intensity of TCs. The difference between the two adjacent groups is
statistically significant above the 99% confidence level based on the Student’s t-test. The changes of ILD anomaly(red) and MLD anomaly (green) by
Argo data within 450 km across the TC track are shown in (B). The result in the figure is calculated by subtracting the average value of 5-7 days
before TC came from the average value within 10 days after TC left. The solid line in the (B) represents the average value and the shaded areas
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FIGURE 8
(A), (B), and (C) use Argo data to show the boxplot of BLT, ILD, and MLD changes from 7 days before TC came to 21 days after TC left. The blue
lines and the numbers in the figure represent the size of the 50th percentile. The yellow dotted lines indicate the median mean value of the 7 days
before TC came.

3DPWP model initiates the mixing of the water column when
critical bulk and gradient Richardson number criteria are met.
Specific details of the model’s physics are found in Price et al.
(1986) and Price et al. (1994). A modification is made by

changing the mixed layer definition following the
observational analysis so that the simulation results can be
largely consistent with the observational results. All

simulations were performed using a fixed domain on an f
plane at 22°N with a horizontal grid spacing of 5 km and with
200 x 200 grid points in the zonal and meridional directions. The
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time step was set to 60 s, and each simulation was integrated for
30 days with the output being saved every 6 h. The model was
composed of 45 vertical levels separated by Az of 5m from the
first model level of 2.5 m down to 97.5 m, Az of 10 m from the
level of 97.5 m down to 197.5 m, and Az of 50 m below that to a
depth of 947.5 m. According to the criteria used in SODA and
ARGO data to judge ILD and MLD, we set a temperature and
salinity profile with the presence of BL at the initial time. This
setting is to simulate the process of BL erosion after TC came, and
can also reflect the influence of precipitation on BL generation.
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FIGURE 10
(A) Temperature ("C) and salinity (psu) profiles used in 3SDPWP simulations. The blue and red dashed lines represent MLD and ILD respectively. (B)
vector wind field used in the simulation, with color shading for wind speed.
The MLD is 20.8 m, and the ILD is 55 m, thus the BLT is 34.2 m. BL is calculated first and then removed from the BLT anomaly. A
The wind field used in the model to simulate TC is a classic remarkably positive BLT anomaly is formed accompanying the
Rankine vortex structure with the maximum wind speed being TC’s arrival, with the increase reaching up to ~1.31 m (26.93%)
setto 60 m s~! and its translation speed being set to 5 m s~!. The relative to the pre-storm state. The deepening of the BL caused by
sensitivity of BLT, ILD, and MLD to precipitation is also TCs is consistent with previous studies (Fu et al., 2014; Steffen
discussed by changing the total precipitation in this study. and Bourassa, 2018, 2020). With the thickening of ILD and the

shallowing of MLD, the increase in BLT reaches its maximum

1-5 days after TC arrival and recovers to the pre-storm status

Statistical results rapidly in 30 days (Figure 1B), with small fluctuations in the
following 30-90 days. This result suggests that TCs cause

Figure 1 shows the temporal evolution of the along-track statistically significant changes in BLT, which, however, are
averaged composite BLT anomaly. The climatological trend of not perpetual features. After the passage of TCs, the BL
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(A—D) show the results of BLT anomaly within 30 days of simulation under the conditions of normal, 2 times, 5 times, and 10 times precipitation.
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recovers to its pre-storm status rapidly and it seems that the
correlation between this recovery process and TC characteristics
is weak (Figure 2). The behaviors of BLT indicate that if a
subsequent TC overlaps with the track of a prior one in the
TC season, cyclone-to-cyclone interaction may occur via the path
of BLT; however, the TC-induced BL changes cannot have a
profound influence on TCs in the coming year. As can be seen
from the right part of Figure 1A, the maximum value of the BLT
anomaly appears at the left position of the TC track, while the
BLT thickening is slightly rightward biased on the whole (within
5° from the TC path). This feature is similar to the responses of
SST and mixed layer current (Price, 1981; Qiu et al,, 2019).
The intensity and translation speed are two of the most
fundamental characteristics of TCs. Figure 3 shows the
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maximum value of the BLT anomaly as a function of TC
intensity ~categories and translation speeds. Overall the
of BLT
dependence on both the intensity and translation speed of
TCs. The TC-induced changes in BLT tend to be larger as the
storm is stronger or moves slower (Figures 4, 5). The occurrence

discrepancies anomalies reveal a significant

of BLT anomaly is closely related to two aspects: one is upper-
ocean turbulent mixing and the ILD deepening due to TC wind
stress forcing, and another one is the MLD shoaling due to the
input of a large amount of freshwater flux which will also be
reflected in the analysis of simulation results later. In the inner
core of a TC, the net freshwater fluxes of strong or slow TCs are
much more effective than those under the weak or fast TCs (Fu
et al., 2014). Moreover, slow-moving TCs can accumulate higher
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(A—D) show the results of ILD anomaly within 30 days of simulation under the conditions of normal, 2 times, 5 times, and 10 times precipitation.
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precipitation totals over the ocean (Steffen and Bourassa, 2018),
and thus the BLT will develop more rapidly by stronger or slower
TCs. When the freshwater input becomes less, the wind force
weakens and the TC vertical mixing becomes weaker, and hence
the development of the barrier layer is also blocked.

The change of ILD forced by TC is significant (Figure 6A).
An abnormal thickening appears on both sides of the TC path,
and the thickening on the right side is obviously stronger than
that on the other, while the recovery of thickening on the left side
seems to be more quickly. The asymmetric distribution of ILD
anomalies on both sides of the TC track leads to a certain right-
biased trend of BLT anomalies. Actually, under the strong
disturbance of TC, the MLD also has an obvious thickening
phenomenon on both sides of the TC path. However, unlike the
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change of ILD, MLD becomes shallower on the left side of the TC
path (Figure 6B) due to the precipitation caused by TC. The input
of a large amount of freshwater makes the salinity of the upper
ocean desalinate, the density decreases correspondingly, and the
stability of the upper ocean increases (Fu et al., 2014; Steffen and
Bourassa, 2018; Zhang et al., 2021). This explains why the
maximum value of the BLT anomaly appears on the left side
of the TC path. As is shown in Figure 6A, the rightward bias of
isothermal layer deepening is more evident in Figure 7B. In the
range of 150-300 km to the right of the TC track (Figure 7B), the
anomaly of ILD is significantly higher than that near the area of
the TC center, which may be to some extent related to the
stronger left-right asymmetry distribution of the wind stress of
TCs (Fu et al.,, 2014). Compared with the left side, the strong
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(A—D) show the results of MLD anomaly within 30 days of simulation under the conditions of normal, 2 times, 5 times, and 10 times

precipitation.

wind stress on the right side of the TC center plays a leading role
in stirring the ocean surface. Consequently, the effect of vertical
mixing which is crucial to the deepening of the IL and is confined
to the right of the TC track (Zhang et al, 2016) becomes
dominant compared to the upwelling effect that has a certain
influence on the uplift of the IL. The influence of the heat pump
effect (Emanuel, 2001; Korty et al., 2008; Pasquero and Emanuel,
2008; Fedorov et al., 2010) and the cold suction effect (Bueti et al.,
2014; Price, 1981; Vincent et al,, 2012) corresponding to vertical
mixing and upwelling, respectively, on the structure of the upper-
ocean is reflected in the changes of the IL.
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Using Argo data, the relationship between BL changes and
TC Intensity is also been analyzed (Figure 7A). Compared with
weak TCs, the changes in BLT caused by strong TCs is more
obvious. From the results (Figure 8) of 7 days, before TC came to
21 days after it left, BLT, ILD, and MLD all experienced the
process of thickening first under the force of TC and then
gradually recovering. The difference is that MLD thickened
and recovered faster and became shallower. All the results are
consistent with the conclusion obtained by using SODA data.

The spatial distribution of the BLT anomaly is closely related
to the areas with frequent TC activities (Figure 9). In coastal
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regions, as well as in the equatorial low latitudes of the Pacific and
Atlantic Oceans, the Bay of Bengal, and parts of the Arabian Sea,
the BLT anomaly has obvious positive values. These areas are not
only with frequent TC activities, but also the regions where BL
appears (Agarwal et al., 2012; Mignot et al., 2012; Echols and
Riser, 2020). In these regions, BL and TC interact with each other
frequently, and therefore should be paid more attention.

Simulation results

High precipitation rates within TCs can provide a large
freshwater flux to the surface that alters upper-ocean
stratification and thus can act as a potential mechanism to
strengthen the BL. In order to explore the effect of
precipitation on the changes of BLT, ILD, and MLD, we
carried out a series of ideal numerical experiments using the
3DPWP model. The setting of the temperature profile at the
initial time (Figure 10A) is common in equatorial subtropical
waters and is conducive to the formation and development of
TC. For salinity, we constructed a profile with low surface
salinity and a relatively shallow depth of mixed layer, and
hence there is a thick BL between the shallower ML and the
deeper IL. The translation speed of the simulated typhoon is
5ms ! and it reached the center of the grid in the 30th hour
of the simulation. The preexisting BL was rapidly eroded and
disappeared (Figure 11) shortly after the TC reached, and the
deeper IL signal also disappeared (Figure 12) under the
influence of the stronger upwelling in the center of the TC
(not shown). The initial setting of the MLD is shallow
relative to the upwelling process induced by the TC,
which reaches a depth of ~200m. ML is not markedly
affected at the center of TC due to weak winds and
precipitation there. Under the disturbance of TC strong
wind stress and precipitation, the vertical mixing of the
upper ocean dominates, ILD and MLD show obvious
thickening (Figure 13) on both sides of the TC path, and
the thickening on the right side of ILD is greater than that on
the left, which is consistent with the results obtained from
Argo and SODA data. BLT showed a thickening process
under the combined action of ILD and MLD too, and the
thickening on the right side was significantly larger than that
on the left.

In the sensitivity test to precipitation (Figures 11-13), the
variation of MLD is obviously larger than that of BLT and MLD. In
a case study using the ROMS model, Steffen and Bourassa (2020)
found that the precipitation forcing has a large transformation on
the MLD, while the ILD is almost unaffected. Figures 13B-D show
the changes of MLD anomaly under different intensities of
precipitation. As the total amount of precipitation increases, the
positive anomalous signal of MLD gradually weakens and returns
to the level pre-TC in a short time after TC departure. Under the
force of a large amount of freshwater on the surface, MLD shows a
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negative abnormal state within 20 days after TC’s departure. In
contrast to the MLD, the ILD appears to be not sensitive to the
amount of precipitation. Even in the case of extreme precipitation,
the change of the ILD anomaly signal remains weak. All four
precipitation forcing conditions in the simulation promote the
generation of BL and it shows the phenomenon of being eroded
and regenerated, but the generated BL seems to be insensitive to
the precipitation under extreme conditions, and the change of
abnormal signals of BLT is mainly manifested in the eroded stage.

Conclusion and discussion

The interaction between BL and TCs has attracted increasing
attention in recent years. Previous studies have found a significant
role of the BL in modulating the TC-induced oceanic response as
well as their feedback on the intensities of TCs (Wang et al., 2011;
Balaguru et al., 2012; Grodsky et al., 2012; Neetu et al., 2012; Vissa
et al., 2013; Reul et al., 2014; Androulidakis et al., 2016; Rudzin
et al, 2017; Yan et al, 2017; Qiu et al., 2019). However, current
knowledge of how the spatial and temporal characteristics of BLs
are determined by TCs is still limited. In this study, we investigate
the TC-induced changes in BL characteristics in combination with
SODA reanalysis data and observed Argo float profiles. We
systematically quantify the evolution of BL forced by TCs and
present its recovery process after TC departure from a statistical
point of view. In addition, we conduct a series of ideal experiments
using the 3DPWP ocean model for the sensitivity of BL to
precipitation.

Results show that the BLT increases remarkably after TC
passage, with the peak change being rightward biased slightly and
reaching ~1.31m (26.93%) 1-5days after TC arrival. This
suggests that the BL is modulated by TCs effectively from a
statistical viewpoint. However, the changes in BL characteristics
are temporary features. After reaching its peak values, the BLT
recovers to its pre-storm status within 30 days on average. The
changes in BLT are also related to TC intensity and translation
speed, with stronger or slower TCs corresponding to a larger BLT
increase. The spatial distribution of BLT anomaly is closely
related to the areas with frequent TC activities, mainly
concentrated in coastal and equatorial low latitude areas.

The co-variation of MLD and ILD contributes to the change
of BLT. Under the influence of precipitation brought by TCs, the
development of BL shows a certain rightward deviation trend due
to the input of a large number of freshwater fluxes on the surface
of the upper ocean. The ILD is deepened with a rightward-biased
asymmetry due to the forcing of TC wind.

Idealized experiments with the 3DPWP model reveal that the
BL is eroded by TC and then generated under the influence of
precipitation forcing. The apparent thickening of the ILD on the
right side of the TC path and a certain right-biased trend of the
BLT are well simulated. At the same time, it can be seen from the
sensitivity of MLD to precipitation that the importance of
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freshwater input to the stability of the upper ocean and the
development and formation of BL.

This study stresses the significant effect of TCs on
modulating the BL characteristics, which is nonetheless a
temporary change that lasts 1 month or so. Future work may
extend to explore physical mechanisms leading to the spatial
and temporal changes in BL features based on coupled
numerical simulations. It may also be worth further
studies on whether the changes in BL will have notable
impacts on subsequent TCs sharing similar tracks in a
relatively short period of time.
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