
1. Introduction
Tropical cyclones (TCs) intensify by extracting heat energy from the ocean surface (K. A. Emanuel,  1986), 
making the sea surface temperature (SST) under storms, and the processes governing its evolution, crucial for 
storm development (Bender & Ginis, 2000; Cione & Uhlhorn, 2003; DeMaria & Kaplan, 1994; Holland, 1997; 
K. A. Emanuel, 1999). In the open ocean, changes in SST under TCs mainly result from a balance between the 
momentum flux of the storm and turbulent mixing in the upper ocean, while surface heat fluxes play a more 
important role in shallow coastal areas (Morey et al., 2006; Shen & Ginis, 2003). Strong TC winds cause signifi-
cant mixing, which entrains cooler deeper water into the surface mixed layer (D’Asaro et al., 2007; Price, 1981), 
a process that lowers SST and acts as a negative feedback on the storm's intensity (Bender & Ginis, 2000; Cione 
& Uhlhorn, 2003; K. Emanuel et al., 2004; K. A. Emanuel, 1999; Schade & Emanuel, 1999). Since mixing is 
strongly dependent on the vertical density structure, upper-ocean stratification and processes that affect it play an 
important role in the SST response to TCs (Price, 1981).

Past work on the impacts of ocean stratification on TC-induced SST cooling has predominantly considered 
prestorm stratification (Balaguru et  al.,  2015; Korty et  al.,  2008; I.-I. Lin et  al.,  2013; Price,  2009; Vincent 
et  al.,  2012; Vincent et  al.,  2014). For instance, weak vertical temperature gradients in regions with a deep 
thermocline favor the intensification of TCs through reduced SST cooling and enhanced heat flux at the ocean 
surface (I. Lin et al., 2005; Mainelli et al., 2008; Shay et al., 2000). Similarly, fresh water outflow from major 

Abstract Tropical cyclones (TCs) are often accompanied by strong winds and torrential rains. While the 
winds associated with TCs tend to enhance mixing in the upper ocean, the freshwater input from rain can 
stratify the water column and limit mixing. However, the extent to which the stabilizing effect of rainfall can 
compete with wind-induced mixing and to what degree it modulates TC-induced sea surface cooling remain 
unknown. Here we show, using a suite of observations, that heavy rains under weak TCs can significantly 
reduce the magnitude of cold wakes induced by them. When compared to storms with low rain rates, the ocean 
surface under TCs with high rain rates freshens significantly and cools less. High-resolution climate model 
simulations and idealized experiments with an ocean mixed layer model support these results and reveal that 
oceanic mixing processes are primarily responsible for reduced cooling under TCs, with a lesser role for surface 
fluxes.

Plain Language Summary Strong winds of tropical cyclones (TCs) induce substantial mixing in 
the upper ocean, a process that entrains colder deeper water into the mixed layer resulting in cooling of the 
sea surface temperature (SST). Hence, ocean density stratification plays a crucial role in the SST response to 
TCs and consequently, in their intensification. While most previous studies considered the role of prestorm 
stratification near the ocean surface on TC-induced SST cooling, the role of rainfall from TCs in the SST 
response to storms has mostly remained unexplored. In this study, using a variety of observations, we show that 
the SST cooling is reduced significantly for weak TCs with large rain rates. Under high rain rates, the upper 
ocean freshens considerably and the salinity stratification is enhanced. Consequently, vertical mixing and the 
entrainment of subsurface water is reduced, and the SST cooling decreases. Similar results are obtained using 
high-resolution simulations based on the Energy Exascale Earth System Model. Finally, a set of idealized 
numerical sensitivity experiments with the Price-Weller-Pinkel ocean mixed layer model confirm the role of 
vertical ocean mixing in the rainfall effect on TC-induced SST change. These results have potential implications 
for improving our understanding of TC-ocean interactions.
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river systems tends to strengthen storms through a reduction in oceanic mixing and sea surface cooling (Balaguru 
et al., 2012; Balaguru, Foltz, et al., 2020; Grodsky et al., 2012; Hlywiak & Nolan, 2019; Reul et al., 2014; Rudzin 
et al., 2019, 2018). However, the influence of TC precipitation on TC wind-induced SST cooling, through coin-
cidental changes in salinity stratification, remains largely unknown. Using an analysis of observations, Jourdain 
et al. (2013) suggested that TC rainfall reduces TC-induced SST cooling by a small but nonnegligible amount 
on average. However, their analysis is based on a simple analytical model of the upper-ocean SST response to 
TCs. Subsequently, modeling efforts using case studies of individual TCs found appreciable reduction in TC 
cold wakes due to TC rainfall (Liu et al., 2020; Steffen & Bourassa, 2020). Here, we address this question using 
a suite of observations, high-resolution climate model simulations, and numerical experiments with an ocean 
mixed layer model.

2. Data, Models, and Methods
2.1. Data and Coupled Climate Model

TC track data are obtained from the International Best Track Archive for Climate Stewardship (Knapp et al., 2010) 
at https://www.ncdc.noaa.gov/ibtracs/. Daily precipitation from the Global Precipitation Climatology Project 
(GPCP) version 1.3 (Huffman et al., 2001) at a horizontal resolution of 1°, obtained from https://www.ncei.noaa.
gov/products/climate-data-records/precipitation-gpcp-daily, is used to estimate precipitation along TC tracks. 
NOAA daily optimum interpolation (OI) SST data version 2.1 (Reynolds et  al., 2007) at a horizontal spatial 
resolution of 0.25°, obtained from https://www.ncdc.noaa.gov/oisst, are used to estimate prestorm SSTs and 
SST change under TCs. The NOAA OI SST product assimilates in situ measurements along with data from the 
Advanced Very High Resolution Radiometer infrared sensor. 5-day mean vertical profiles of ocean temperature 
and salinity from the Simple Ocean Data Assimilation version 3.3.1 (SODA3) (Carton et al., 2018), an eddy-per-
mitting ocean reanalysis obtained from https://www.soda.umd.edu/, are used to estimate prestorm mixed layer 
depth (MLD), upper-ocean temperature stratification, sea surface salinity (SSS), and the change in SSS induced 
by TCs. These data are available at a spatial resolution of 0.5°. All data are obtained for the 12-year period, 
2004–2015. We use data beginning in 2004 since estimates of the upper-ocean state are more reliable with near-
global coverage of Argo floats (Roemmich et al., 2009). The length of the analysis period is constrained by the 
availability of SODA3.

In addition to the AVHRR-based NOAA OI SST data, we also obtain daily maps of SST at 0.25° spatial resolu-
tion from the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) (Gentemann et al., 2004). 
These data are available for download from https://www.remss.com/missions/tmi/. Unlike infrared sensors, 
microwave sensors can see better through clouds and may provide improved estimates of TC-induced SST cool-
ing (Wentz et al., 2000). TMI SST data are obtained for the period from 2004 to 2014, since the TMI sensor 
became inoperable in 2015. Similarly, 3-hourly precipitation from the TRMM Multisatellite Precipitation Anal-
ysis version 7 at a horizontal spatial resolution of 0.25° is obtained from https://disc.gsfc.nasa.gov/datasets/
TRMM_3B42_7/summary for the period 2004–2014. These data are used to understand the sensitivity of our 
main results to various data sources.

To support our results based on observations, we use 20 years of simulations based on the high-resolution config-
uration of the Energy Exascale Earth System Model (E3SM) version 1 (Caldwell et al., 2019). The atmospheric 
component of the model has a spatial resolution of about 25 km with 72 vertical levels. The ocean component, 
which has 80 vertical levels, has an eddy-resolving grid spacing that varies from 18 km in the tropics to about 6 km 
near the poles. The simulation is forced by time-invariant 1950s forcing following the High Resolution Model 
Intercomparison Project (Haarsma et al., 2016) protocol. TC tracks in the model simulations are generated using 
Tempest Extremes, a scale-aware feature tracking algorithm (Ullrich & Zarzycki, 2017). The model produces a 
reasonable distribution of TCs and simulates TC-ocean interactions realistically (Balaguru, Leung, et al., 2020). 
For further details regarding the model and its simulation of TCs, see Caldwell et al. (2019) and Balaguru, Leung, 
et al. (2020), respectively. For more information about the implementation of Tempest Extremes in E3SM, see 
Balaguru, Leung, et al. (2020).

https://www.ncdc.noaa.gov/ibtracs/
https://www.ncei.noaa.gov/products/climate-data-records/precipitation-gpcp-daily
https://www.ncei.noaa.gov/products/climate-data-records/precipitation-gpcp-daily
https://www.ncdc.noaa.gov/oisst
https://www.soda.umd.edu/
https://www.remss.com/missions/tmi/
https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_7/summary
https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_7/summary
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2.2. Methods

Climatological maps of TC rainfall, and TC-induced SSS and SST changes, are used to broadly understand the 
relationship between rainfall and the upper-ocean response to TCs. We first follow TC tracks and compute the 
various parameters. Next, for each parameter, we generate the accumulated value over the entire analysis period 
(2004–2015) at each grid point. Finally, division by the total number of years (12) gives the climatological 
response, which is the average value per TC-season for the parameter.

We perform a Lagrangian composite analysis to estimate the impact of TC rainfall on TC-induced SST cool-
ing. First, following TC tracks, we estimate the TC initial intensity, translation speed, rain rate, prestorm SST, 
prestorm SSS, prestorm temperature stratification, prestorm MLD (computed based on a density threshold of 
0.05 kg m −3), SST change, and SSS change. Using SODA3 5-day mean data, prestorm temperature stratification 
(TSTRAT, defined as the temperature difference over the upper 100 m), MLD, and SSS are estimated as the 
values averaged over the 5-day period preceding the storm's arrival. Similarly using SODA3 data, SSS change 
is estimated as the difference in SSS averaged over the 5-day period following the TC's arrival and the prestorm 
SSS. Using daily NOAA OI SST data, SST change is estimated as the difference between SST on the day of the 
storm and SST 2 days before the storm's arrival. For daily GPCP rainfall, we use data from the calendar day of 
each TC's location, while for TRMM, we use the 3-hr data that is closest to the hour of the TC's passage.

To determine the role of TC rainfall on TC-induced SST cooling, first we divide the data into two sets: (a) one 
for which the rain rates exceed the 90th percentile of the TC rain rate distribution and termed the “wet” case, and 
(b) one for which the rain rates are below the 10th percentile of the TC rain rate distribution and termed the “dry” 
case. Next, we subsample data to ensure that the distributions of storm state and prestorm ocean initial conditions 
are statistically similar for the two sets to remove the impacts of confounding factors. We then examine mean 
differences in SST change and SSS change between the two sets of data, which are attributed to TC rainfall. 
Considering that the average TC radius of maximum winds is about 50 km (Hsu & Yan, 1998), all parameters are 
averaged over a 2° × 2° box centered on the storm to account for variability in the areal extent of SST cooling and 
the asymmetry in their spatial distribution (Balaguru et al., 2015). Also, this accounts for resolution differences 
among the various observational data sets used in our study. Note that the area-averages of sea surface cooling are 
likely to be dominated by values at the radius of maximum winds, where the signal tends to be strongest.

A similar analysis is conducted using E3SM, except that all ocean parameters are based on daily model output. 
In addition to the parameters mentioned for the observational analysis, we compute air-sea fluxes at the ocean 
surface in E3SM to more clearly understand the role of surface fluxes in the modulation of the SST response to 
TC rainfall. We also use ocean MLDs (computed based on a density threshold of 0.03 kg m −3) near the cores of 
storms, where maximum mixing tends to occur, to explore the influence of TC rainfall on oceanic mixing. While 
we use the 90th and 10th percentile of rain rates as thresholds for the “wet” and “dry” cases in the observational 
analysis, we use values close to the 75th and 25th percentile as thresholds, respectively, for the E3SM-based anal-
ysis. This is the maximum possible gap in rain rates between the “wet” and “dry” cases that ensures a statistically 
similar distribution of storm state and prestorm ocean conditions in the simulation. Probability distribution func-
tions (PDFs) of MLD change induced by TCs are estimated using the Monte Carlo technique of repeated random 
sampling. For each parameter, we randomly select half of the values and produce a distribution. We then repeat 
this process a hundred times. For each range of values, the mean and standard deviation across the distributions 
gives the corresponding bar height and error, respectively.

2.3. Ocean Model Experiments

To further explore the role of oceanic mixing in the rain-induced modulation of the SST response to TCs, we 
performed idealized numerical experiments using the Price-Weller-Pinkel (PWP) one-dimensional ocean mixed 
layer model (Price et al., 1986). The model was initialized with constant salinity of 34.5 psu and a tempera-
ture profile that is consistent with the average initial MLD (25 m) and temperature stratification (0.08°C m −1) 
obtained from the observational analysis. We subject the ocean profiles to idealized TC winds assuming that the 
surface wind field is axisymmetric with the wind speed, a function of the storm's intensity (based on the mean 
observed maximum wind speed of 40 kt), radius of maximum winds (assumed to be 50 km), and distance from 
the storm's center (DeMaria, 1987). In our case, the perpendicular distance from the storm center is zero (i.e., 
a transect through the center of the TC), which results in a single wind profile in which the wind magnitude 
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is simply a function of time. The time duration for which the wind forcing is applied is based on the average 
observed TC translation speed of 5.8 m s −1. All components of the surface heat flux are set to zero throughout 
the model runs. For further details regarding the choice of various parameters and the experimental design, see 
Balaguru et al. (2015). We perform two sets of simulations: a “Rain” simulation in which the TC forcing includes 
a maximum storm rainfall rate of 15 mm hr −1, corresponding to the average maximum rain rate based on obser-
vations and a “No rain” simulation in which the TC forcing does not include rainfall. For the “Rain” simulation, 
the maximum rainfall rate occurs at the radius of maximum wind and decreases radially as a function of wind 
speed, giving 24-hr accumulated rainfall of 220 mm, centered on the storm. The difference between the “Rain” 
and “No rain” simulations represents the effect of TC-induced rainfall on oceanic mixing and consequently, SST 
for TCs that produce heavy rain.

3. Results
We begin by examining the climatological global distributions of TC rainfall and the upper-ocean salinity and 
temperature responses to TCs (Figure 1). The distribution of rainfall due to TCs, based on GPCP daily rainfall 
data, shows that TCs produce significant rain over the global tropical and subtropical oceans (Figure 1a). Highest 
values are found in the northwest Pacific, east Pacific, and to some extent in the southwest Indian Ocean, collo-
cated with the areas of highest TC track density (Bell et al., 2013) and warm SSTs that promote convection and 
TC rainfall (Y. Lin et al., 2015). These results are consistent with past estimates (W. Zhang et al., 2021). The 
SODA3 ocean reanalysis-based SSS response to TCs (Figure 1b), generated from the Lagrangian analysis, is in 
general agreement with the TC rainfall climatology. Broadly, surface salinification tends to occur in regions with 
less TC rainfall and strong vertical salinity gradients (Figure S1 in Supporting Information S1), such as in areas 
dominated by plumes of large river systems. These regions include the Bay of Bengal in the northern Indian 
Ocean, the South China Sea, and the tropical North Atlantic Ocean (Balaguru et al., 2012; Grodsky et al., 2012; 
Reul et al., 2021; Zeng & Wang, 2017). Also included is the southwest Pacific, which receives significant precip-
itation from the South Pacific Convergence Zone. On the contrary, surface freshening occurs in regions with 
significant TC rainfall and weak vertical salinity gradients (Figure S1 in Supporting Information S1), such as 
in the eastern Pacific, northwestern Pacific away from the east Asian coastline, and in the South Indian ocean 
basins. Note that in the eastern Pacific, strong upper-ocean salinity stratification is found only near the southern 
edge of the basin, with low salinity stratification in much of the basin.

The climatological SST response to TCs (Figure 1c), based on NOAA OI SST, is in broad agreement with the 
climatological TC track density (Bell et al., 2013). Largest annual mean TC-induced decreases in SST occur in 
the eastern Pacific, likely due to high TC track densities (Bell et al., 2013) and a shallow thermocline (Balaguru 
et al., 2013). Strong sea surface cooling is also found in the northwest Pacific and in the southwest Indian Ocean 
region near Madagascar. As mentioned earlier, the SST change under TCs plays a critical role in their intensi-
fication. Thus, one wonders whether TC-induced changes in ocean salinity (Figure 1b), which result from an 
interplay of TC rainfall and prestorm ocean stratification, can modulate the SST response to TCs. To address this, 
we perform a Lagrangian composite analysis of TC-induced changes in the upper ocean using a combination of 
observations and numerical model simulations.

At a given location, rainfall from TCs is highly dependent on the initial storm state. For instance, using GPCP 
data, we find that the correlation between TC rain rate and TC intensity is about 0.4 and the correlation between 
TC rain rate and TC translation speed is about −0.2. Both values are highly significant considering a sample 
size of nearly 14,000. In other words, stronger- and slower-moving storms tend to rain more at a given location. 
However, the impact of storm state on sea surface cooling is also well-known, with slow-moving and intense 
storms causing more SST cooling (Price, 1981). To remove the effects of storm state on the TC rainfall influence 
on SST cooling, we subsample the data to ensure that the TC intensity and translation speed are statistically 
similar in the “wet” and “dry” samples used for comparison. Also, to remove the influence of prestorm ocean 
state, we further subsample the data to ensure that the initial upper-ocean conditions are statistically similar. The 
results from this analysis are shown in Table 1. Due to the sampling constraints in our analysis, we are only able 
to consider weak TCs with an average wind speed of about 40 kt.

The area-averaged rain rate for the “wet” case is about 54 mm day −1, nearly 50 mm day −1 higher than for the “dry” 
case. As a result, the surface freshens significantly. Relative to the “dry” case, the area-averaged SSS decreases by 
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about 0.1 psu in the “wet” case. More importantly, the area-averaged SST cooling decreases by about 0.26°C for 
the “wet” case compared to the “dry” case. To verify these results that are derived from AVHRR-based NOAA 
OI SST and GPCP rainfall, we performed a similar analysis using SST and rainfall data from TRMM (Table S1 
in Supporting Information S1). The mean area-averaged rain rates for the “wet” and “dry” cases are about 5.8 mm 
hr −1 and 0.3 mm hr −1, respectively, indicating a difference of about 5.5 mm hr −1. Relative to the “dry” case, the 
SSS decreases in the “wet” case by about 0.05 psu. Further, the magnitude of SST cooling decreases by about 
0.43°C for the “wet” case compared to the “dry” case, suggesting that these results are in broad agreement with 
those obtained earlier.

The observational analysis suggests that for weak TCs, sea surface cooling is reduced for TCs with large rain 
rates. To further understand how rainfall from TCs modulates the upper-ocean response to them, we analyzed 
high-resolution E3SM simulations by performing a Lagrangian composite analysis along model TC tracks. As 

Figure 1. Climatological tropical cyclone (TC)-season mean (a) rainfall from TCs (mm day −1), (b) sea surface salinity (SSS) (psu) response to TCs, and (c) sea surface 
temperature (SST) (°C) response to TCs. Rainfall is based on Global Precipitation Climatology Project daily data, SSS is based on 5-day mean Simple Ocean Data 
Assimilation version 3.3.1 ocean reanalysis data, and SST is based on NOAA optimum interpolation SST daily data. The period of analysis is 2004–2015.



Geophysical Research Letters

BALAGURU ET AL.

10.1029/2022GL098187

6 of 10

in observations, subsampled model TC distributions have an average maxi-
mum wind speed of about 40 kt. The climatological upper-ocean temperature 
response to TCs is well-simulated in the model compared to observations 
(Balaguru, Leung, et al., 2020). After the arrival of the TC, the sea surface 
starts cooling with the lifting of the thermocline and the entrainment of cooler 
subsurface waters (Figure 2a). The mean rain rate for the “wet” case is about 
6.1 mm hr −1 and for the “dry” case it is about 1.3 mm hr −1. As a result of the 
additional rainfall, the sea surface freshens considerably in the “wet” case, by 
about 0.06 psu compared to the “dry” case. The most significant freshening 
is approximately confined to a depth of 10 m on the day of the TC, and it is 
subsequently mixed deeper (Figure 2b). In response to the rainfall-induced 
increase in salinity stratification, SST and upper-ocean cooling are reduced 
in the “wet” case relative to the “dry” case (Figure 2c). While the mean SST 
change in the “dry” case is about −0.28°C, the mean SST change in the “wet” 
case is −0.16°C.

Although SST changes under TCs are primarily caused by oceanic mixing 
and upwelling, some influence from surface fluxes may also be possible 
(H. Zhang et al., 2021), especially considering that the results are based on 
weaker storms. To address this, we examine air-sea fluxes under TCs. The 
net heat flux for the “wet” case is about −65 Wm −2 and for the “dry” case 
it is about −53 Wm −2. The negative sign indicates a flux out of the ocean, 
representing a net heat loss from the ocean. Hence, the surface fluxes tend to 
cool the ocean more in the “wet” case compared to the “dry” case and cannot 
explain the relative warming in the “wet” case. To more clearly understand 
the role of oceanic mixing, we construct probability distribution functions 
(PDFs) of MLD change induced by TCs (Figure S2 in Supporting Informa-

tion S1). Compared to the PDF for the “Dry” case, the PDF for the “Wet” case is shifted to the left, indicating 
lower values of MLD changes. Further, the mean TC-induced MLD deepening is 4.3 m less for the “Wet” case 

Parameter Wet Dry Difference

Maximum wind speed (kt) 40.5 ± 5.7 38.6 ± 4.9 1.9

Translation speed (m s −1) 5.9 ± 2.2 5.9 ± 1.4 0.0

Rain (mm day −1) 54.1 ± 5.0 5.0 ± 2.2 49.1

Prestorm TSTRAT (°C) −5.2 ± 0.9 −5.6 ± 1.2 0.4

Prestorm MLD (m) 25.5 ± 14.3 26.0 ± 11.0 −0.5

Prestorm SST (°C) 27.4 ± 0.6 27.4 ± 0.5 −0.1

Prestorm SSS (psu) 34.7 ± 0.2 34.5 ± 0.5 0.2

SSS change (psu) −0.10 ± 0.06 −0.00 ± 0.1 −0.10

SST change (°C) 0.05 ± 0.15 −0.21 ± 0.46 0.26

Note. The “Wet” column corresponds to those TCs with high rain rates, 
“Dry” column corresponds to those TCs with low rain rates, and “Difference” 
represents the difference between the “Wet” and “Dry” sets. For each 
parameter, the mean value along with the error, which is represented by 
the standard deviation, is shown. For the “Difference” column, the values 
in bold indicate statistical significance at the 5% level. Data here have 
been subsampled to ensure that the initial storm state and prestorm ocean 
conditions are statistically similar for the “Wet” and “Dry” sample sets.

Table 1 
Lagrangian Composite Analysis of Tropical Cyclone (TC) Rainfall 
Impacts on TC-Induced Sea Surface Temperature (SST) Cooling Using TC 
Track Data, NOAA Optimum Interpolation SST v2, Simple Ocean Data 
Assimilation Version 3.3.1 Ocean Reanalysis, and Global Precipitation 
Climatology Project Rainfall Data for the Period 2004–2015

Figure 2. (a) Composite mean anomalous upper-ocean temperature response to tropical cyclones (TCs) (°C). Difference in composite mean anomalous upper ocean 
(b) salinity (psu), and (c) temperature (°C) response to TCs between the “wet” and “dry” cases. The temperature and salinity profiles are averaged over a 2° × 2° box 
centered over the storm. These results are based on 20 years of high-resolution Energy Exascale Earth System Model simulations. “Anomalous” here refers to the 
deviation from the prestorm state and “composite mean” indicates averaging across all wet/dry cases.
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compared to the “Dry” case. This suggests that the freshening at the ocean surface reduces mechanical mixing, 
enhances salinity stratification, and decreases sea surface cooling.

To more clearly delineate the role of oceanic mixing in the rainfall-induced SST response to TCs, we performed 
numerical sensitivity experiments using the PWP model (Price et al., 1986) with idealized TC forcing (Figure 3a). 
In the two experiments, the TC forcing is identical except that the “No rain” case does not include rainfall, while 
the “Rain” case includes rainfall. The rain rate and near-surface wind speed both reach maxima near the eye of the 

Figure 3. (a) Profiles of surface wind speed (m s −1), wind stress (N m −2), and rainfall (mm hr −1) used as forcing for 
the Price-Weller-Pinkel ocean mixed layer model. While the wind forcing is common to both the “Rain” and “No rain” 
experiments, the rainfall profile was only applied to the “Rain” experiment. (b) Time evolution of sea surface temperature 
(°C) in the “Rain” and “No rain” cases. Difference in time evolution of (c) temperature (°C) and (d) salinity (psu) between the 
“Rain” and “No rain” cases.
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storm (Figure 3a). The time evolution of SST in the two experiments (Figure 3b) reveals that the surface  temper-
atures closely follow each other until the first passage of the eyewall at about 12 hr. Subsequently, the SST in 
the “Rain” experiment decreases less than the SST in the “No rain” experiment. The initial and final vertical 
temperature profiles (Figure S3a in Supporting Information S1) indicate that the SST cooling in the “Rain” case 
is reduced by about 0.07°C compared to the “No rain” case. There is less cooling of the ocean approximately in 
the upper 30 m and more cooling below in the “Rain” case (Figure 3c). This is in good agreement with the relative 
freshening of the ocean in the “Rain” case that is confined to an approximate depth of 30 m (Figure 3d). These 
idealized numerical experiments reinforce the results obtained previously from observations and high-resolution 
climate model simulations.

4. Summary and Discussion
Using a combination of observations, simulations from a high-resolution climate model, and idealized numerical 
sensitivity experiments using an ocean mixed layer model, we demonstrate that rainfall under TCs can play a role 
in the sea surface cooling induced by them. When TCs produce a large amount of rainfall, the upper ocean fresh-
ens significantly, increasing density stratification. This reduces the SST cooling induced by the storm, weakening 
mixing and entrainment at the base of the mixed layer. While the impact of rainfall on TC-induced SST cooling 
has mostly been neglected previously, our study suggests that rainfall can play an active role in air-sea interac-
tions for weaker TCs. The reduction in the magnitude of TC-induced SST cooling by TC rainfall was higher in 
observations and climate model simulations than in the idealized ocean mixed layer model simulations. This 
likely suggests that although vertical ocean mixing does appear to play a role, other subsurface ocean processes 
such as Ekman upwelling and horizontal advection may also be responsible for rainfall's impact on SST cooling, 
in addition to a potential minor contribution from surface fluxes. Note that the temperature of the rain drops has 
a negligible effect on the modulation of SST change (Jourdain et al., 2013). Further, we considered area-averaged 
parameters in our composite-based analysis, which could lead to underestimation of certain coupled processes. 
Controlled numerical experiments with high-resolution numerical models at cloud-resolving resolution could 
potentially help address this issue.

In our study, we subsampled data to ensure a fair comparison between distributions with high and low rain rates. 
However, due to this process, we could only consider weaker storms. Thus, one wonders whether similar impacts 
of rainfall are possible at higher wind speeds. To explore this, we performed a set of numerical experiments with 
the PWP model by increasing the intensity of the TC from 35 to 100 kt for varying ocean initial conditions, which 
include the initial MLD and temperature stratification beneath the mixed layer (Figure S4 in Supporting Infor-
mation S1). In general, the reduction in SST cooling due to rainfall is more prominent for weaker storms with 
smaller MLDs (Figure S4a in Supporting Information S1) and higher temperature stratification (Figure S4b in 
Supporting Information S1), since the SST cooling induced by a TC varies inversely with the MLD and directly 
with temperature stratification (Price, 1981). Interestingly, as TC intensity increases, the reduction in SST cooling 
by rain increases initially and decreases subsequently. For instance, when we consider the simulations with vary-
ing MLDs, the maximum impact of rainfall occurs for wind speeds between approximately 50 and 70 kt (Figure 
S4a in Supporting Information S1). This is because at low wind speeds, wind-induced mixing is weak and hence 
changes in stratification play a smaller role in the upper-ocean response to TCs (Balaguru, Foltz, et al., 2020). 
On the other hand, at high wind speeds, wind-induced mixing is very strong and overwhelms the relatively weak 
effect of TC rainfall. Thus, the process demonstrated in this study may also be relevant for TCs with higher inten-
sities (up to 70 kt) than those considered in our analysis. Modulation of the wind mixing-SST cooling relationship 
by rainfall (Figure S4a in Supporting Information S1) may also be relevant for TCs of Category 3 and of higher 
strength. For instance, rainfall may impact sea surface cooling away from the cores of intense TCs depending on 
how the winds and rainfall are distributed spatially, and it may also affect the right-left asymmetry in SST cooling 
along storm tracks (Steffen & Bourassa, 2020).

Since TC-induced SST cooling plays a critical role in TC intensification, rainfall from TCs could potentially act 
as a positive feedback mechanism for storms, especially for TCs that are in the weaker stages of their life cycles 
and rain more. This has substantial implications for studies focused on improving our understanding of TC inten-
sification and the representation of TCs in coupled and uncoupled models. Finally, TC rain rates are projected 
to rise under global warming (Guzman & Jiang, 2021; Tu et al., 2021) with an amplification of the hydrological 
cycle. A simple sensitivity experiment with a doubling of the TC rain rate suggests that the reduction in SST 
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cooling caused by rainfall could increase (Figure S5 in Supporting Information S1). Hence, we speculate that 
the mechanism identified in our study may play an increasingly important role in TC intensification as the planet 
warms.
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(https://www.ncei.noaa.gov/data/sea-surface-temperature-optimum-interpolation/), Tropical Microwave Imager 
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