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Anomalously large latent heat
fluxes in low to moderate wind
conditions within the eddy-rich
zone of the Northwestern Pacific
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Dongkyu Lee3, Sebastian Landwehr4, Hyoun-Woo Kang1,
Kyeong-Ok Kim1, Chang Su Hong1, Min Ho Kwon1,
Kyung-Hee Oh1, Jae Hak Lee1,3, Suyun Noh1, Jae Kwi So1,
Dong-Jin Kang1, Dongseon Kim1, Jae-Hyoung Park5,
SungHyun Nam6, Yang Ki Cho6, Brian Ward4 and Isaac Ginis7

1Korea Institute of Ocean Science & Technology, Busan, Republic of Korea, 2National Center for
Atmospheric Research, National Oceanic and Atmospheric Administration/Atlantic Oceanographic
and Meteorological Laboratory (NOAA/AOML) Hurricane Research Division, Miami, FL, United States,
3GeoSystem Research, Gunpo, Republic of Korea, 4National University of Ireland, Galway, Ireland,
5Department of Oceanography, Pukyong National University, Busan, Republic of Korea, 6School of
Earth and Environmental Sciences/Research Insitute of Oceanography, Seoul National University,
Seoul, Republic of Korea, 7Graduate School of Oceanography, University of Rhode
Island, Narragansett, RI, United States
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) undermodest wind conditions reached 400Wm-2 within

the vicinity of a warm eddy, with OHC higher than 100 kJ cm-2 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-Qa) between the specific humidity at air (Qa) and at the sea surface (Qs), 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 Qs and the pattern of Qa depending
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on the pattern of wind direction. Qa 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-2, while, estimated surface

enthalpy flux at Isidore’s eyewall was 1.8 kW m-2, where the

maximum observed wind was 49 m s-1, while the maximum

estimated surface enthalpy flux during hurricane Lili was 1.4 kW

m-2, associated with peak surface winds of 51 m s-1. These show that

a high surface enthalpy flux over 1 kW m-2 could easily happen

during TCs, while a large spatial gradient of LHF anomaly up to

75.7 Wm−2km−1 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 (Qa). Within the hurricane environment, wind magnitude,
02
SST and Qa are all potentially important. When SST conditions

were similar for two groups of storms, the atmosphere was

primari ly 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 Qa) 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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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
Frontiers in Marine Science 03
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.

OHC = r1Cp

Z 0

H26
T z½ � − 26 ° C½ �dz

where Cp is the specific heat of seawater at constant pressure,

3.85 kJ kg-1 (˚C)-1, and H26 is the isothermal depth of 26°C of

seawater and r1 is seawater density. LHF is calculated following

and/or Jaimes et al. (2015).

LHF =  rairLvCEU10(Qs − Qa)

where rair= air density, Lv= heat of vaporization, 2:5x106J kg-1

(Wang and Liang, 2008), CE = exchange coefficient for moisture,

0.0013 (Friehe and Schmitt, 1976), U10=wind speed at 10 m

height, Qs= specific humidity at the sea surface, Qa= 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.
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.
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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
Frontiers in Marine Science 04
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 kJ 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

kJ 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
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.
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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 kJ

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
Frontiers in Marine Science 05
each section from A to D. Here, LHF values range from 0 to 450Wm-

2. Values of 400 W m-2 appear near the center of the warm eddy in

section B with values between 200-400 W m-2 found near sections C

and D. Lower values of LHF below 100 W m-2 were observed near the

cold eddy in section A with values of near 200Wm-2 found within the

vicinity of the cold eddy in section C. It is unclear if LHF has any special

relation to OHC, 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 10Wm-2 lower (not shown).

Wind speed and SST from R/V are shown in Figure 6.

To evaluate the details of LHFmagnitude without the contribution

of wind, bulk LHF was divided by wind speed. The resulting quantity is

defined as the wnLHF. The primary remaining term (Qs-Qa), (i.e. the

difference in near-surface specific humidity) was calculated.

Figures 7A–D present the spatial distributions of LHF, OHC,

wnLHF, and (Qs-Qa), respectively. The wnLHF is shown to the
B

C D

A

FIGURE 3

Vertical sections of temperature from CTD casting along the latitude sections of (A–D) in Figure 1.
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values of 20-28 W m-2(or m s-1) around the warm eddy, with lower

values between 5-15Wm-2 (or m s-1) 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-Qa)

(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 difference (Qs-Qa) (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 (Qs-Qa) is the major component

used to calculate the wnLHF. As such, it is likely that wnLHF or the
Frontiers in Marine Science 06
difference 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 (Qs-Qa) shows features similar to OHC we investigated Qs and

Qa 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

Qs and Qa were individually examined to better understand the

link between specific humidity differences and OHC. Figure 8

presents specific humidity at the sea surface (Qs) (Figure 8A) and

specific humidity at 10 m (Qa) (Figure 8B). It is clear that Qs show

larger than 27 g kg-1 around the warm eddy, while values less than

25.5 g kg-1 prevail near the cold eddy. The spatial pattern of Qs, by
B

C

D

A

FIGURE 4

Ocean heat content (OHC) 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
(D) uCTD lines are marked in blue-sky color in Figure 1.
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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 Qs 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 Qa, values between 20.5-

21.5 g kg-1 can be found in the southeastern area, while lower values

between 17.5-19 g kg-1 are observed in the northwestern area of the

experimental domain. Taken together, the higher values of (Qs-Qa)

in the warm eddy area are a product of the combined result of

higher Qs and lower Qa, while the lower values of (Qs-Qa) in the

cold eddy area are the result of the lower Qs and higher Qa.

This analysis reveals that the horizontal pattern of OHC as an

oceanic process is similar to that of specific humidity difference (Qs-

Qa) 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 Qa is
Frontiers in Marine Science 07
examined. Figure 9 shows specific humidity in the air and wind

direction at CTD, buoy, and glider locations. The Qa values tend to

be lower in northerly winds, while Qa 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 Qs and low Qa 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 Qs and

high Qa conditions that occur during relatively moist southerly

wind conditions. These analyses help explain how relatively

moderate wind speeds of 10 m s-1 or less within the warm eddy

region exhibit large values of LHF (300-400 W m-2) 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
B

C

D

A

FIGURE 5

1-minute (black dot) and 15-minute (red dot) averaged latent heat flux from the bulk formula, with wind speed (blue dot), along the latitude sections (A–D).
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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
Frontiers in Marine Science 08
revealed anomalously high surface LHF values between 300-00 W

m-2 during periods of modest to low wind speed. These values are

surprising given previous results from Cione et al. (2000; 2013)

and more recent findings where near-surface LHF values on the

order of 850 W m-2 were estimated directly within the eyewall of

Hurricane Maria under much higher wind conditions (45-55 m s-

1). 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
B

A

FIGURE 6

(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.
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because SST values were high in the warm eddy region while the

offshore dry air simultaneously resulted in Qa 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

et al., 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 impac t s LHF and how wa rm edd i e s impac t

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
Frontiers in Marine Science 09
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 Wm-2 for every 1 m

s-1 wind speed (Figure 7C), a wind speed of 30 m s-1 corresponds to

an LHF of approximately 600 W m-2. RI is typically associated with

LHF values ranging from 600 to 900 W m-2 (Lin et al., 2009; Jaimes
B

C D

A

FIGURE 7

(A) Latent heat flux (LHF), (B) ocean heat content (OHC), (C) wind-normalized latent heat flux, (D) specific humidity difference (specific humidity at
the sea surface (Qs) minus specific humidity at air (Qa). 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.
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et al., 2015; Kang et al., 2024). It shows that Lan experiences a

relatively warm ocean of OHC ranging from 60-80 kJ cm-2 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 kJ cm-2 is considered necessary for the rapid

intensification of tropical cyclones, including typhoons. However,

OHC values exceeding 100 kJ cm-2 are often associated with

significant rapid intensification of typhoons.
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From the GLORYS reanalysis data, as illustrated in Figure 11,

varying OHC values ranging from 60 to 80 kJ/cm² were shown

before (Figure 11A, Oct.18) and during the RI (Figure 11B,

Oct.20). An OHC exceeding 80 kJ/cm² before the RI, by a

western warm eddy, was shown over 80 kJ/cm² 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
B

A

FIGURE 8

Specific humidity at the sea surface (Qs) (A) and specific humidity at air (Qa) (B). Qs shows higher values higher than 27 g kg-1 around warm eddy,
with lower values less than 25 g kg-1 around cold eddy. Values of Qa are divided into two groups of generally higher values than 20 g kg-1 in the
southeastern area, and lower values less than 19 g kg-1 in the northwestern region with some exceptions.
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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/cm².

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).
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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/cm² 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.
B

A

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 Qa value tends to be lower in the northerly or northeasterly wind, while Qa 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).
frontiersin.org

https://doi.org/10.3389/fmars.2024.1298641
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Kang et al. 10.3389/fmars.2024.1298641
Therefore, it is likely to say that the warm eddy, which keeps

moving westward, keeps playing a role in intensifying TC

passing the region one month later, through the linkage of the

warm eddy to the small scale of submerged eddy by the

unresolved mechanism.
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Data availability statement

Publicly available datasets were analyzed in this study. This data

can be found here: https://www.ncei.noaa.gov/data/international-best-

track-archive-for-climate-stewardship-ibtracs/v04r00/access/netcdf/.
FIGURE 10

Contour lines of Sea Level Anomaly (SLA) on October 20, 2017. The white contour lines indicate the approximate boundary between the warm eddy
(in magenta) and the cold eddy (in blue). The background color contours represent the SLA on September 15, 2017. The westward movement of the
warm eddy is indicated by the arrow. The locations of Typhoon Lan are shown as circles. The colors indicate the typhoon’s category: green for
Category 1, pink for Category 2, and red for Category 4 (super typhoon with winds equal to or greater than 130 kts).
B C

D E F

A

FIGURE 11

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.
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