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ABSTRACT

Tropical cyclones (TCs) can pump heat downward into the ocean through inducing intense
vertical mixing. Many efforts have been made to estimate the TC-induced ocean heat uptake
(OHU), but spatiotemporal variability of TC-induced OHU remains unclear. This study
estimates the TC-induced OHU, which takes into account the heat loss at the air-sea interface
during TC passage compared to previous studies, and investigates the spatiotemporal variability
of TC-induced OHU and its potential impacts on ocean heat content (OHC) during the period
1985-2018. It is found that the spatial distribution of OHU is inhomogeneous, with the largest
OHU occurring in the Northwest Pacific, and the category 3-5 TCs contribute approximately
51% of total global OHU per year. The annually accumulated TC-induced OHUs in the regional
basins exhibit pronounced interannual variability, which is closely related to the TC power
dissipation index (PDI). By decomposing PDI into TC intensity, frequency, and duration, we
find that the TC characteristics influencing OHU variability vary by basin. Correlation analyses
suggest that the interannual variations of OHUs are linked to El Nifio-Southern Oscillation
(ENSO). In addition, the OHU might have the potential to influence OHC variability, especially
in the equatorial eastern Pacific where there are significant positive correlations between the
OHU and OHC with lags of 2-6 months. This has an important implication that TC-induced
OHU might have potential effects on ENSO evolution.
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1. Introduction

Tropical cyclones (TCs) are one of the most severe weather systems associated with strong
winds. During TC passage, the intense winds can cause strong vertical velocity shears at the
base of the mixed layer in the ocean, partially accounting for the vigorous mixing, which
redistributes heat in the vertical direction, thus cools the surface, and warms the subsurface (e.g.,
Price 1981; Price et al. 1994; D’ Asaro et al. 2007). Sea surface cooling is generally dominated
by the vertical mixing and secondarily affected by the heat fluxes at the air-sea interface (Price
1981). In the several weeks after the passage of a TC, the surface cold anomaly is gradually
restored by anomalous heat fluxes, while the subsurface warm anomaly will persist for a much
longer time due to its different restoration processes from the surface (Pasquero and Emanuel
2008; Mei and Pasquero 2012; Bueti et al. 2014; Li and Sriver 2018). Therefore, when the
surface cold anomaly is completely recovered to the background conditions, the ocean

experiences a net heat uptake (Mei and Pasquero 2012).

Many previous studies have endeavored to estimate TC-induced ocean heat uptake (OHU).
Emanuel (2001) estimated the TC-induced OHU of 1.4 £ 0.7 PW in 1996 by using an
axisymmetric TC model coupled with a 1-D ocean model. He argued that the TC-induced OHU
must be equilibrated by meridional heat transport out of the tropics, and the amount of the TC-
induced OHU could account for a large fraction of the observed maximum zonal integrated
poleward heat transport. Sriver and Huber (2007) estimated the annual mean TC-induced OHU
of 0.26 PW from 2 m air temperature reanalysis and ocean temperature profiles and suggested
that ~15% of the maximum zonal integrated poleward heat transport is related to TCs. Sriver et
al. (2008) further utilized the satellite-observed sea surface temperature (SST) to calculate the
TC-induced OHU with a temporal peak value of 0.6 PW during the period 1998-2006. Zhang
et al. (2019) replaced the fixed domain size with the cold wake size for each TC in the
calculation and estimated the annual mean TC-induced OHU of 0.48 + 0.1 PW. Nevertheless,
with the deepening of the winter mixed layer, some of the heat will be released into the
atmosphere, and only a portion of the heat will be stored in the permanent thermocline. After

accounting for the seasonal evolution of the mixed layer, Jansen et al. (2010) found that only
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~0.14 PW of TC-induced OHU would remain in the permanent thermocline. Furthermore, TCs
could leave footprints on the sea surface height (SSH). Using satellite-observed SSH data, Mei
et al. (2013) calculated the annual mean TC-induced OHU of 0.32 £ 0.15 PW by estimating the
thermal expansion of seawater in TCs’ wakes. Several studies employed Argo floats to quantify
the TC-induced OHU by comparing temperature profiles before and after TC passage, which
found that the estimated TC-induced OHU is comparable to the results based on satellite-
observed SST (e.g., Park et al. 2011; Cheng et al. 2015). A few modelling studies have also
attempted to assess the TC-induced OHU, whereas the results differ by their model
configurations (e.g., Vincent et al. 2013; Li et al. 2016; Li and Sriver 2018). Overall, the
magnitude of the TC-induced OHU estimated by observations and models still remains largely

uncertain.

More recent model studies suggested that the TC-induced OHU is not solely transported
poleward but also could converge to the Equator (e.g., Jansen and Ferrari 2009; Fedorov et al.
2010; Sriver and Huber 2010; Manucharyan et al. 2011; Scoccimarro et al. 2011; Vincent et al.
2013; Bueti et al. 2014; Li and Sriver 2018). The meridional heat transport is sensitive to the
latitudinal distribution of TC-induced mixing. Due to the low level of TC activity in the vicinity
of the equator strip, TCs may increase the equatorward heat transport and therefore decrease
the poleward heat transport (Jansen and Ferrari 2009). The heat transport to the Equator might
have significant effects on tropical climate, especially in the Pacific, where TCs are most active
and the magnitude of TC-induced OHU is the greatest. Over the Northwest Pacific (WP), the
TC-induced subsurface warm anomaly would be advected to the western boundary by the North
Equatorial Current, then transported to the equatorial western Pacific by the Mindanao Current
and further carried by the Equatorial Undercurrent or eastward Kelvin and Yanai waves to the
equatorial eastern Pacific (Bueti et al. 2014; Li and Sriver 2018). With the resurfacing of the
heat elevated by equatorial upwelling, this might have implications for El Nifio-Southern
Oscillation (ENSO; Bueti et al. 2014). In addition, Fedorov et al. (2010) found that the
convergence of TC-induced OHU to the equator caused a permanent positive ENSO phase in
the early Pliocene.

Previous estimates of TC-induced OHU from observations mainly focused on the annual
4
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mean amount. However, how the TC-induced OHU varies with time and space has been unclear.
In addition, a few modelling studies focused on the spatiotemporal variability of TC-induced
OHU, but their findings have not been confirmed by observations (e.g., Vincent et al. 2013;
Bueti et al. 2014; Li and Sriver 2018). Hence, this study examines the spatiotemporal variability
of TC-induced OHU and their potential impacts on the variability of upper ocean heat content
(OHC) using observational data. The rest of this paper is organized as follows. Section 2
introduces the data and the calculation method of TC-induced OHU and OHC. Section 3
presents the sensitivity of OHU to the data and method used. The relationship of the TC-induced
OHU with TC characteristics and the spatial variability of OHU are discussed in section 4.
Section 5 investigates the interannual variability of OHU over the northern hemisphere (NH),
southern hemisphere (SH), and regional basins and its relationship with TC activity. Section 6
explores the potential impacts of TC-induced OHU on OHC, and a summary and discussions

are presented in section 7.

2. Data and methods

a. Data

TC best track data, including 6-hourly TC location and 1-minute averaged maximum
sustained wind speed for the period 1985-2018, are obtained from the International Best Track
Archive for Climate Stewardship (IBTrACS) version 4 (Knapp et al. 2010;
https://www.ncdc.noaa.gov/ibtracs/). TCs with intensities of at least 34 knots (i.e., tropical
storms) are included in the analysis because tropical depressions might have little effect on
OHU at long timescales (Mei et al. 2013). Here TC locations over land are excluded, and TC
translation speed is computed over the 12 h period centered on each TC location. Daily
optimally interpolated SST with 9 km spatial resolution from Remote Sensing Systems
(hereafter: RSS OISST; http://www.remss.com/measurements/sea-surface-temperature/) for
the period from June, 2002 to 2018, which merges microwave satellite observations, is used to
derive TC-induced SST anomaly (SSTA) because it can provide improved estimates under TC
clouds. The National Oceanic and Atmospheric Administration (NOAA) 0.25° Optimum

Interpolation SST version 2.1 (hereafter: NOAA OISST; Reynolds et al. 2007) with a longer
5
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time span from September, 1981 onward, which only includes Advanced Very High Resolution
Radiometer (AVHRR) observations, is also obtained to extend our analysis. Monthly
temperature profiles with a 0.25° horizontal resolution for the period 1985-2018 from the
European Center for Medium Range Weather Forecasts (ECMWF) Operational Ocean
Reanalysis System 5 (ORASS5; Zuo et al. 2019; https://www.ecmwf.int/en/research/climate-
reanalysis/ocean-reanalysis) are used to estimate TC-induced OHU. Monthly oceanic
temperature profiles for the period 1985-2018 from the Simple Ocean Data Assimilation
(SODA) reanalysis version 3.4.2 (Carton et al. 2018; https://www2.atmos.umd.edu/~ocean/)
are also obtained and used to examine the TC-induced OHU based on ORASS5. This dataset has
a spatial resolution of 0.5° x 0.5°. Monthly gridded observational temperature profiles at 1° x
1° resolution from the Institute of Atmospheric Physics (IAP; http://www.ocean.iap.ac.cn) are
used to estimate OHC and to validate the ORAS5-based OHU. This product has an advantage
in sampling error and reproducing the variability on interannual-to-interdecadal timescales
(Cheng et al. 2017, 2019). We use hourly heat fluxes with 0.25° x 0.25° spatial resolution from
European Center for Medium Range Weather Forecasts Reanalysis 5 (ERAS5; Hersbach et al.
2020 https://mww.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5) to remove net heat
flux at the air—sea interface under TCs when calculating TC-induced OHU. The hourly heat
fluxes with a spatial resolution of 0.625° x 0.5° obtained from the Modern-Era Retrospective
Analysis for Research and Applications, version 2 (MERRAZ2; Gelaro et al. 2017,
https://disc.gsfc.nasa.gov/datasets?project=MERRA-2) are used for comparison with the OHU
estimated using ERA5. Monthly time series of Nifio 3.4 index is obtained from

https://psl.noaa.gov/gcos_wgsp/Timeseries/.

b. Calculation of TC-induced OHU

Before calculating TC-induced OHU, we primarily construct a domain centered on each 6-
hourly TC location with a size of 200 km along the TC track and 2600 km across the track. We
then build a 10 km x 10 km grid within the domain and linearly interpolate related data onto
the grid. The choice of the cross-section width might influence the estimated amount of TC-

induced OHU, which will be discussed in section 3d.
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Fig. 1. Schematic diagram of temperature profiles before and after the passage of a TC. The
dashed line shows the temperature profile with a mixed layer depth of h in the pre-TC state, and
the solid line denotes the temperature profile with a mixed layer depth of ha in the post-TC
state. /7is the temperature gradient beneath the mixed layer depth. The TC induced surface
cooling is AT, and the heat loss during the period of TC passage is Qioss. The blue and red
patches indicate the cooling and warming, respectively.

In order to estimate the net heat uptake, we assume that the surface cold anomaly is
completely restored to pre-TC condition and the subsurface heat uptake is equal to the heat
absorbed by the recovery of the surface cold anomaly (Jansen et al. 2010; Fig. 1). Compared to
previous estimation methods (e.g., Sriver et al. 2008; Jansen et al. 2010), we further remove the
heat loss at the air-sea interface during TC passage from the heat uptake. Then, we can obtain
the following equation according to the heat balance,

F 2 QOSS
_AThaft - 7 (haft - h) = pl—(:p (1)
where AT is the TC-induced SSTA, h and hast are the mixed layer depths in pre- and post-TC

states, 7”is the temperature gradient beneath the mixed layer, Qioss is the surface heat loss during
7
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the period of TC passage, p is the seawater density, and C, is the specific heat of seawater. Here
AT is defined as the difference between the SST 1 day after the TC passage and the average
SST for 3 to 10 days before the TC passage. The choice of the SST 1 day after the TC passage
is because the SSTA generally peaks at 1 day after the TC passage (Mei and Pasquero 2013).
Before computing AT, the trend and seasonal cycle have been removed from the satellite-
observed SST data. The /”is derived as a linear fit of the monthly temperature profile from the
base of the mixed layer to 50 m below it, and the mixed layer depth is defined as the depth
where the temperature decreases 0.2°C compared to the reference depth of 10 m. Although the
thickness of seasonal thermocline varies temporally and spatially and is not always 50 m, we
chose a fixed depth of 50 m to simplify our calculation. Using different depths (30, 40, 60, and
70 m) to estimate the time series of annually accumulated TC-induced OHU, has minor
influence on our results (Figures not shown). The Qioss is the integrated net heat flux from 3
days before TC passage to 1 day after TC passage, which basically covers the signals during
TC passage. The pand C, are assigned constant values of 1.02x10%kg m=and 3.9x10%J (kg °C)-
! respectively (Sriver and Huber 2007).

By solving Eq. (1), the depth of the mixed layer after TC passage hart can be obtained, and
the solution whose value is greater than h is chosen. We then estimate the OHU for each TC
location as follows,

w=1300km 1=100km
OHU= [ [ pC,A(w,1)dldw
w=-1300km |=—100km
[F(haﬁ—h)+ATT
2r

(2
A(w, )=

where A is the area of the warming region indicated by the red patch in Fig.1, and w and | are

the cross-track width and along-track length, respectively. If Eq. (1) has no real solution, the
A(W,I) of this grid is set to zero. The OHU for each TC location is next averaged over 200
km in the along-track direction and lastly multiplied by half of the distance passed by the TC

in 12 h centered on this location. The OHU induced by one TC is calculated by accumulating

the heat uptake at each TC location along the TC track, and the annually accumulated OHU is
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defined as the sum over the OHU for all TCs that occurred in that year. The annually
accumulated OHU is commonly converted to the OHU rate through dividing it by a time period
of one year (e.g., Jansen et al. 2010; Mei et al. 2013). To solve the problem of overestimation
of OHU due to multiple TCs occurring at close distance and time (i.e., the double-counting
problem), we only count one TC location with the higher OHU if the distance between two TC
locations that belong to two different TC tracks is shorter than 200 km and the difference
between the occurring times of the two locations is less than 5 months (Mei et al. 2013). Using
different distances (400, 600, 800, and 1000 km) in the double-counting problem may change
the magnitude of annually accumulated OHU, but the temporal evolution of OHU is similar. In
order to eliminate the effect of background SST variability on the estimate of OHU, we calculate
the background bias by shifting TC tracks one year backward relative to the other datasets. The
multi-year average background bias is then obtained by averaging the background bias over all
the analyzed years. Finally, the multi-year average background bias is removed from the time

series of TC-induced OHU. A more detailed description is presented in section 3d.

c. Calculation of OHC

The monthly OHC in this study is integrated from 700 m depth to the surface,

OHC = T pC,T(z)dz (3

—700m

where T is the temperature, and z is the depth.

3. Sensitivity of OHU to the used data and methods

Under the assumption of Eq. (1), the estimation of TC-induced OHU is jointly affected by
satellite-observed SST, air-sea heat fluxes, and subsurface temperature profiles. To clarify
whether our estimation is sensitive to the datasets in use, we repeat our estimation by using
different datasets listed in section 2a. In addition to the data, the magnitude of the estimated
OHU may also be affected by the choice of the cross-section width. Therefore, we analyze the
sensitivity of estimation of TC-induced OHU to the used data and method by conducting a

series of tests in this section.
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Fig. 2. (@) Time series of TC-induced OHU derived from NOAA OISST (red lines) and RSS
OISST (blue line) datasets. The solid and dashed red lines show the adjusted and original OHU
estimated from NOAA OISST. The corresponding multi-year average background biases are
removed from the time series. (b) Scatterplot between OHU estimated from NOAA OISST and
OHU estimated from RSS OISST for the period 2003-2018. Linear fit is denoted as the red line
with a 95% confidence interval indicated by shading.

a. Sensitivity of OHU to SST data

Two SST datasets are used to test the sensitivity of the TC-induced OHU estimate in the
study. The RSS OISST data combine observations of microwave radiometers, which can lower
the uncertainty of measured SST under clouds because of their capability of cloud penetration
(Wentz et al. 2000), and RSS OISST data are widely used for TC-related studies (e.g., Fan et
al. 2020; Balaguru et al. 2020). We also use the NOAA OISST data, which only include infrared
radiometer observations, to get a longer time series of TC-induced OHU. The estimated results
are displayed in Fig. 2a. Compared with the OHU estimated from RSS OISST, the NOAA
OISST underestimates the OHU as a result of the underestimation of cold wake (Fig. 2a), and
there are negative OHU values in some years after removing the multi-year average background
biases from the time series. Therefore, we have to correct the OHU time series calculated by
NOAA OISST. We find that the OHUs estimated from the two datasets are strongly correlated
at 0.94 during 2003-2018 (Fig. 2b). Hence, we could adjust the NOAA OISST estimated OHU
by using the linear regression model derived from OHUs estimated from the two datasets during
the overlapping period 2003-2018. The adjusted OHU shows the climatology of OHU with a
magnitude of ~0.27 PW (~0.22 PW for RSS OISST) which is smaller than previous studies

10
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(e.g., Sriver et al. 2008; Jansen et al. 2010), partly due to the elimination of net heat flux during
the TC passage and accounting for the double-counting problem in our analysis, but our
estimate still falls within the same uncertainty range as those of previous studies. Although the
magnitudes of OHUs estimated by the two SST datasets differ slightly, they show a strong

correlation and similar temporal variability over the period 2003-2018.
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Fig. 3. Time series of TC-induced OHU derived from NOAA OISST (red) and RSS OISST
(blue) datasets. The solid and dashed lines indicate that the used heat fluxes are from ERA5 and
MERRAZ2, respectively. The NOAA OISST estimated OHUs are adjusted by using the linear
regression model derived from OHUs estimated from the two SST datasets during their
overlapping period 2003-2018, and the corresponding multi-year average background biases
are removed from the time series.

b. Sensitivity of OHU to heat flux data

The estimate of the TC-induced OHU depends strongly on the magnitude of the cold wake,
which is primarily controlled by TC-induced vertical mixing and surface air-sea heat exchange.
Vertical mixing is the main contributor to entraining cold water from the thermocline into the
mixed layer (e.g., Price 1981; Price et al. 1994; D’Asaro et al. 2007), namely, redistributing
heat vertically. The surface heat exchange from ocean to atmosphere generally plays a
secondary role in surface cooling. This heat exchange can alter the magnitude of the cold wake
but does not directly contribute to the downward heat transport. More importantly, the surface
air-sea heat exchange could potentially contribute to more than half of the cold wake magnitude

for weak TCs or away from the TC tracks (Vincent et al. 2012b). Hence, the heat exchange

11
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should be eliminated when estimating OHU.

The TC-induced OHUs estimated using ERA5 and MERRAZ2 are exhibited in Fig. 3. Figure
3 shows that the two datasets have similar performance in estimating the TC-induced OHU.
The amount of OHU estimated by MERRAZ is slightly larger than that estimated by ERA5, but
this difference is within the range of uncertainty. Moreover, the interannual-to-interdecadal

variability of OHU is not sensitive to the heat flux dataset used.

c. Sensitivity of OHU to temperature profile data

The monthly temperature profiles from ORASS are used to estimate the mixed layer depth
and vertical temperature gradient beneath the mixed layer in the analysis. The dataset
assimilates different types of quality-controlled in situ observations and updates the bias
correction scheme and quality control method (Zuo et al. 2019). The SODA 3.4.2 oceanic
reanalysis and observational temperature data from IAP are used to validate the robustness of
the results from ORASS. The vertical temperature gradient beneath the mixed layer is derived
from the linear fit of the temperature profile under the mixed layer. Jansen et al. (2010) found
that the results based on the linear fit are close to those estimated by using the quadratic fit.
Figure 4 illustrates the temporal evolution of OHUs estimated by using temperature profiles
from the three datasets as well as the monthly climatology of ORAS5. The OHUs closely
resemble each other in the year-to-year variation, despite slight differences (~10%) in
magnitude. Our results suggest that the annually accumulated OHU is not sensitive to the
temperature profiles (Fig. 4). Although the temperature gradient could be different before and
after TC passage (Wada et al. 2014), we further verified the robustness of our results using the
5-day output of SODA3.7.2 and found that the change in temperature gradient does not

substantially influence the annually accumulated OHU (Figures not shown).
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Fig. 4. Time series of TC-induced OHU estimated by using different temperature profile
datasets. The thick lines with circles are the OHUs based on ORASS5, the thin dashed lines with
squares denote the OHUs based on SODA3.4.2, the thin dashed lines with diamonds show the
OHUs based on IAP, and the thin dashed lines with triangles indicate the OHUs based on the
monthly climatology of ORASS5. The NOAA OISST estimated OHUs are adjusted by using the
linear regression model derived from OHUs estimated from the two SST datasets during their
overlapping period 2003-2018, and the corresponding multi-year average background biases
are removed from the time series.
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Fig. 5. (a) Climatology of TC-induced OHU varies with the cross-section width. The solid
red and blue lines indicate that the OHUs are derived from NOAA OISST and RSS OISST,
respectively. The dashed red and blue lines are the multi-year background biases estimated by
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using TC best tracks shifted one year backward relative to NOAA OISST and RSS OISST,
respectively. (b) Climatology of TC-induced OHU varies with the cross-section width after
removing the background biases. The red and blue lines denote that the used SST data are
NOAA OISST and RSS OISST, respectively.

d. Sensitivity of OHU to cross-section width

Previous composite analysis has shown that the cold wake size can reach more than 500 km
away from the TC track (Mei and Pasquero 2013). Actually, the size of a cold wake is dependent
on the characteristics of individual TCs, such as intensity, translation speed, and storm size (Mei
and Pasquero 2013; Zhang et al. 2019). The choice of the cold wake size can directly affect the
estimation of OHU. Hence, a question arises as to what width of the cross-section is the most
appropriate choice to cover the entire cold wake signal. There are several methods documented
in the literature. Sriver and Huber (2008) integrated the OHU over a fixed size of 6° x 6° around
each TC location. This might underestimate the OHU for those TCs with wider cold wakes.
Jansen et al. (2010) utilized a broader width of 15° to remove the bias due to background SST
variability by means of shifting TC tracks one or two years relative to SST data. Zhang et al.
(2019) recently determined the size of a cold wake by applying two objective methods. In our
analysis, we estimate the climatological OHU for various cross-section widths. Figure 5a shows
that the climatological OHU initially increases nonlinearly with the cross-section width and
then exhibits a nearly linear increase. The shape of the nonlinear increase results from the
exponential decay of the cold wake away from its maximum (Price et al. 2008; Dare and
McBride 2011). We further estimate the background bias due to background SST variability by
shifting TC tracks one year backward relative to the other datasets. For instance, we use the TC
tracks data in 1985 combined with SST, heat fluxes, and subsurface temperature data in 1986
to estimate the background bias for 1985. Figure 5a shows that the multi-year average
background bias varies linearly with the cross-section width, and the slope is essentially the
same as the slope of the linear increase part of the climatological OHU growth curve. This
indicates that as the cross-section width increases, an increasing fraction of the estimated OHU
is caused by the background SST variability. We then average the background bias over all the
analyzed years and remove this multi-year average background bias from the climatology of

TC-induced OHU. Figure 5b illustrates that after removing the multi-year average background
14
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bias, the OHU tends to flatten out when the width exceeds 2600 km. We thus conclude that
2600 km is an appropriate width for the cross-section. In addition, although different cross-
section widths would affect the magnitude of OHU, they have less impact on the interannual

variability of TC-induced OHU.

4. Climatology of TC-induced OHU

It has been widely reported that the magnitude of the TC-induced SST cooling is related to
the intensity and translation speed of TCs (e.g., Price 1981; Vincent et al. 2012a,b; Mei and
Pasquero 2013). Because a large part of the cooling results from the entrainment of cold
thermocline water into the mixed layer, the TC-induced OHU may also be related to the TC
characteristics. The TC characteristics vary with region and time, so the TC-induced OHU may
differ spatially and temporally. In this section, we explore the dependence of the TC-induced
OHU on the TC intensity and translation speed and the spatial variability of the OHU. Due to
the low uncertainty of the SST cooling observed by the RSS OISST, our analysis of this section

is based on the results derived from the RSS OISST.
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Fig. 6. Distribution of TC-induced OHU and area-mean TC-induced SSTA by TC intensity.
Shadings are the standard errors calculated by dividing standard deviation by the square root of
sample size. The OHU and SSTA are derived from RSS OISST for the period 2003-2018.

a. Dependence on TC intensity and TC translation speed

Figure 6 shows the relationships between TC-induced OHU, SSTA and intensity. The OHU
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increases rapidly with intensity when TCs are in the stage of tropical storms (TSs) and then
continues to slowly oscillate upward. The relationship between SSTA and intensity is nearly
linear from TSs to category 3 TCs, whereas SSTA does not change significantly with intensity
for category 4-5 TCs. We also use various cross-section widths to repeat the calculation to avoid
an artificial relationship between OHU and TC intensity, and similar results can be obtained
(Fig. S1). The OHU generally increases with the strengthening of the TC intensity, which is
consistent with the results of Mei et al. (2013) derived from sea surface height. The stronger
TCs tend to induce more intense mixing at the base of the mixed layer, and more heat is

transferred downward.
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Fig. 7. Distribution of (a) TC-induced OHU, (b) area-mean TC-induced SSTA, (c) TC-
induced OHU per unit length of the TC track, and (d) half of the distance passed by the TC in
12 h centered on this location by translation speed of different TC categories. Shadings are the
standard errors calculated by dividing standard deviation by the square root of sample size. The
OHU and SSTA are derived from RSS OISST for the period 2003-2018.

As is well known, the TC-induced SSTA depends on the TC translation speed (Mei and
Pasquero 2013). The same is true for the TC-induced OHU (Fig. 7). On average, a TC with

faster a translation speed goes along with a higher OHU (Fig. 7a), and the result still holds for
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different cross-section widths (Fig. S2). The relation between OHU and translation speed is the
same as the relation between SSTA and translation speed (Fig. 7b). Theoretically, a stronger
SSTA comes with a larger OHU. In other words, the relation between OHU and translation
speed should be the opposite of the relation between SSTA and translation speed. Figure 7c
shows that the relation between the two is indeed the opposite, but instead of OHU it is the
OHU per unit length of TC track. The reason for this relation between OHU per unit length of
TC track and translation speed is that slow-moving TCs stay longer at a location over the ocean,
and thus the upper ocean experiences intense wind-forced mixing for a longer time. As a result,
it produces strong cooling at the sea surface and transfers more heat into the subsurface.
However, the positive relation between OHU and translation speed primarily arises from the
fact that TCs with faster translation speeds can travel longer distances over the ocean (Fig. 7d)

and therefore can induce more OHU in the same amount of time.
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Fig. 8. (a) Annually accumulated TC-induced OHU in each 2° x 2° box. The map is
smoothed over a 6° x 6° sliding window. (b) Zonally averaged TSs, category 1-2 TCs (Cat.1-
2), category 3-5 TCs (Cat.3-5), and all TCs induced OHU. (c, d) As in (a, b), but for the area-
mean TC-induced SSTA. The OHU and SSTA are derived from RSS OISST for the period
2003-2018.
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b. Spatial distribution of TC-induced OHU

Figure 8 presents the spatial distribution of the annually accumulated TC-induced OHU and
SSTAin each 2° x 2° grid, and the spatial map is smoothed over a 6° x 6° sliding window. The
OHU shows a significant inter-basin difference. The WP shows the strongest OHU, peaking at
the east of the Philippines. A large OHU center can also be seen in the Northeast Pacific (EP).
The OHUs of the North Atlantic (NA) and southern hemisphere (SH) exhibit a polycentric
distribution. The inter-basin discrepancy of the TC-induced OHU is substantially related to the
geographical distribution of TC frequency (see Fig.3 in Knapp et al. 2010). Therefore, the
zonally averaged OHU peaks at ~15°, where most TCs pass over (Fig. 8b). The spatial pattern
of the SSTA resembles that of OHU (Fig. 8c and 8d). To test the robustness of the results, we
repeated our estimation by utilizing different cross-section widths, and similar patterns can be
found except for the magnitude (Fig. S3). As the cross-section width increases, the background
bias due to the background SST variability also increases, which leads to an increase in the

magnitude of OHU.

We further quantify the contributions of TCs with different categories to the zonally
averaged OHU (Fig. 8b and S4). Of interest is that category 3-5 TCs produce ~51% of the total
annually accumulated TC-induced OHU, while tropical storms (TSs) and category 1-2 TCs
only account for ~22% and ~27% of the total OHU, respectively. The frequency of category 3-
5 TCs is only ~30% of the global annual number of TCs, and therefore it confirms that the
average OHU induced by strong TCs is larger than that induced by weak TCs. Our results
suggest an important role for strong TCs in the TC-induced OHU.

5. Temporal variability of TC-induced OHU

The above analyses showed that the TC-induced OHU varies spatially and with TC
characteristics. Owing to the temporal variability of the TC activity, the TC-induced OHU
would change with time as well. The RSS OISST can observe the SST responses under TCs
because it merges microwave SSTs, and thus its decade-long record provides an opportunity to
estimate the temporal variability of the TC-induced OHU. The longer record of NOAA OISST,

only combining infrared observations, is taken to extend the analysis. In spite of the
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underestimation of the TC-induced OHU by NOAA OISST, the annually accumulated TC-
induced OHUs derived from the two SST datasets are strongly correlated during the period
2003-2018. Hence, we conclude that the NOAA OISST could be utilized to estimate the
variability of the TC-induced OHU for a longer period. In this section, we mainly focus on the
temporal variability of TC-induced OHUs in the NH, SH, and regional basins rather than the

magnitude of OHUs.
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Fig. 9. Time series of (a) TC-induced OHU and (b) PDI for the NH and SH, respectively.
The NOAA OISST estimated OHUs are adjusted by using the linear regression model derived
from OHUs estimated from the two SST datasets during their overlapping period 2003-2018,
and the corresponding multi-year average background biases are removed from the time series.
A year in the NH (SH) is defined as January to December (July to June).

a. TC-induced OHU in the NH and SH

Due to the opposite TC seasons in the NH and SH, we analyze the interannual variability of
TC-induced OHU in the NH and SH separately. A year in the NH (SH) is defined as January to
December (July to June). Figure 9a illustrates the time series of the TC-induced OHU in the
NH and SH derived from NOAA OISST and RSS OISST for the period 1985-2018 and 2003-
2018, respectively. The OHU in both the NH and SH display marked interannual variability.

19

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-22-0595.1.

Brought to you by NOAA AOML Library | Unauthenticated | Downloaded 02/13/23 03:38 PM UTC



The OHU in the NH increases continuously from 1985 to 1997, followed by a sharp decrease
in the late 1990s and a quasi-decadal oscillation during 1999-2018, while the OHU in the SH
varies with a large amplitude before 1999 and then remains at a relatively stable level after 1999.
To understand the influence of TC activity on the interannual variability of the TC-induced
OHU, we calculate the power dissipation index (PDI), which is the collective effect of the TC
intensity, frequency, and duration, to represent the TC activity. Here the PDI is computed as the
sum of the cube of the maximum sustained wind speed during the TC period with an intensity
greater than 34 knots over the ocean (Emanuel 2005; Sriver and Huber 2006). The temporal
evolution of the PDIs shows a similar pattern to the OHUs (Fig. 9a and 9b), and correlations
between the PDIs and the OHUs derived from NOAA OISST and RSS OISST over various
periods are markedly significant except that the OHU in the SH derived from RSS OISST is
not significantly correlated with PDI (Tables 1 and 2). This indicates that TC activity has a

strong impact on OHU variability.

OHUnoaa OHURss

Period 1985-2018 2003-2018 2003-2018
PDI 0.83 0.91 0.87
Nrs -0.05 -0.03 -0.13
Ncat.1-2 0.29 0.11 -0.02
Ncat3-5 0.52 0.72 0.73
Intensity 0.62 0.64 0.65
Duration 0.81 0.85 0.82
Translation speed 0.09 0.05 0.08
Tropical SSTnoaa 0.20 0.34 0.31
Tropical SSTrss — 0.41 0.38
Nifio 3.4 (ASO) 0.51 0.61 0.64

Table 1. Correlations of the NH TC-induced OHU with PDI, annual TC frequencies of
different categories, annual averaged TC intensity, duration, translation speed, detrended
tropical SSTs, and Nifio 3.4 index, respectively. Significant correlations at the 95% level are in
boldface based on the two-tailed Student’s t test. The TC characteristics for the NH are
computed over January-December. The tropical SST for the NH is calculated by first averaging
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over the period January-December and then over a range between 30°S and 30°N. The Nifio
3.4 index for the NH is averaged over August-October (ASO).

OHUnoaA OHURss

Period 1985-2017 2003-2017 2003-2017
PDI 0.63 0.57 0.43
NTs 0.36 -0.37 -0.38
Ncat.1-2 0.69 0.51 0.46
Ncat3-5 0.23 0.36 0.47
Intensity 0.07 0.47 0.46
Duration 0.65 0.57 0.49
Translation speed 0.09 -0.17 -0.32
Tropical SSTnoaa -0.13 -0.25 -0.11
Tropical SSTrss — -0.24 -0.14
Nifio 3.4 (JFM) 0.19 0.03 0.20

Table 2. As in Table 1, but for the SH. The TC characteristics for the SH are computed over
July-June. The tropical SST for the SH is calculated by first averaging over the period July-
June and then over a range between 30°S and 30°N. The Nifio 3.4 index for the SH is averaged
over January-March (JFM).

Since the PDI is closely connected with the TC-induced OHU and the magnitude of OHU
is partly determined by the TC intensity and translation speed, we next attempt to understand
the separate contributions of the TC frequency, intensity, duration, and translation speed to the
variability of the global TC-induced OHU. The temporal evolutions of TC characteristics in the
NH and SH are depicted in Fig. 10. We find that the frequency of category 3-5 TCs has the most
pronounced relation with the OHU in the NH (Table 1), while the OHU in the SH seems to have
a close relation with the frequency of category 1-2 TCs (Table 2). The annual mean TC intensity
and duration show similar interannual variability with the OHU in the NH, and they are both
significantly correlated with the OHU (Table 1). Compared to the NH, the OHU in the SH has
a stronger correlation with duration (Table 2). The TC translation speeds exhibit strong

interannual variability; however, they are not correlated with the TC-induced OHU in the two
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hemispheres (Fig. 10, Table 1 and Table 2). Our results show that the interannual variability of
OHU in the NH and SH is different, and the TC characteristics that lead to these differences are

also different.
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Fig. 10. Temporal evolutions of (a-b) annual frequency of global tropical storms (TS),
category 1-2 TCs (Cat.1-2), and category 3-5 TCs (Cat.3-5), (c-b) annual mean TC intensity,
(e-f) duration, and (g-h) translation speed for the NH and SH, respectively. The left (right)
panels show the TC characteristics in the NH (SH). The annual mean TC intensity, duration,
and translation speed are first averaged for each TC and then for all TC globally per year. The
year in the NH (SH) is defined as January-December (July-June). Shadings in (c-h) indicate the
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standard errors calculated by dividing standard deviation by the square root of sample size.

Earlier studies argued that tropical SST could modulate the PDI (e.g., Emanuel 2005; Sriver
and Huber 2006) and further affect the TC-induced OHU (Sriver and Huber 2007). We next
examine the role of the tropical SST in the temporal variability of the TC-induced OHU. Since
the OHU is estimated separately for the NH and SH, the corresponding tropical SSTs are also
averaged over different months. The tropical SST for the NH (SH) is calculated by first
averaging over the period January-December (July-June) and then over a range between 30°S
and 30°N. Because we mainly pay attention to the interannual variation, the linear trends are
removed from tropical SSTs. There is no statistically significant relationship between tropical
SST and OHU in either hemisphere (Table 1 and Table 2), suggesting that the interannual
variability of OHU is not controlled by tropical SST. Further analysis shows a significant
correlation between the OHU in the NH and Nifio 3.4 index (Table 1), which infers that the
OHU in the NH is sensitive to the equatorial SST rather than the entire tropical SST. The TC-
induced OHU in the NH is dominated by the WP (Fig. 8a), and the variability of TC activity in
the WP is strongly modulated by ENSO. In the ENSO positive phase, the TC lifetime in the WP
tend to be increased (Wang and Chan 2002; Frank and Young 2007), leading to an increase in
the annually accumulated TC-induced OHU in the NH. In contrast, there is no significant

correlation between OHU in the SH and ENSO (Table 2).

b. TC-induced OHU in regional basins

We further investigate the inter-basin differences in the responses of the TC-induced OHU
to TC activity. The time series of the annually accumulated TC-induced OHU derived from
NOAA OISST for the WP, EP, NA, North Indian Ocean (NI), South Indian Ocean (SI), and
Southwest Pacific (SP) are presented in Fig. 11. The latitude and longitude ranges for the six
basins are the same as those in IBTrACS data (Knapp et al. 2010). The negative OHU values
in Fig. 11 arise from removing the corresponding multi-year average background biases from
the time series. This is to make the sum of the climatological OHUs of different basins
consistent with the climatological OHU under global perspective. Figure 11 shows that the
interannual variations of TC-induced OHUSs in the six basins are quite different. The WP has
the largest TC-induced OHU, which accounts for 41% of the global mean TC-induced OHU.
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The EP, NA, NI, SI, and SP account for 9%, 12%, 3%, 19%, and 16%, respectively. It is

interesting to note that the OHUs in the WP and Sl have significant decreasing trends.
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Fig. 11. Time series of the annually accumulated TC-induced OHU estimated from NOAA
OISST in the (a) Northwest Pacific (WP), (b) Northeast Pacific (EP), (c) North Atlantic (NA),
(d) North Indian Ocean (NI), (e) South Indian Ocean (Sl), and (f) Southwest Pacific (SP).
Dashed lines denote the mean OHUSs, and the specific values are also indicated in each panel.
The NOAA OISST estimated OHUs are adjusted by using the linear regression model derived
from OHUs estimated from the two SST datasets during their overlapping period 2003-2018,
and the corresponding multi-year average background biases are removed from the time series.
Avyear in the WP, EP, NA, and NI (S1 and SP) is defined as January to December (July to June).

As with the findings of TC-induced OHUs in the NH and SH, the TC-induced OHUs in all
basins have strong correlations with their PDIs. OHUs in the EP and SP have significant
correlations with the frequencies of TSs. The frequencies of category 1-2 TCs are correlated
with OHUEs in all basins except the EP, and the frequencies of category 3-5 TCs have strong
connections with the OHUSs in the Pacific and Atlantic basins. The averaged TC intensity is
significantly correlated with the OHU in the WP, EP, and NA, and their duration has an effect

on OHU variability in all six basins (Table 3). Because of the strong modulation of TC activity
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by ENSO, we next understand its relationship with the TC-induced OHU (Table 3). We find
that the interannual variations of the TC-induced OHU over the three Pacific basins are
primarily modulated by ENSO with positive correlations. The TC-induced OHU in the NA is
negatively correlated with ENSO. This is because TC activity is suppressed in the NA during
the positive ENSO phase (Frank and Young 2007), leading to a unique temporal variation of
the TC-induced OHU distinct from the global TC-induced OHU. As for the NI and S, although
plenty of studies have found that the TC activity in the two basins is influenced by ENSO (e.g.,
Ho et al. 2006; Camargo et al. 2007; Kuleshov et al. 2008; Girishkumar and Ravichandran 2012;
Felton et al. 2013; Balaguru et al. 2016; Fan et al. 2019), the variations of TC-induced OHU in

these two basins have weak relationships with ENSO.

WP EP NA NI Sl SP

PDI 0.86 0.85 0.73 0.35 0.64 0.72

Nrs 0.08 0.38 0.23 0.24 0.22 0.47
Ncat.1-2 0.57 0.16 0.61 0.48 0.62 0.70
Ncat3-5 0.55 0.74 0.63 0.31 0.34 0.44
Intensity 0.45 0.43 0.45 0.08 0.13 0.17
Duration 0.74 0.51 0.69 0.42 0.58 0.48
Translation speed  -0.04 0.17 0.03 -0.04 0.13 0.12
Nifio 3.4 0.67 0.50 -0.42 0.02 -0.21 0.37

Table 3. Correlations of TC-induced OHU over regional basins for the period 1985-2018
with regional PDI, annual TC frequencies of different categories, annual mean TC intensity,
duration, translation speed, and Nifio 3.4 index, respectively. Significant correlations at the 95%
level are in boldface based on the two-tailed Student’s t test. The TC characteristics for the WP,
EP, NA, and NI (SI and SP) are computed over January-December (July-June). Nifio 3.4 index
is averaged over August-October (ASO) for the WP, EP, and NA, over October-December
(OND) for the NI, and over January-March (JFM) for the SI and SP.

6. Potential effects on OHC

A large amount of heat could be consistently pumped downward into the subsurface by TCs
annually, which might directly warm the ocean and affect the variability of OHC and even the

climate. Here we attempt to understand the potential effect of TC-induced OHU on the
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variability of OHC. Figure 12 displays the time series of globally integrated OHC within 0-700
m. It can be seen that the OHC increased persistently during 1985-2018 with a trend of 6.03x
102t J yr. However, the annually accumulated global TC-induced OHU in the study is ~0.27
PW (corresponding to 8.51x10?! J), which suggests that the TC-induced ocean warming is
comparable to the observed upper 700 m ocean warming rate (Fig. 12). Figure 12 shows that

the amplitude of the temporal variability of OHCA is on the order of 4x10%2 J, and the maximum

monthly accumulated OHU is up to 4x10%*J, which indicates that the TC-induced OHU has the

ability to account for ~10% of the total OHC variability. Due to the TC-induced inhomogeneous
distribution of OHU and heat advection of ocean circulation, it is possible that the OHU may
account for the OHC variability in some regions higher than the ratio of OHU to the global
OHC variability. Therefore, from the perspective of magnitude, the TC-induced OHU might
contribute to the ocean heat budget and might potentially modulate OHC variability.
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Fig. 12. Time series of monthly global integrated OHC within 0-700 m (solid orange line)
along with its trend (dashed orange line), OHC anomaly (OHCA,; thin red line) along with its
12-month running mean (thick red line), and monthly accumulated TC-induced OHU (thin gray
line) along with its 12-month running mean (thick black line). The seasonal cycle and trend are

removed from the OHCA. The NOAA OISST estimated OHU is adjusted by using the linear
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regression model derived from OHUs estimated from the two SST datasets during their
overlapping period 2003-2018, and the corresponding multi-year average background biases
are removed from the time series. The OHU is calculated from IAP data.

Satellite observations and in situ measurements have revealed the net energy imbalance at
the top-of-atmosphere, resulting in the excess energy remaining in Earth’s system (Loeb et al.
2009, 2012, 2021). The majority of the excess energy is restored in the ocean, increasing the
OHC (Loeb et al. 2012, 2021; Cheng et al. 2017). Observations have found that significant
trends of upper OHC exist in the 0-700 m and 700-2000 m layers during recent decades (Cheng
et al. 2017), and the deep and abyssal oceans also show appreciable warming (Desbruyeres et
al. 2016). Jansen et al. (2010) suggested that about a quarter of the TC-induced OHU will
remain below the permanent thermocline after the deepening of the mixed layer in winter. This
part of the OHU might play a role in the deep OHC variability. Therefore, the transient but
intense ocean vertical mixing caused by TCs may be one of the processes involved in the

downward heat transport into the deep ocean, particularly over the tropical regions.
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Fig. 13. Maps of the correlation coefficients between monthly accumulated TC-induced
OHU in the WP and monthly OHC within 0-700 m with ENSO impact removed. The OHU is
calculated from IAP data. Panels (a)-(i) show the correlation coefficients for OHC lagging TC-
induced OHU by 0-8 months, respectively. Stippled regions indicate that the correlation is
significant at the 95% level.
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Fig. 14. As in Fig.13, but between the monthly accumulated TC-induced OHU in the WP
and the monthly equatorial subsurface temperature averaged over 5°S-5°N with ENSO impact
removed. Black lines denote the climatological isotherms.

Because of the strong seasonality in TC activity, the TC-induced OHU also exhibits strong
seasonal variability (Fig. 12). Therefore, we further estimate the monthly accumulated TC-
induced OHU in the WP, which has the highest OHU among the six basins, and investigate its
possible impact on the OHC in the regional oceans. ENSO, as the strongest climate mode, is
related to recharge and discharge of OHC in the Pacific Ocean (Jin 1997; Santoso et al. 2017)
and has leading and lagging effects on OHC variability (Cheng et al. 2019). Section 5 shows
the TC-induced OHU more or less correlating with ENSO. As a result, the TC-induced OHU
can be regarded as an intermediate process modulating the OHC variability by ENSO, resulting
in the effect of TC-induced OHU on the OHC largely being covered up by ENSO signals. Hence,
it is necessary to remove the effect of ENSO from the OHC before analyzing the relationship
between the TC-induced OHU and the OHC. The seasonal cycle and trend are first removed
from the OHC, and then the leading and lagging effects of ENSO are removed using the method

by Werner et al. (2012):
2
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OHC\oenso () =OHC(t) - > b Nifio3.4(t k) @)
k
where OHC and OHC,.,s, are the original OHC and the OHC without ENSO effects,

respectively, t isthe month in the time series, k =-8,-7,—6...,8 is the lag (negative means

lead) month relative to t, and b, is the regression coefficient on the kth Nifio 3.4 predictor.

The values of k are set from -8 to 8 because we only explore the relationship for OHC lagging
TC-induced OHU by a maximum of 8 months in Fig. 13. After applying this approach, we find
no remaining significant correlations between OHC and Nifio 3.4 within leads and lags of up
to 8 months (Fig. S5), suggesting that the effects of ENSO have been successfully eliminated
from the OHC.

Figure 13 shows the correlations between the TC-induced OHU in the WP and the OHC for
the upper 700 m after removing the effects of ENSO. The significant positive correlations are
distributed along the equatorial eastern Pacific and persist over lag months of 2 to 6 (Fig. 13),
which suggests that the TC-induced OHU in the WP could be partly transported to the equatorial
eastern Pacific in 2-6 months and thus modulate the equatorial OHC variability. To take a closer

look at the effect of WP TCs on the equatorial OHC, we conduct a similar correlation analysis
between the TC-induced OHU in the WP and the subsurface temperature averaged over 5°S-5°

N. Figure 14 shows that significant positive correlations reside within 300 m in the equatorial
eastern Pacific with lags of 2 to 6 months. The significant positive correlations are mainly
located in the thermocline at a lag of 2 months and extend below the thermocline at lags of 3 to
5 months. By the lag of 6 months, significant positive correlations are found closer to the sea
surface (Fig. 14). Bueti et al. (2014) argued that the TC-induced OHU in the WP is transported
to the equatorial eastern Pacific through the pathway of the west Pacific subtropical cell,
Mindanao Current, Equatorial Undercurrent, and equatorial waves, and their modelling results
showed that the TC-induced OHU could reach the equatorial eastern Pacific in 5 months, which

Is consistent with our findings.
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7. Summary and discussions

In this study, we calculate the TC-induced OHU using the satellite-observed SSTs,
subsurface temperature profiles, and air-sea heat fluxes. Compared to previous studies (e.g.,
Sriver et al. 2008; Jansen et al. 2010), our estimate further takes into account the heat loss at
the air-sea interface during TC passage. Based on the estimate, we investigate the spatial and
temporal variability of TC-induced OHU in the NH, SH, and regional oceans. Sensitivity tests
show that the year-to-year variation of the global TC-induced OHU is not sensitive to the choice
of heat fluxes and subsurface temperature profiles datasets. The NOAA OISST, not combining
microwave satellite observations, underestimates the magnitude of TC-induced OHU compared
to RSS OISST. However, the TC-induced OHUs derived from the two datasets display a similar
temporal variation during their overlapping period (2003-2018). The choice of the cross-section
width does not substantially change the temporal variation of TC-induced OHU either.
Although different cross-section widths would largely change the magnitude of TC-induced
OHU, the OHU does not continue to increase when the width exceeds 2600 km after removing
the multi-year average background bias. The annual mean TC-induced OHU calculated using
the cross-section width of 2600 km also falls within the same uncertainty range as previous

studies.

Based on the above results, we use the TC-induced OHU derived from RSS OISST for the
period 2003-2018 to analyze the spatial distribution of TC-induced OHU as well as the
dependence of OHU on TC intensity and TC translation speed. We further take advantage of
the TC-induced OHU estimated from NOAA OISST with a longer period, from 1985 to 2018,
to explore its interannual variability in the NH, SH, and regional oceans. It is found that the
magnitude of TC-induced OHU increases with the TC intensity and translation speed, but the
rate of increase is different. The OHU increases rapidly with TC intensity during the tropical
storm stage and shows an oscillatory increase as TCs get stronger. However, the OHU increases
almost linearly with the TC translation speed. The linear relationship arises from the fact that
TCs with faster translation speeds can travel longer distances over the ocean. The spatial

distribution of TC-induced OHU is extremely inhomogeneous, with the largest magnitude of
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OHU occurring in the WP. This is substantially related to the geographical distribution of TC
frequency, which results in the zonally averaged OHU peaking at ~15°. Of interest is that the
category 3-5 TCs are dominant in the TC-induced OHU, accounting for ~51% of the total
amount of global TC-induced OHU annually. Previous studies have reported that the TC
intensity and ratio of strongest TCs will increase as the climate warms (e.g., Bengtsson et al.
2007; Bender et al. 2010; Bacmeister et al. 2018; Knutson et al. 2020), suggesting a possible
increase in TC-induced OHU under a warming scenario. In addition to the TC characteristics,
upper ocean thermohaline structure also affects the TC-induced SST cooling (Vincent et al.
2012b), and therefore the TC-induced OHU could be influenced by the oceanic subsurface
stratification. Due to the differences in oceanic stratification among basins, the effect of oceanic

subsurface stratification on the TC-induced OHU might differ.

The TC-induced OHUs in the NH, SH, and regional basins have significant interannual
variability, which strongly correlates with their PDIs. We find that the frequency of category 3-
5 TCs, annual mean TC intensity and duration contribute to the OHU variability in the NH,
while the same argument does not hold in the SH. Regarding the TC-induced OHUs in the
regional oceans, the TC characteristics influencing OHU variability vary by basin. Further
correlation analyses show that ENSO is an important climate mode regulating OHU variability.
Because of the modulation of ENSO on TC activity, the annually accumulated TC-induced
OHU is indirectly influenced by ENSO except in the NI and SI. The TC activity in the NA is
below normal during the positive ENSO phase, and thus the TC-induced OHU shows a negative

correlation with ENSO, which is different from the other basins.

The TC-induced OHU is not only regulated by climate but might have a potential feedback
on climate. From a global perspective, the TC-induced OHU has the ability to account for ~10%
of the total OHC variability. However, due to the TC-induced inhomogeneous distribution of
OHU and heat advection of ocean circulation, the response of the OHC to OHU could be more
pronounced in the regional oceans. One of the most remarkable regions is the equatorial eastern
Pacific, where we find significant positive correlations with lags of 2-6 months. It suggests that
the TC-induced OHU in the WP might be transported to the equatorial eastern Pacific in 2-6

months. This behavior may have implications for the feedback of TCs on ENSO. Previous
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studies have found that the westerly wind bursts are able to boost El Nifio, and about 69% of
the westerly wind bursts are related to TCs in the WP (Lian et al. 2014, 2018; Chen et al. 2015).
The WP TCs can intensify EI Nifio primarily because they excite the anomalous westerlies and
Hadley-like circulation, which weaken the Walker circulation at lower levels and they shallow
the thermocline in the tropical western Pacific, while the enhanced equatorial Kelvin waves
deepen the thermocline in the tropical eastern Pacific (Wang et al. 2019). These mechanisms
are achieved through the dynamic effects of TCs on the atmosphere and ocean. However, the
potential impacts of TC-induced OHU on ENSO might provide a possible mechanism imposed
by the thermodynamic effects of TCs. Fedorov et al. (2010) showed that the TC-induced OHU
could lead to the permanent EI Nifio in the early Pliocene. In the present climate, the same

mechanism might still potentially exert its effects.

In this work, we highlight the temporal variability of the TC-induced OHU in the NH, SH,
and regional oceans. However, our estimate is based on the assumption that the surface cold
anomaly is completely removed and the OHU balances with the heat absorbed by the recovery
of the surface cold anomaly after deducting the heat loss at the air-sea interface during the TC
passage. This assumption may not always hold for slow-moving TC locations (translation speed
<3 ms?), as they may cause strong upwelling, leading to an overestimation of the OHU. We
find that the annual mean number of these slow-moving TC locations accounts for ~22% of the
total. However, the average contribution of the slow-moving TC locations to the total OHU is
only ~8% and ~10% as estimated from NOAA OISST and RSS OISST, respectively. Hence,
there is ~10% uncertainty in the OHU caused by slow-moving TC locations. In the real world,
the ocean response to TCs is more complicated. As a result, the magnitude of the TC-induced
OHU in this study should be taken with caution since it is difficult to accurately estimate the
magnitude from observations. Moreover, the OHU magnitude would decrease as the mixed
layer deepens in winter (Jansen et al. 2010). With the deepening of the mixed layer, part of the
TC-induced OHU will be released into the atmosphere, and the heat remaining in the ocean

may be less than our estimate.
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