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An air-sea interaction field campaign was conducted in September of 2017 within
the warm and cold eddy region of the western Northwest Pacific (WNP) (17.5" -
20.5°N, 127.5"E-133.5 E). Both near-surface oceanic and atmospheric conditions
in addition to ocean heat content (OHC) were examined to better understand the
mechanisms governing high heat flux magnitudes responsible for rapidly
intensifying tropical cyclones. Observations from this experiment indicate that
the latent heat flux (LHF) under modest wind conditions reached 400 W m™ within
the vicinity of a warm eddy, with OHC higher than 100 kJ cm™ of warm eddy
region being 2~3 times as large as that of cold eddy region. These high OHC and a
resultant high LHF in the warm eddy, comparable to the magnitude of LHF in the
North Equatorial Current, may explain the mechanism of why tropical cyclones
over a warm eddy in eddy-rich zones often rapidly intensify in the WNP. A month
later typhoon Lan rapidly intensified into a super typhoon, while passing over the
boundary region of warm and cold eddies during the observation period. Results
from this study illustrate that both the wind-normalized LHF and the difference
(Qs-Q,) between the specific humidity at air (Q,) and at the sea surface (Qy), closely
correlate with OHC patterns, which suggests that the ocean looks likely to control
the spatial pattern of LHF. Overall, both the ocean and weather conditions govern
the pattern of specific humidity difference between the air-sea interface, with large
OHC over the warm eddy controlling higher Qg and the pattern of Q, depending

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2024.1298641/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1298641/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1298641/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1298641/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1298641&domain=pdf&date_stamp=2024-02-06
mailto:skkang@kiost.ac.kr
https://doi.org/10.3389/fmars.2024.1298641
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1298641
https://www.frontiersin.org/journals/marine-science

Kang et al.

10.3389/fmars.2024.1298641

on the pattern of wind direction. Q, as a factor impacting LHF magnitude is
strongly linked to wind direction in the experimental area, that is, the drier
northwesterly flow and southeasterly moist wind, resulting in the enhanced
contrast of specific humidity at cold eddy region.

KEYWORDS

latent heat flux, eddy-rich zone, ocean heat content, specific humidity, tropical
cyclone-ocean interaction

1 Introduction

It is well known that warm eddies or warm ocean anomalies
promote rapid intensification (RI) of tropical cyclones (TCs) that
can reach super typhoon intensity (Shay et al., 2000; Lin et al., 2005;
Lin et al., 2009). Previous studies show that the subsurface ocean
structure plays an important role in modulating air-sea fluxes
during hurricane passage which affects intensity change (e.g. Shay
and Brewster, 2010). The interaction of TCs with warm ocean
eddies frequently occurs around the eddy-rich zone of the
Northwestern Pacific (NWP), while the deep thermocline of the
North Equatorial Current (8°N-17°N) is shown to be the major
heating source to rapidly intensify TCs leading to super typhoon
(Kang et al., 2024).

The interaction of TC and ocean warm eddies is a special case of
air-sea interaction, which was extensively reviewed by Small et al.
(2008); According to their work, recent observations of the nature
of air-sea interaction over oceanic fronts and eddies have revealed a
positive correlation of near-surface wind speed and SST (Liu et al.,
2000 ; Chelton et al., 2001; Hashizume et al., 2001). This finding
contrasts with the often negative correlation observed on larger
basin scales (Mantua et al., 1997; Okumura et al., 2001). The
variances in these results highlight the complexity of the
interaction between TCs and the ocean, revealing a multifaceted,
bidirectional ocean-atmosphere response rather than a simple,
linear one.

In relation to air-sea fluxes of TCs over mesoscale eddy feature,
Shay and Uhlhorn (2008) report that the ocean heat content (OHC)
in the loop current exceeds 100 kJ cm?, while, estimated surface
enthalpy flux at Isidore’s eyewall was 1.8 kW m™, where the
maximum observed wind was 49 m s’!, while the maximum
estimated surface enthalpy flux during hurricane Lili was 1.4 kW
m2, associated with peak surface winds of 51 m s’L. These show that
a high surface enthalpy flux over 1 kW m™ could easily happen
during TCs, while a large spatial gradient of LHF anomaly up to
75.7 Wm *km ™" was reported due to the submesoscale processes
(Song et al., 2022).

Latent heat flux (LHF) “linearly” depends on three components,
wind speed, sea surface temperature (SST), and specific humidity in
the air (Q,). Within the hurricane environment, wind magnitude,
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SST and Q, are all potentially important. When SST conditions
were similar for two groups of storms, the atmosphere was
primarily responsible for modifying the near-surface
thermodynamic environment (and ultimately surface moisture
flux conditions) (Cione et al., 2013).

Jaimes et al. (2015) described that bulk enthalpy fluxes
during Hurricane Earl were controlled by the thermodynamic
disequilibrium between the sea surface and the near-surface air,
independently of wind speed. Jaimes et al. (2016) studied the air-sea
interactions as the hurricane Isaac in 2012 intensified into a
hurricane over a warm oceanic mesoscale eddy. Using airborne
oceanographic and atmospheric profilers, they found that the
increase in bulk enthalpy fluxes resulted from a growing moisture
imbalance between the ocean and the atmosphere during the TC
intensification. This disequilibrium was strongly influenced by
underlying warm oceanic features, suggesting that the importance
of three components (wind speed, SST, and Q,) depends upon the
cases. To improve our understanding of complex interactions of the
near-surface thermodynamic conditions around warm oceans in
the eddy-rich zone of the NWP, this study investigates the air-sea
environment under less violent, non-storm conditions. It would be
particularly interesting to examine the heat flux process around a
warm eddy as a simplified representation of air-sea interaction
under moderate wind conditions. It is also important for
understanding TCs RI to investigate what LHF over the warm
eddy looks like before TC’s arrival since a large LHF with high OHC
is very favorite for TCs to get rapidly intensified. This is also related
to understanding the mechanism why TCs passing over warm
eddies in the eddy-rich zone are often rapidly intensified in the
WNP (Kang et al., 2024).

Using the field measurement data in warm and cold eddies in
the NWP during Sep.14-24, 2017, we examine LHF patterns and the
factors controlling such patterns within the eddy region. The
atmospheric and oceanic measurements of relative humidity,
sea surface pressure, air temperature, sea temperature, and
salinity were collected and examined to better understand the
mechanisms governing surface moisture flux exchange. Accurate
documentation of LHF conditions over eddies without TCs could
lead to an improved understanding of the heat exchange processes
that help to maintain and intensify TCs.
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FIGURE 1

Field experiments along the ship track (thick white line) were carried out from Sep.14 to 25 in the NWP. CTD (rectangular points), uCTD points (sky-
color linelike points) are seen, and radiosondes are deployed on every CTD casting point. Yellow triangle points denote the locations of two wave
gliders (SV2 and SV3) deployed. Air temperature, air pressure, and relative humidity data with 1Hz sampling are continuously measured from various
sensors attached to the bow of the R/V Isabu at approximately 10 m height above the sea surface. Tracks of typhoons Talim and Lan are denoted by
solid lines with dates when TC passes through the location. The colors on the tracks denote the intensity of TC (green color of category 1 to red
color by category 4) from the best track data from the Joint Typhoon Warning Center (JTWC). Station numbers are written only at western and
eastern points. The background color denotes the sea surface height anomaly (m) on Sep.15, from the Copernicus website. The station number of

CTD is 30 and the number of uCTD is 163.

2 Field data and methods

Measurements of oceanic and weather parameters were carried out
over the warm and cold eddy region (17.5°-20.5°N, 127.5°E-133.5°E) in
the NWP during September 2017 (Figure 1). The field experiment
covered the East China Sea and NWP during Sep.8 - 29, 2017, while the
field experiment at the stations in the NWP was carried out during
Sep.14 - 24. Figure 1 shows the locations of CTD casting down to 2000
m, ship track along which the oceanic and atmospheric data were
collected. Relative humidity, air temperature, and air pressure were
sampled from the instrument of Campbell weather station at
approximately 10 m height above sea surface on the bow of the R/V
Isabu, with a sampling interval of 1 Hz, yielding 1-minute mean values
for LHF. SST with a 10-s interval was measured using a
thermosalinograph attached to the vessel at 4 m below the sea surface,
yielding 1-minute average values. The 1-minute mean wind speed and
wind direction were obtained from the meteorological system of R/V
Isabu at a height of 32.6 m, measured at 1 Hz sampling, from which the
wind speed is converted to 10 m wind speed. 1-minute and 15-minute
averaged SST, air temperature, air pressure, relative humidity, wind
speed, and wind direction are presented in Figure 2.

Temperature and salinity data from CTD casting was made down
to 2000 m at each station, at 1-m intervals. The OHC was integrated
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from a depth of 26°C to the sea surface where 26°C was defined by
Palmen (1948) and used by Shay and Brewster (2010) as follows.

0
OHC = p,C, /H 71z~ 26°Cldz

where C, is the specific heat of seawater at constant pressure,
3.85 kJ kg'1 (°C)", and H26 is the isothermal depth of 26°C of
seawater and p; is seawater density. LHF is calculated following
and/or Jaimes et al. (2015).

LHF = p,;L,CpU;o(Q; — Q,)

where p,;,= air density, L,= heat of vaporization, 2.5x10°] kg *
(Wang and Liang, 2008), Cg = exchange coefficient for moisture,
0.0013 (Friche and Schmitt, 1976), Ujy=wind speed at 10 m
height, Q,= specific humidity at the sea surface, Q,= specific
humidity at 10 m. The windspeed dependencies of heat
exchange components of the air-sea flux equations are well
shown in the figures of the HWRF manual (Biswas et al., 2017),
also for the heat exchange coefficient. It varies according to wind
speed specifically under 10 m/s. The present study uses the heat
exchange coefficient as 0.0013 following Friehe and Schmitt
(1976), which is more or less a good approximation for
moderate and stronger wind speeds.
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FIGURE 2

Temporal variations of 1-minute and 15-minute averaged sea surface temperature (SST), air temperature (Tair), relative humidity, air pressure, wind
speed, and dominant wind direction. Dominant wind direction is a mean of dominating-direction components among components in 16 directions.
Air pressure, relative humidity, and air temperature are measured using instrument CR6 newly installed on the bow of R/V Isabu, while other

parameters are measured by instruments installed on the ship.

3 Results

3.1 Ocean heat content over warm and
cold eddies in the NWP

Vertical sections of temperature from CTD castings along four
latitude lines are presented in Figure 3. The vertical temperatures
near the center of warm eddy reveal that the 30°C isotherm appears
at a depth of 50 m in sections A, and B in Figure 3, while the 26°C
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isotherm appears down at 100 m depth. The OHC in each
latitudinal section is shown in Figure 4. The highest OHC values
around the eddy center reach 130-140 kJ cm-2, which is comparable
or higher than OHC values of 80 to 130 k] cm-2 in warm eddies
observed before the passage of super typhoon Maemi in 2003 (Lin
et al,, 2005), estimated using argo data, and OHC values of 77-105
k] cm-2 observed in a pre-existing warm ocean anomaly within the
Bay of Bengal before cyclone Nargis’s RI (Lin et al., 2009). It is also
worth noting that one month after this field experiment, typhoon
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Vertical sections of temperature from CTD casting along the latitude sections of (A-D) in Figure 1

Lan’s intensification to super typhoon (>130 knots) occurred soon
after passing through the domain (refer to the track and intensity of
Lan in Figure 1). The lower OHC values observed within the cold
eddy region are likely a direct result of enhanced ocean cooling due
to the passage of typhoon Talim on Sep.11, 2017 (Figure 1): The
upwelling in the cyclonic cold eddy around station T07 (above
section A in Figure 1), revealed by lower SLA, coincides with the
cold temperature profile (Figure 3A), causing lower OHC of 45 k]
cm-2 in Figure 4A. The upwelling is likely to show more enhanced
cooling by the passage of typhoon Talim, resulting in further lower
OHC. The variability of surface LHF during the field campaign is
investigated in the following sections.

3.2 Latent heat flux and wind-normalized
LHF over warm/cold eddies

Using the observed data during the field experiment by R/V Isabu,

surface LHF along the tracks of the vessel from Sep.14 to 24, 2017 were
calculated. Figure 5 illustrates 1- and 15-minute average LHF along
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each section from A to D. Here, LHF values range from 0 to 450 W m’
%, Values of 400 W m™ appear near the center of the warm eddy in
section B with values between 200-400 W m™ found near sections C
and D. Lower values of LHF below 100 W m were observed near the
cold eddy in section A with values of near 200 W m™ found within the
vicinity of the cold eddy in section C. It is unclear if LHF has any special
relation to OHGC, even though our analysis indicates larger LHF values
were found near the warm eddy. The distribution of LHF can be
affected by the spatial variability of the wind (Figure 5, blue dots). Given
this, the wind effect needs to be excluded to effectively examine the
impact of the warm and cold eddies on the magnitude of surface LHF.
Wind-normalized LHF (wnLHF) is analyzed below. Sensible heat flux
values were observed to be approximately 10 W m? lower (not shown).
Wind speed and SST from R/V are shown in Figure 6.

To evaluate the details of LHF magnitude without the contribution
of wind, bulk LHF was divided by wind speed. The resulting quantity is
defined as the wnLHF. The primary remaining term (Q,-Q,), (i.e. the
difference in near-surface specific humidity) was calculated.
Figures 7A-D present the spatial distributions of LHF, OHC,
wnLHF, and (Qy-Q,), respectively. The wnLHF is shown to the
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FIGURE 4

Ocean heat content (OHC)
(D) uCTD lines are marked in blue-sky color in Figure 1.

values of 20-28 W m™(or m s!) around the warm eddy, with lower
values between 5-15 W m™ (or m s™*) near the cold eddy environment.
These illustrations depict clear similarities of a high correlation
coefficient of 0.75 between wnLHF and OHC distributions that show
large values of OHC and wnLHF within the vicinity of the warm eddy
with lower estimates of OHC and wnLHF near the cold eddy. In
addition, the similarity between the vertical moisture gradient (Qs-Q,)
(Figure 7D) and the OHC (Figure 7B) looks also clear, while the vertical
moisture gradient and the LHF show also some similarity, as expected
from weak wind, with some deviation due to weak wind in the
northwestern area (Figure 6A).

The specific humidity difterence (Q,-Q,) (Figure 7D) shows the
spatial pattern of higher values in the warm eddy region and lower
values within the cold eddy region. Not surprisingly this pattern is
very similar to the spatial distribution shown for wnLHF
(Figure 7C) given the fact that (Q,-Q,) is the major component
used to calculate the wnLHF. As such, it is likely that wnLHF or the
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along the latitude sections of (A=D) (S). The data from CTD and uCTD are also utilized for OHC in sections A, B, C, and

difterence of specific humidity is not independent of OHC, at least
as it pertains to the air-sea conditions observed during the field
experiment described in this research. In order to examine how and
why (Q,-Q,) shows features similar to OHC we investigated Q, and
Q, individually in the following section.

3.3 Specific humidity at the sea surface and
10m above the ocean within the vicinity of
warm and cold ocean eddies

Q; and Q, were individually examined to better understand the
link between specific humidity differences and OHC. Figure 8
presents specific humidity at the sea surface (Qg) (Figure 8A) and
specific humidity at 10 m (Q,) (Figure 8B). It is clear that Q, show
larger than 27 g kg'! around the warm eddy, while values less than
25.5 g kg'! prevail near the cold eddy. The spatial pattern of Qs, by
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1-minute (black dot) and 15-minute (red dot) averaged latent heat flux from the bulk formula, with wind speed (blue dot), a

definition, reflects the magnitude of the SST (Figure 6B), with
higher values in the warm eddy region and lower values in the cold
eddy environment. Lower Q; in the cold eddy may be enhanced due
to the cooling effect of typhoon Talim which passed through the
neighboring region (Figure 1) several days earlier (Sep.11, 2017).
Looking at the horizontal distribution of Q,, values between 20.5-
21.5 gkg™" can be found in the southeastern area, while lower values
between 17.5-19 g kg™" are observed in the northwestern area of the
experimental domain. Taken together, the higher values of (Qs-Q,)
in the warm eddy area are a product of the combined result of
higher Q, and lower Q,, while the lower values of (Qs-Q,) in the
cold eddy area are the result of the lower Qg and higher Q,.

This analysis reveals that the horizontal pattern of OHC as an
oceanic process is similar to that of specific humidity difference (Qs-
Q,) as an atmospheric process around the warm and cold eddies.
The vertical ocean heat storage is likely linked to the air processes
around the warm and cold eddies, at least as it pertains to the air-sea
environment observed during this field campaign.

To further understand the atmospheric condition within the
study area, the relationship between the direction of wind and Q, is
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long the latitude sections (A-D).

examined. Figure 9 shows specific humidity in the air and wind
direction at CTD, buoy, and glider locations. The Q, values tend to
be lower in northerly winds, while Q, values tend to be higher in
southerly winds. The correlation coefficient is 0.45. It is increased to
0.59 without 3 outlier locations (T3, T4, and SV3) showing
deviation in wind direction. This seems plausible from the point
of view that the dry air blows down from the north, while moist air
comes from the south or tropics.

Therefore, the enhanced normalized LHF around the warm
eddy is a result of high Qg and low Q, under northerly wind
conditions which acts to advect relatively dry continental air over
the higher SST, warm eddy region. In contrast, lower normalized
LHF values around the cold eddy are associated with low Q, and
high Q, conditions that occur during relatively moist southerly
wind conditions. These analyses help explain how relatively
moderate wind speeds of 10 m s or less within the warm eddy
region exhibit large values of LHF (300-400 W m™) typically
observed under higher wind conditions.

The warm eddy region even under low wind conditions can serve
as a strong upward heat flux source as long as “favorable” offshore
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(A) Mean wind speed at experimental region and (B) sea surface temperature (SST) below 4m sea surface using thermoslinograph installed under R/V
Isabu. 15-minute mean values along the ship track for SST and wind speed are used to interpolate the values for plotting in the domain.

wind direction conditions are present. In this case, the near-surface
specific humidity is maximized because SST is high but due to the
relatively drier near-surface air associated with the flow coming off
the land (versus the sea), the larger values of LHF are realized.

4 Discussion and conclusions

An extensive ocean field campaign using the research vessel
Isabu was carried out within the eddy-rich region of the NWP
during the summer of 2017. During this experiment, analysis
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revealed anomalously high surface LHF values between 300-00 W
m> during periods of modest to low wind speed. These values are
surprising given previous results from Cione et al. (20005 2013)
and more recent findings where near-surface LHF values on the
order of 850 W m™ were estimated directly within the eyewall of
Hurricane Maria under much higher wind conditions (45-55 m s~
"). These results remind us that surface LHF is linearly dependent
upon wind speed, SST, and near-surface atmospheric moisture
conditions and that any one of those components, under the right
circumstances, can dominate. In this particular instance, large
values of LHF were observed under relatively low wind conditions
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the sea surface (Qg) minus specific humidity at air (Q,). Figure 4B is plotted using interpolated values of estimates from all CTD, uCTD, buoy, and
glider locations, and Figures.4A, C, D are plotted using interpolated values of the estimated values along the track lines.

because SST values were high in the warm eddy region while the
offshore dry air simultaneously resulted in Q, values that were
anomalously low. The resulting air-sea thermodynamic
conditions of this specific set of circumstances produced
anomalously high values of surface LHF within the vicinity of
the warm ocean eddy located within the experimental domain.
These high OHC and a resultant high LHF in the warm eddy,
comparable to the magnitude of LHF in the North Equatorial
Current, may explain the mechanism of why TCs over a warm
eddy in eddy-rich zones often rapidly intensify in the WNP (Kang
etal., 2024). The OHC affects the SST which then affects the wind-
normalized LHF by Qs. SST is a balance between the underlying
ocean mesoscale (the warm and cold eddies), the solar heating,
and the wind-driven upwelling/downwelling/mixing. The high
SST from high OHC finally explains the mechanisms of how
OHC impacts LHF and how warm eddies impact
storm intensification.

We consider the dynamic nature of the ocean. Under strong
wind surface mixed layer becomes gradually well mixed by vertical
wind-driven shear initiated at the sea surface, and again the mixed
layer experiences mixed layer deepening or entrainment by
thickening of the mixed layer at the bottom of the mixed layer, or
thermocline mixing from upper part of thermocline. Therefore, the
temperature of the thicker mixed layer loses heat and becomes cool,
or SST experiences cooling. This occurs while TC passes over the
ocean, and if the ocean has a warm deep mixed layer, the cooling is
much restricted due to a warm thick mixed layer for the same
thermocline mixing, contributing to TCs intensification with higher
LHF around warm eddy. Since the bulk LHF depends upon the
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wind speed (Equation 2), LHF will be higher around warm eddy
regions keeping high Qs.

This study supports the contention that air-sea interactive
physical processes are indeed coupled over both warm and cold
ocean eddy features. A high correlation between OHC and
wnLHF, large OHC and wnLHF values around the warm eddy
in contrast to lower OHC and wnLHF around the cold eddy,
suggests that ocean feature drives surface latent heat flux, closely
linked to air feature of high specific humidity by prevailing warm
southerly wind. In summary of scientific findings for this, the
observations document a case where the mesoscale variability of
the high SSTs over a warm eddy combined with dry air from over
land can produce LHF value as large as those experienced with
high tropical cyclone wind speeds and moist air from over water.

This study implies that the enhanced latent heat flux under
moderate wind speed resulting from the contribution of a typical
warm eddy and favorable weather effects can easily jump to higher
values if winds increase in magnitude. The TC intensified into a
super typhoon (Typhoon Lan) one month later as it passed through
this region, as shown in Figure 10. The RI may have been caused by
the observed warm eddy with high LHF, despite its westward
movement of approximately 250 km. Warm eddies characterized
by high LHF may cause RI under favorable atmospheric conditions.
The warm eddy located west of Typhoon Lan’s eye on Sep. 20, 2017,
may have contributed to the tropical cyclone’s RI, as illustrated in
Figure 11. Using a normalized LHF value of 20 W m™ for every 1 m
s wind speed (Figure 7C), a wind speed of 30 m s corresponds to
an LHF of approximately 600 W m™, RI is typically associated with
LHF values ranging from 600 to 900 W m™> (Lin et al., 2009; Jaimes
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Specific humidity at the sea surface (Qs) (A) and specific humidity at air (Q,) (B). Qs shows higher values higher than 27 g kg™ around warm eddy,
with lower values less than 25 g kg™ around cold eddy. Values of Q, are divided into two groups of generally higher values than 20 g kg™ in the
southeastern area, and lower values less than 19 g kg™* in the northwestern region with some exceptions.

et al., 2015; Kang et al., 2024). It shows that Lan experiences a
relatively warm ocean of OHC ranging from 60-80 kJ cm™ during
the rapid intensification from 80 kts at 18:00 (Oct. 19, UTC) to 130
kts at 18:00 (Oct. 20). Therefore, the ocean may release heat into the
atmosphere as Typhoon Lan passed over the warm region, although
there is some uncertainty from the reanalysis data. Generally, an
OHC of at least 50 k] cm™ is considered necessary for the rapid
intensification of tropical cyclones, including typhoons. However,
OHC values exceeding 100 kJ cm™? are often associated with
significant rapid intensification of typhoons.

Frontiers in Marine Science

From the GLORYS reanalysis data, as illustrated in Figure 11,
varying OHC values ranging from 60 to 80 kJ/cm® were shown
before (Figure 11A, Oct.18) and during the RI (Figure 11B,
Oct.20). An OHC exceeding 80 kJ/cm® before the RI, by a
western warm eddy, was shown over 80 kJ/cm?> approximately
100 km west of the typhoon’s eye (red dotted circle region,
Figure 11A) when TC reached Category 4. The maximum RI
occurred from 18:00 (Oct.19) to 18:00 (Oct.20), when RI will be
driven due to surrounding high OHC as an ocean factor. We
discuss the presence of the high OHC area in the western side of
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FIGURE 9

(A) Wind speed and direction from the sensor along the track of R/V Isabu. (B) Specific humidity at air against wind direction from the
meteorological system of R/V Isabu at a height of 32.6 m. The Q, value tends to be lower in the northerly or northeasterly wind, while Q, value
tends to be higher in the southerly or southeasterly wind. The line denotes a linear fitting line. The correlation coefficient R of 0.45 increased to
about 0.59 without 3 locations (T3, T4, and SV3) showing deviation in direction. Wind directions at a height of 60-170 m from radiosondes data
casted above at all CTD locations also show a similar trend from ship (not shown).

the TC Lan track during RI, which is interesting since LAN was
rapidly intensified to Category 4 super typhoon under moderate
OHC of 60 to 80 kJ/cm?.

We notice that the submerged eddy feature from absolute dynamic
topography (ADT)(white dotted region, Figure 11D), corresponding to
the red dotted region in the model (Figure 11A), keeps existing along
the track until RI occurs (Figure 11F). The submerged eddy appears as
anticyclonic eddy in the thermocline layer of 65.8m depth with high
temperature of about 28°C in model (Figure 11C). The presence of the
submerged warm eddy is likely to result in an asymmetric distorted
pattern of cold eddy region (Figures 11D-F).

Frontiers in Marine Science

As discussed, we would like to focus on the persisting effect of
the small warm eddy we described. The detailed contour lines
(Figures 11D-F) show that the submerged small eddy or warm
anomaly (Figure 11D, white dotted circles) is likely to be linked to
the western warm eddy, as seen in Figures 11A, D. This submerged
eddy seems to keep a high OHC of 80 kJ/cm?® eastward
(Figure 11A). Slightly high anomalous OHC appears to exist
from the reanalysis model for the last several days before RI
(Figures 11D, E), keeping surely linked to the western warm eddy.
The submerged eddy is located nearer along the track than the
model is, then more contributing to RI with high OHC.
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Variations of Ocean Heat Content (OHC) estimated from GLORYS reanalysis data associated with Typhoon Lan over three days: Oct. 18 (A), and Oct.
20 (B). The ocean temperature with current vectors (C) from GLORYS reanalysis data at 68m depth on Oct. 18. Satellite observed Absolute Dynamic
Topography (ADT) on Oct. 18 (D), Oct. 19 (E), and Oct. 20 (F). Locations of Typhoon Lan are marked with circles, indicating wind speed (kts) and
time. The dotted circles highlight a submerged small anticyclonic eddy.

Therefore, it is likely to say that the warm eddy, which keeps  [)ata gvai [ab|[|ty statement
moving westward, keeps playing a role in intensifying TC

passing the region one month later, through the linkage of the Publicly available datasets were analyzed in this study. This data
warm eddy to the small scale of submerged eddy by the  can be found here: https://www.nceinoaa.gov/data/international-best-
unresolved mechanism. track-archive-for-climate-stewardship-ibtracs/v04r00/access/netcdf/.

Frontiers in Marine Science 12 frontiersin.org


https://www.ncei.noaa.gov/data/international-best-track-archive-for-climate-stewardship-ibtracs/v04r00/access/netcdf/
https://www.ncei.noaa.gov/data/international-best-track-archive-for-climate-stewardship-ibtracs/v04r00/access/netcdf/
https://doi.org/10.3389/fmars.2024.1298641
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Kang et al.

Author contributions

SK: Conceptualization, Writing - original draft, Writing -
review & editing. EK: Formal analysis, Methodology,
Writing - review & editing. SK: Data curation, Methodology,
Writing - review & editing. JC: Conceptualization, Writing -
review & editing. DL: Validation, Writing - review & editing. SL:
Methodology, Writing - review & editing. H-WK: Validation,
Writing - review & editing. K-OK: Validation, Writing — review
& editing. CH: Methodology, Writing - review & editing. MK:
Formal analysis, Writing — review & editing. K-HO: Methodology,
Writing - review & editing. JHL: Validation, Writing — review &
editing. SN: Formal Analysis, Writing - review & editing. JS:
Writing - review & editing. D-JK: Writing - review & editing,
Methodology. DK: Writing - review & editing, Formal analysis. J-
HP: Writing - review & editing, Data curation. SN: Writing -
review & editing, Validation. YK: Supervision, Writing - review &
editing.. BW: Supervision, Writing - review & editing. IG:
Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article.

References

Biswas, M. K., L. Bernardet, S., Abarca, L, Ginis, E., Grell, E., Kalina, Y., et al. (2017).
Hurricane Weather Research and Forecasting (HWRF) Model: 2017 Scientific
Documentation, NCAR Technical Note NCAR/TN-544+STR, doi: 10.5065/
D6MK6BPR

Chelton, D. B., Esbensen, S. K., Schlax, M. G., Thum, N., Freilich, M. H., Wentz, F. J.,
et al. (2001). Observations of coupling between surface wind stress and sea surface
temperature in the Eastern Tropical Pacific. J. Climate 14, 1479-1498. doi: 10.1175/
1520-0442(2001)014<1479:00CBSW>2.0.CO;2

Cione, J. J., Black, P. ., and Houston, S. (2000). Surface observations in the hurricane
environment. Mon. Wea. Rev. 128, 1550-1561. doi: 10.1175/1520-0493(2000)
128<1550:SOITHE>2.0.CO;2

Cione, J. J., Kalina, E. A,, Zhang, J. A., and Uhlhorn, W. W. (2013). Observations of
air-sea interaction and intensity change in hurricane. Mon. Weather Rev. 141, 2368-
2382. doi: 10.1175/MWR-D-12-00070.1

Friehe, C. A., and Schmitt, K. F. (1976). Parameterization of air-sea interface fluxes of
sensible heat and moisture by the bulk aerodynamic formulas. J. Phys. Ocanogra. 6,
801-809. doi: 10.1175/1520-0485(1976)006<0801:POASIF>2.0.CO;2

Hashizume, H., Xie, S.-P., and Takeuchi, K. (2001). Local and remote response to
tropical instability waves: a global view from space. J. Geophys. Res. 106, 10173-10185.
doi: 10.1029/2000JD900684

Jaimes, B., Shay, L. K., and Brewster, J. K. (2016). Observed air-sea interactions in
tropical cyclone Isaac over Loop Current mesoscale eddy features. Dyn. Atmos. Ocean
76, 306-324. doi: 10.1016/j.dynatmoce.2016.03.001

Jaimes, B., Shay, L. K., and Uhlhorn, E. W. (2015). Enthalpy and momentum fluxes
during Hurricane Earl relative to underlying ocean features. Mon. Wea. Rev. 143, 111-
131. doi: 10.1175/MWR-D-13-00277.1

Kang, S. K, Kim, S. H,, Lin, L.-I, Park, Y. H,, Choi, Y., Ginis, I, et al. (2024). The
north equatorial current and rapid intensification of super typhoons. Nat. Comms.

Lin, I.-I,, Chen, C.-H., Pun, L-F., Liu, W. T., and Wu, C.-C. (2009). Warm ocean
anomaly, air sea flux, and the rapid intensification of tropical cyclone Nargis, (2008).
Geophy. Res. Lett. 36, Lo3817. doi: 10.1029/2008GL035815

Frontiers in Marine Science

13

10.3389/fmars.2024.1298641

This research was a part of the project titled “Study on
Northwestern Pacific warming and genesis and rapid
intensification of typhoon”, funded by the Ministry of Oceans
and Fisheries, Korea (20220566). This research was supported by
Korea Institute of Marine Science & Technology Promotion
(KIMST) funded by the Ministry of Oceans and Fisheries
(20220566, 20220033).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Lin, L.-I,, Wu, C.-C., Emanuel, K. A,, Lee, I.-H., Wu, C.-R., and Pun, L.-F. (2005). The
interaction of supertyphoon Maemi, (2003) with a warm ocean eddy. Mon. Weather
Rev. 133, 2635-2649. doi: 10.1175/MWR3005.1

Liu, W. T., Xie, X,, Polito, P. S., Xie, S.-P., and Hashizume, H. (2000). Atmospheric
manifestation of tropical instability wave observed by QuikSCAT and tropical rain
measuring mission. Geophys. Res. Lett. 27, 2545-2548. doi: 10.1029/2000GL011545

Mantua, N. J,, Hare, S. R., Zhang, Y., Wallace, J. M., and Francis, R. C. (1997). A
Pacific Interdecadal Climate Oscillation with Impacts on Salmon Production*. Bulletin
of the American Meteorological Society, 78 (6), 1069-1080. doi: 10.1175/1520-0477
(1997)078<1069:APICOW>2.0.CO;2

Okumura, Y., Xie, P., Numaguti, A., and Tanimoto, Y. (2001). Tropical Atlantic air-
sea interaction and its influence on the NAO. Geophysical Research Letters, 28 (8),
1507-1510. doi: 10.1029/2000GL012565

Palmen, E. (1948). On the formation and structure of tropical cyclones. Geophysica 3, 26-38.

Shay, L. K., and Uhlhorn, E. W. (2008). Loop Current Response to Hurricanes Isidore
and Lili. Monthly Weather Review 136 (9), 3248-3274. doi: 10.1175/2007MWR2169.1

Shay, L. K., and Brewster, J. K. (2010). Ocean heat content variability in the Eastern
Pacific Ocean for hurricane intensity forecasting. Mon. Weather Rev. 138, 2110-2131.
doi: 10.1175/2010MWR3189.1

Shay, L. K., Goni, G. J., and Black, P. G. (2000). Effects of a warm oceanic feature on
Hurricane Opal. Mon. Weather Rev. 128, 1366-1383. doi: 10.1175/1520-0493(2000)
128<1366:EOAWOF>2.0.CO;2

Small, R. J., deSzoeke, S. P., Xie, S. P., O'Neill, L., Seo, H., Song, Q., et al. (2008). Air-
sea interaction over ocean fronts and eddies. Dyn. Atmos. Ocean 45, 274-319. doi:
10.1016/j.dynatmoce.2008.01.001

Song, X., Xie, X., Qiu, B., Cao, H,, Xie, S.-P., Chen, Z,, et al. (2022). Air-sea latent heat
flux anomalies induced by oceanic submesoscale processes: an observational case study.
Front. Mar. Sci. 9. doi: 10.3389/fmars.2022.850207

Wang, K., and Liang, S. (2008). An improved method for estimating global
evapotranspiration based on satellite determination of surface net radiation, vegetation index,
temperature, and soil moisture. J. Phys. Ocanogra. 9, 712-727. doi: 10.1175/2007JHM911.1

frontiersin.org


https://doi.org/10.5065/D6MK6BPR
https://doi.org/10.5065/D6MK6BPR
https://doi.org/10.1175/1520-0442(2001)014%3C1479:OOCBSW%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014%3C1479:OOCBSW%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2000)128%3C1550:SOITHE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2000)128%3C1550:SOITHE%3E2.0.CO;2
https://doi.org/10.1175/MWR-D-12-00070.1
https://doi.org/10.1175/1520-0485(1976)006%3C0801:POASIF%3E2.0.CO;2
https://doi.org/10.1029/2000JD900684
https://doi.org/10.1016/j.dynatmoce.2016.03.001
https://doi.org/10.1175/MWR-D-13-00277.1
https://doi.org/10.1029/2008GL035815
https://doi.org/10.1175/MWR3005.1
https://doi.org/10.1029/2000GL011545
https://doi.org/10.1175/1520-0477(1997)078%3C1069:APICOW>2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078%3C1069:APICOW>2.0.CO;2
https://doi.org/10.1029/2000GL012565
https://doi.org/10.1175/2007MWR2169.1
https://doi.org/10.1175/2010MWR3189.1
https://doi.org/10.1175/1520-0493(2000)128%3C1366:EOAWOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2000)128%3C1366:EOAWOF%3E2.0.CO;2
https://doi.org/10.1016/j.dynatmoce.2008.01.001
https://doi.org/10.3389/fmars.2022.850207
https://doi.org/10.1175/2007JHM911.1
https://doi.org/10.3389/fmars.2024.1298641
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Anomalously large latent heat fluxes in low to moderate wind conditions within the eddy-rich zone of the Northwestern Pacific
	1 Introduction
	2 Field data and methods
	3 Results
	3.1 Ocean heat content over warm and cold eddies in the NWP
	3.2 Latent heat flux and wind-normalized LHF over warm/cold eddies
	3.3 Specific humidity at the sea surface and 10m above the ocean within the vicinity of warm and cold ocean eddies

	4 Discussion and conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


