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Strengthening cold wakes lead to decreasing trend of tropical
cyclone rainfall rates relative to background environmental

rainfall rates

Zhanhong Ma', Yanluan Lin @?%, Jianfang Fei', Yunxia Zheng®, Wenchao Chu? and Hexin Ye

1

Tropical cyclone (TC) rainfall is an important component of global precipitation. Based on a 22-year satellite-based record of
observed precipitation from 1998 to 2019, we find that composite rainfall rates averaged within 500 km of TCs have increased.
However, the background precipitation rate in the TC-affected regions has also increased. Therefore we find, by subtracting the
background increase in precipitation rate from the TC precipitation composite, that TC precipitation rates--relative to the
background--have decreased, and that TC-related extreme precipitation rates near the TC center have also decreased. Besides TC
intensity and environmental sea surface temperature, the TC-induced sea surface cooling, typically formed like a cold wake feature,
is indicated to be a potentially important contributor to TC rainfall changes. The cold wake diminishes the upward transport of
surface enthalpy flux and leads to a decrease of moisture in the boundary layer, being unfavorable for the rainfall. The relative
decreasing rainfall trend of TCs to the background is therefore attributed to the strengthening sea surface cooling induced by TCs.
The TC-ocean interaction is suggested to be fully resolved in state-of-the-art global and regional climate models in order to improve

TC rainfall simulations and projections.
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INTRODUCTION

The rainfall of tropical cyclones (TCs) is an important component
of global precipitation’. Resultant freshwater flooding is among
the most severe threats to human lives and socioeconomic
losses>™. This highlights the necessity of improving the current
understanding and prediction skills of TC rainfall. Nonetheless,
there are still large uncertainties in the characteristics of TC rain
rate, which are modulated simultaneously not only by internal
factors such as intensity, translation speed, and asymmetry of
TCs°, but also by environmental parameters such as sea surface
temperature (SST), humidity and atmospheric stability, etc.810-13,

There is a robust increasing trend of global precipitation under
warmer climates'*'>. As inferred from the Clausius-Clapeyron
relation, the atmosphere can hold more water vapor at higher
temperatures, corresponding to a rate of ~7% per degree Celsius.
As such, most global and regional climate models have projected
increased TC rain rates with global warming'6-2°, wherein Knutson
et al.'”” noted that the rain rate within 100 km of the storm center
may increase on the order of 20% by 2100. The availability of
global satellite observations can provide clues for the robustness
of model predictions. In combination with the Tropical Rainfall
Measuring Mission (TRMM) product and global atmospheric
model simulations, Lin et al."”® found that although TC rain rate
increases with increasing absolute SST, the rainfall area is
dominantly controlled by relative SST. Based on a 19-year time
series of observational data, Guzman and Jiang?' suggested a
remarkably increasing trend of TC rain rate by ~1.3% per year,
which is nonetheless attributed to a combined effect of
decreasing inner-core rainfall and increasing rain rate in the
rainband region. The decreasing trend of inner-core rain rate of
TCs is highlighted in Tu et al.?2, which indicated that the TC rain
rate decreases by ~1.2% per year within ~100-125 km from the

storm center. Consequently, the overall increasing trend of TC
system is about 0.4% per year, being much lower than that
reported by Guzman and lJiang?'. Whatever the quantitative
discrepancies in previous work, the observed decreasing trend of
TC rainfall in the inner core contradicts the steadily increasing TC
rainfall by model projections. There could be important physical
processes that occur in the real world but are not resolved in
climate models, as also cautioned by Knutson et al."”.

TCs are strongly rotating systems with intense inertial stability in
the inner core that protects the TCs from possible environmental
influences?*24, Since the decreasing trend of TC rain rate is most
significant near the storm center, diminishing radially outward
monotonically (Fig. 1a, b), the dominant contributor should be
capable of affecting TC inner core directly, such as the sea surface
cooling (SSC) underlying a translating TC. Under global warming,
the sea surface warms at a greater rate than the subsurface water,
causing a strengthening of upper-ocean stratification®®. This
contributes to a significant increase in global TC-induced SSC?.
The enhanced cold wakes by TCs have offset a small part of TC
intensity increase under global warming conditions?”-?, while
their effect on TC precipitation remains unclear. The contribution
of SSC to TC rainfall will be examined in this study, with a
comparison to the background rainfall. For each TC location, a
square domain with widths of 20° centered around the TC center
is used to derive TC rainfall; the background rainfall is derived
using the same domain, but with the precipitation data shifted
from one year before. Therefore, the background rainfall covers a
time period one year shorter than TC rainfall (see section 4 for
more details). We will demonstrate in this study that there is a net
decreasing rainfall trend of TCs relative to their background
environment and that it is the strengthened SSC that leads to the
relative decrease of TC rain rate.
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Fig. 1 Relative decreasing trend of TC rain rate. a Spatial distribution of composite change rate of TC rainfall (mm h~" year~'; shaded) and
TC rain rate (mm h~"; contour) at an interval of T mm h~', with the outmost contour being 1 mm h~". Stippling denotes an area where linear
trends are statistically significant, with black and yellow dots representing 99% and 95% confidence levels, respectively. b Radial distributions
of azimuthally averaged change rates of rainfall (mm h™" year™") for the background, all TCs, intense TCs (cat 1-5), and weak TCs (cat 0). ¢ Time
series and linear regression fit of area-averaged TC (black) and background (blue) rain rate (mm h~"). The area averaging is taken within a
radius of 500 km from TC center for rainy grids. The shading area indicates the two-sided 95% confidence bounds of the trends. d Time series
and linear regression fit of relative rain rate (mm h~") for rainy grids averaged within radii of 200 km (black) and 500 km (blue). The relative rain
rate is obtained as the rain rate difference between TCs and the background. The linear fitting function and correlation coefficient in (c) and
(d) are also shown. The rainfall data are based on the TRMM product.

RESULTS A comparison between TCs and the background reveals that
Relative change rate of TC rainfall to background rainfall the rainfall change rate of TCs is overwhelmingly smaller than that
Two precipitation products are used to investigate the change  ©f the background environment, with their difference enlarging
rate of rainfall, one from 22 years of TRMM 3B42 dataset and the  adially inward toward the storm center (Fig. 1b and Supplemen-
other from 20 years of the Global Precipitation Measurement  tary Fig. 2). The decreasing trends of TC rainfall relative to the
(GPM) dataset (see Methods). The composite rain rates generally ~ Packground are apparent in all ocean basins (Supplementary Fig. 3),
increase with TC intensity and increase radially inward to the inner ~ and there are apparent discrepancies among different basins. The
core of TCs (Supplementary Fig. 1). Although the rain rate outside ~ increasing rate of background rainfall is largest over the North
the TC increases positively with time, the change rate of rainfall ~ Atlantic, while the Southern Hemisphere and Eastern Pacific
decreases inward monotonically, turning to be negative within exhibit the largest decreasing rainfall rates near TC center. The
1-2° from storm center (Fig. 1a, b). This indicates a decrease of rain ~ data samples are further classified into weak TCs (CAT 0) and
rate in the inner core of TCs, consistent with Guzman and Jiang?' intense TCs (CAT 1-5) based on the Saffir-Simpson scale since the
and Tu et al.?2. The negative change rate of TC rainfall is about ~ category 0 has accounted for over 60% of all data samples
—0.06 mm h™" per year near the storm center, corresponding to a (Supplementary Fig. 4). The decreasing rate of TC rainfall is larger
remarkable decrease of ~1.5% per year. Both the positive trends for stronger TCs (Fig. 1b), implying that the physical mechanism

outside TCs and negative trends in the inner core of TCs are leading to the decreasing trend of TC rainfall is related to the
mostly statistically significant, except for the transition region in intensity characteristics of TCs.

which the change rate declines inward smoothly. This cannot be A radius of 500 km is conventionally used to define the TC
attributed to the expansion of eye and eyewall, since there would rainfall area®'23°, An average of all rainy grids within this radius
be a notable increase outside the negative region in that case. shows an evident increasing trend of TC rainfall (Fig. 1c), which is
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Fig.2 Dependence of rain rate on TC intensity and SST anomaly. a Scatterplot of the linear trends of SST anomalies and TC rainfall averaged
within radii of 100 km, 200 km, 300 km, 400 km, ..., and 1000 km from the storm center, from left to right. Blue and red dots denote negative
and positive trends of TC rainfall, respectively, which are significantly above the 99% confidence level. Gray dots denote the rainfall trends that
fail to pass the significant test. b Bin plot of linear regression coefficients (mmh~'°C~") between TC rain rate and SST anomaly (shaded)
averaged within a radius of 200 km from TC center, as functions of pre-storm SST and maximum surface wind. The numerical value in each bin
denotes the averaged TC rain rate (mm h~") by the sub-data sample. The vertical and horizontal grid lines denote bins of data samples
classified by pre-storm SST and maximum surface wind at intervals of 1°C and 10 ms~', respectively. Stippling denotes the bin where the
correlation is statistically significant, with black and gray dots representing 99% and 95% confidence levels, respectively. The rainfall data are

based on the TRMM product.

statistically significant at 99% level. As a result, although the
rainfall near the storm center is decreasing, the rain rate for the
whole TC system is increasing (Fig. Ta-c and Supplementary Fig. 5).
The increasing rate is 0.017 mm h~" per year with a coefficient of
0.68, corresponding to an increase by ~0.76% each year. Of
interest is that the background rainfall increases at a greater rate
of 0.024mmh~" per year with a larger coefficient of 0.84. As
indicated from the radial distributions of rainfall change rate
(Fig. 1b), the departure from the environmental trend is increased
in the inner core where inertial stability is large, while it
approaches zero outside the TC region. This indicates that the
increasing trend of TC rainfall is largely attributed to a favorable
large-scale environment. Consequently, the relative change rate of
TC rainfall after subtracting the background trend is negative,
namely a net decreasing trend (Fig. 1d). The decreasing rate of TC
rainfall is —0.010 mm h~" per year within a radius of 500 km, but
increases to —0.047 mm h~" per year within a radius of 200 km.
The GPM IMERG product is also used to examine the rainfall
trend of TCs and the background. Though the GPM possessing
larger rain rates than the TRMM product (Supplementary Figs. 1
and 6), there is no apparent positive trend of rainfall either for TCs
or for the background environment. For the TRMM product, the
rainfall trend is slightly positive outside the TC region or for the
background environment (Fig. 1b). The differing rainfall trends
between TRMM and GPM (Fig. 1b and Supplementary Fig. 7) also
exist in Tu et al.?? (Fig. 1b), which may be caused by different
satellite sources or processing procedures. The change rate of TC
rainfall in GPM is more significant for more intense TCs, similar to
that of TRMM product. The decreasing rate of TC rainfall
diminishes radially outward to be comparable to that of the
background rainfall (Supplementary Fig. 7). This at least indicates
that the rainfall change rate in the outer region of TCs largely
complies with the background and that there is a relative
decreasing trend of TC rainfall compared with the background.

Dependence of TC rain rate on SST anomaly

As discussed above, TC rainfall is influenced by various factors,
among which the TC intensity could be the most salient one. In
the recent two decades, TC intensity and translation speed
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averaged over all data samples do not show a detectable trend
(Supplementary Fig. 8), and there is no evident change in the
proportion of different intensity categories (Supplementary Fig. 4).
The decrease of TC inner-core rainfall was proposed to be
attributed to atmospheric stability??, which, however, is recently
argued to merely play a minor role3’. Note that the rainfall change
rate of TCs is smaller than that of the background environment
not only in the inner core but also in the outer region. The
undetectable trend of TC intensity with increasing absolute SST,
and the significant decrease of TC rainfall toward the storm center,
give a hint that the mechanism leading to the relative decreasing
trend of TC rainfall is not only detrimental to TC intensification but
also most pronounced near the storm center. The variation of SST
could be an ideal candidate contributor'. A further examination
reveals that there is a strong linkage between the change rate of
TC rainfall and that of TC-induced SST anomaly, with their
correlation coefficient reaching 0.9 (Fig. 2a). Since the supply of
surface enthalpy flux depends on both surface wind speed and
air-sea enthalpy disequilibrium3233, TC rainfall decreases remark-
ably with increasing SSC. This indicates a greater sensitivity of TC
rainfall to SST perturbation in the inner TC region.

Since the departure of rainfall trend between TCs and the
background is more pronounced in the inner core (Fig. 1b), the
TC-related rainfall, pre-storm SST, and TC-induced SST anomaly are
averaged with a radius of 200km to examine their possible
relations. The averaged TC rainfall is shown to increase steadily
with increasing TC intensity and pre-storm SST, in a range of
~2-54mmh~" (Fig. 2b). An interesting feature is that the TC rain
rate becomes larger when the pre-storm SST is higher, even if the
TC intensity is unchanged. This is partly because a warmer ocean
surface could provide more surface moisture flux, and therefore a
moister atmosphere. The environmental SST could serve as an
indicator of atmosphere moisture, and therefore larger pre-storm
SST favors stronger TC rainfall. To exclude the rainfall dependence
on TC intensity and environmental SST, all the data samples are
classified by TC maximum surface wind and pre-storm SST at bins
of 10ms~! and 1°C, respectively. The linear regression coeffi-
cients between TC rainfall and TC-induced SST anomaly as well as
their correlation coefficients are then calculated in each bin. There
are mostly positive linear regression coefficients over the domain,
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Fig. 3 Difference of surface enthalpy deficit and boundary layer
moisture induced by SST anomaly. Difference of surface enthalpy
deficit (shaded; Jkg~') and boundary layer moisture (gkg™') as
functions of pre-storm SST and maximum surface wind. The
difference of surface enthalpy deficit and boundary layer moisture
is calculated as the averaged values for the smallest (0-5%)
magnitudes of SST anomaly data samples minus that for the largest
(95%-100%) SST anomaly data samples in each bin. An area
averaging within a radius of 200 km from TC center is taken for each
data sample. The definition of surface enthalpy deficit is given in
Eg. (2) and discussed in section 4c.

though with negative values in the upper-left corner where TCs
are intense but the pre-storm SST is low. This is not a typical
situation since greater TC intensity generally corresponds to larger
SST and causes stronger SSC (Supplementary Fig. 9), which merely
accounts for a small portion of all data samples (Supplementary
Fig. 9). This may occur as TCs cross over warm core eddies that act
as an insulator between TC and subsurface cold water so that the
relationship between TC intensity and underlying pre-storm SST
can be altered®*. For most cases, the TC rainfall is positively related
to SST anomaly, reflecting that TC rain rate becomes smaller as the
SSC is stronger. The differences of rain rates between the smallest
(0-5%) and largest (95%-100%) magnitudes of SST anomaly data
samples further consolidate such a phenomenon (Supplementary
Fig. 10). Therefore, the TC-induced SST anomaly is indicated to be
another contributor to TC rainfall other than TC intensity and
environmental conditions.

To understand how the TC-induced SST anomaly contributes to
changes in TC rainfall, the differences in surface enthalpy and
boundary layer moisture between the smallest (0-5%) and largest
(95%-100%) magnitudes of SST anomaly are further examined
(Fig. 3). Given similar TC intensity and pre-storm SST, stronger SSC
tends to induce smaller sea-to-air disequilibrium of moisture and
temperature (Supplementary Fig. 11). The former diminishes
surface evaporation and the latter cools the boundary layer
airflow, both leading to a significant decrease of surface enthalpy
transfer (Fig. 3). As a consequence, the boundary layer tends to be
mostly less moist as the TC-induced SSC is stronger, which is not
favorable for rain activities of TCs.

The TC-induced SST anomaly exhibits a typical rightward biased
pattern, possessing a maximum near the storm center (Fig. 4a).
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Fig. 4 Increasing magnitude trend of TC-induced sea surface
cooling. a Spatial distribution of composite TC-induced SST anomal
(°C; contour) and change rate of TC-induced SST anomaly (°C year™;
shaded). The SST anomaly is at an interval of —0.2°C, with the
outmost contour being —0.2 °C. Stippling denotes an area where
linear trends are statistically significant, with black and yellow dots
representing 99% and 95% confidence levels, respectively. b Time
series of area-averaged SST anomaly (°C) within a radius of 200 km
from TC center for all TCs, intense TCs (cat 1-5), and weak TCs (cat 0).
The linear fitting function and correlation coefficient in (b) are also
shown.

The increasing magnitude trend of negative SST anomalies over
the cold wake is mostly statistically significant, being most
remarkable at the right side of the storm center. An area
averaging shows statistically significant strengthening of SSC
caused by TCs (Fig. 4b). On average, the TC-induced SSC increases
by 0.0043°C per year, amounting to ~0.8% of the averaged
magnitude of SST anomaly. The increasing trend becomes much
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Fig. 5 Discrepancy of TC rainfall with differing SST anomaly from model simulations. Spatial distribution of rain rate (mm h~'; shaded) and
SST anomaly (°C; black contour) for (a) weak stratification experiment and (b) strong stratification experiment with the pre-storm SST being
29 °C. Simulation times shown for (a) and (b) are 45 h and 60 h, respectively, both of which correspond to the same maximum surface wind of
50m s~ . Blue dashed lines in (a) and (b) denote the simulated storm tracks, respectively. ¢ Change rate of TC rainfall (mmh~'sm™") as a
function of TC intensity (maximum surface wind) for weak and strong stratification experiments with the pre-storm SST setting to 27-31°C at
an interval of 1 °C. Blue and red dots denote the experiments in which the dependence of TC rainfall change rate on maximum surface wind is
statistically significant above the 99% confidence level. Gray dots denote the experiments that fail to pass the significant test.

more pronounced for intense TCs than for weak TCs, increasing
from 0.0034 °C per year to 0.0081 °C per year. This explains well
the stronger decreasing trend of TC rainfall with more intense TCs
(Fig. 1b).

To further investigate the possible influence of TC-induced SST
anomaly on rain rate, a series of numerical simulations are
conducted. An idealized TC translating northwest over a
horizontally uniform sea surface is designed and conducted using
the Weather Research and Forecasting (WRF) model by coupling a
simple mixed layer ocean model (See methods). The experiments
with weak and strong stratifications, and therefore weak and
strong oceanic responses, are compared with varying pre-storm
SST. As the SSC is stronger, the TC intensity is weaker, and the rain
rate is also smaller (Supplementary Fig. 12). Of interest is that even
with the same intensity, the TC rainfall is still notably smaller for
stronger SSC (Fig. 5a, b), supporting the statistical result from
satellite datasets that SST anomaly is a potentially important
contributor to TC rainfall (Fig. 2). The positive dependence of
rainfall on TC intensity increases steadily with increasing pre-storm
SST, indicating that TC rain rate will increase faster with TC
intensity at higher SST (Fig. 5c). Besides, the increasing rate of
rainfall with TC intensity is overall larger for weaker SSC, with the
discrepancy between weak and strong stratifications tending to
be larger for higher pre-storm SST. As shown in Supplementary
Fig. 13, weaker SSC has induced a much larger surface enthalpy
flux, wherein surface latent heat flux moistens the TC system and
surface sensible heat flux heats the low-level atmosphere.

Published in partnership with CECCR at King Abdulaziz University

Consequently, the boundary layer becomes moister, and the
convection tends to be overall more intense. This is consistent
with the statistical results reflected by Fig. 3, and explains the
dependence of TC rainfall on TC's cold wake.

DISCUSSION

From the energetic perspective, diabatic heating occurring in TCs
is the dominant energy source fueling the development and
maintenance of TCs, and can be promisingly estimated by surface
precipitation. The inconsistent trends between decreasing inner-
core rain rate and non-decreasing TC intensity (Fig. 1b and
Supplementary Fig. 8) reveal that there must be a compensating
process at work, namely the increasing diabatic heating in the
outer region of TCs. The change rate of rainfall in the outer region
is positive for the TRMM product but approaches near zero for the
GPM product. Given the robust increasing trend of environmental
rainfall with global warming, the TRMM product is indicated to be
capable of better reflecting the evolutionary trend of rainfall than
the GPM product, though it underestimates heavy precipitation®>.

The increasing environmental SST not only heats the atmo-
sphere but also causes more evaporation>°. The favorable large-
scale environment of rising SST and total precipitable water has
led to an increase in rainfall for the whole TC system, as recently
noted by Guzman and Jiang?'. During the time period of
1998-2019, the TC rainfall increased at a rate of 0.0177 mmh~'
per year on average, corresponding to a percentage ~7.6% each
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decade. However, the background rainfall increases at a rate of
0.024 mm h~" per year, being 40% larger than the TC rainfall, an
indication of a relative decreasing rainfall trend of TCs relative to
the background environment. The discrepancy would be much
larger if a smaller averaging radius were chosen (Fig. 2a).

Comparisons of radial distributions of rainfall change rate reveal
that the deviation of TCs from the background environment
enlarges radially inward monotonically, turning to be negative
within 1-2° radius and reaching a maximum near the storm
center. Kim et al?” and Guzman and Jiang?' noted that the
influence of large-scale environmental conditions on TC rainfall is
more salient in the outer region than in the inner region, the latter
of which relies primarily on TC intensity. Therefore, the overall
increasing trend of TC rainfall is predominantly subject to a
favorable large-scale environment, and there is a net decreasing
trend of TC rainfall relative to the background rainfall.

TC rain rate increases steadily with pre-storm SST, even if the TC
intensity is unchanged. After isolating the effect of TC intensity
and pre-storm SST, the TC-induced SST anomaly is found to be
another potential contributor to TC rainfall, with stronger SSC
corresponding to smaller rainfall. This is because the SSC reduces
the upward transport of surface enthalpy, and therefore the
boundary layer moisture in TCs is decreased. The change rate of
TC rainfall is found to rely closely on that of SST anomaly. As a
result, the rain rate in the inner core of TCs has decreased in recent
22 years due to the strengthening TC's cold wakes. Note that there
are compensating effects between the rising background SST that
increases rain rate and the strengthening SSC that diminishes rain
rate. It remains unclear to what extent the positive role of rising
background SST will be compensated by the negative role of
strengthening SSC in a warming future, which may be worth
further investigation. Future work may also extend to a longer
time period of observations to diagnose the separate contribu-
tions of natural variability and anthropogenic activities, e.g., using
the land-based rain-gauge data®®, with a focus on the
landfalling TCs.

In conclusion, this study highlights that although TC rainfall has
been increasing over the past two decades, there is a net
decreasing rainfall trend of TCs relative to the background
environment. The TC-induced SSC is suggested to be an important
contributor to TC rainfall, which has been neglected in most
climate modeling studies. To improve TC rainfall projections, the
TC-ocean interaction should be well resolved in global and
regional climate models.

METHODS
Data

Global rainfall data are obtained from 3-h TRMM 3B42 product®? at
spatial resolutions of 0.25° x 0.25°, available from January 1998 to
December 2019, and from 3-h GPM IMERG product*®® at spatial
resolutions of 0.1°x 0.1°, available from June 2000 to September
2021. TC information including storm location and the maximum
surface wind is derived from the 3-h best track data of the
International Best Track Archive for Climate Stewardship (IBTrACS)
dataset*'. To keep data consistency, the data from US agencies are
used to cover global TCs. All TCs with maximum surface wind
greater than 15ms~' are considered. In combination with the
best track data, the time periods of 1998-2019 and 2001-2020 are
selected for TRMM and GPM datasets, corresponding to 117061
and 102258 observations, respectively. Considering the through-
cloud capability of microwave measurements, SST is obtained
from the Optimal Interpolation microwave product of remote
sensing systems, which has a temporal resolution of 1 day and
spatial resolutions of 0.25° x 0.25°, available since 1998. The same
time periods of 1998-2019 and 2001-2020 as TRMM and GPM
products are used for SST data, respectively. Surface air
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temperature and water vapor mixing ratio data are obtained
from the Atmospheric Infrared Sounder (AIRS) version 6 product at
temporal resolution of 1 day and spatial resolutions of 1°x1°,
available since August 2002. The boundary layer column water
vapor comes from the Advanced Microwave Scanning Radiometer
and Moderate Resolution Imaging Spectroradiometer (AMSR-
MODIS) product at temporal resolution of 1 day and spatial
resolutions of 1°x 1°, available from July 2002 to 2017. For the
calculations of air-sea temperature moisture difference, and
boundary layer moisture, the time periods of 2002-2019 and
2002-2017 are used.

Calculations of TC rainfall, background rainfall, and SST
anomaly

For each 3-h TC location, a square domain is defined with widths
of 20° at spatial resolutions of 0.2°x0.2°, centered on the TC
location®3. The bottom and top boundaries are perpendicular to
the zonal direction, while the left and right boundaries are parallel
to the zonal direction. Given that large-scale SST decreases
poleward in both hemispheres, the domain in the Southern
Hemisphere is overturned so that the top boundaries in all
domains point to the poleward direction; the left boundary points
to the westward and eastward direction in the Northern and
Southern Hemispheres, respectively. All precipitation and SST data
are bilinearly interpolated into the domains and are then classified
according to TC intensity, SST anomaly, etc. For each grid in the
domain, an averaging is taken for all rainy events within a
specified year; linear fitting and statistical tests are performed over
the whole time period grid by grid. For radial distribution of
rainfall change rate, the variable obtained from linear fitting is
firstly transformed into polar coordinates over the domain, and
then azimuthal averaging is taken with the storm center as the
coordinate origin. For area averaging, all rainy grids are searched
and summed up within a certain radius threshold (e.g., 500 km)
from the storm center, and are divided by the number of grids
meet the requirement.

The background rainfall is obtained with the same domain
definition as the TC rainfall, but with the precipitation data shifted
from one year before. By doing so, the time period of background
rainfall is 1999-2019 and 2002-2020 for TRMM and GPM products,
respectively, covering time periods one year shorter than those of
TC rainfall. The background rainfall changes thereby denote the
changes in climatological rainfall in the regions where TCs occur,
with rainfall from all sources being included. We also tested an
average of the previous 3 years to construct the background
rainfall, wherein two and one years are used for 2020 and 1999,
respectively. The calculated change rate of background rainfall is
nearly the same as that from 1-year calculation (Supplementary
Fig. 14). The relative rainfall is obtained by subtracting the
background rainfall from the TC rainfall (Fig. 1d). The SST anomaly
(Figs. 2 and 4) is calculated by the SST at the day of TC passage
minus the pre-storm value, which is defined as an average
between —5 and —3 days relative to TC passage.

The TC positions from the best track dataset bear uncertainties
at ~10-40 km*?, which may interfere with the spatial distributions
of TC rainfall. Nonetheless, the bias from random errors of best
track positions could be largely alleviated by the large data
sampling. To exclude the interference from possible systematical
bias of the data sources, results from two TC position products are
compared, with one from the US agency product and the other
one from the IBTrACS merged product (Supplementary Fig. 15).
Both show nearly the same distributions of TC rainfall and rain
rate, indicating that the influence from TC position uncertainties
could be not distinct. TCs both over the ocean and land are
incorporated in Fig. 1, while the relationship between TC rainfall
and SST anomaly exists over the ocean. The cases over the ocean
account for ~94% of all data samples. A comparison between the
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results from all TCs and TCs over the ocean (Supplementary Fig. 16)
suggests that the decreasing trend of TC rainfall becomes slightly
stronger in the inner core of TCs after removing landfalling TCs.

Calculations of surface enthalpy deficit
The enthalpy of k is defined as:

k=c,T+Lyq, (1)

where ¢, is the specific heat at constant pressure, L, is the latent
heat of vaporization, T is temperature, and g is the water vapor
mixing ratio. The sea-to-air surface enthalpy deficit can thus be
obtained by:

Ak = ¢(SST = Ta) + Ly(q; — Ga). )

The subscripts s and a denote sea surface and surface air,
respectively. g, is calculated via a conventional formula that is
positively related to SST and negatively related to surface
pressure, taken as 1000 hPa for simplicity. The surface temperature
and moisture disequilibrium as well as enthalpy deficit can be
calculated using SST, surface temperature, and water vapor mixing
ratio datasets. In a bulk formula framework, surface sensible flux
(SHX) and surface latent heat flux (LHX) are determined by SHX =
pcpCkU10(SST — T,4) and LHX = pL,CkUio(gs — q,), where p is
density, C is surface enthalpy coefficient, and U, is surface wind.
Therefore, the surface enthalpy deficit, including surface tempera-
ture and moisture disequilibrium, is crucial to TC development
since it determines how much heat and moisture can be
transported upward at a given TC intensity.

Statistical test

The simple linear regression is used to estimate the change rate
as well as linear fitting. The statistical trend with time is
examined using the Mann-Kendall test. The relation between
two independent variables is tested by calculating the correla-
tion coefficient.

Numerical experiments

The rainfall of TCs in response to SST anomaly is simulated using
the WRF model version 3.7.1** by coupling with a simple mixed
layer ocean model*. Physical schemes chosen for configuring the
model are listed in Supplementary Table 1. The model domain
possesses dimensions of 400 x 370 with horizontal resolutions of
9km. A total of 45 levels are placed as default in the vertical
direction. The model is set on a 3 plane with the model domain
center set at 20°N. For the initialization of idealized TCs, a
horizontally uniform ambient environment is specified with the
temperature, humidity, and geopotential height fields coming
from the mean tropical sounding of Jordan**. The underlying
surface is uniformly ocean surface, with a sea level pressure of
1010 hPa. The uniform easterly winds of 3 m s~ are specified at all
levels, with geopotential heights adjusted according to the
geostrophic wind balance. A Rankine vortex with a maximum
surface wind of 19 m s~ at 100-km radius is then inserted into the
idealized environment. The initial vortex is at hydrostatic and
gradient wind balances. The model is integrated for a total of
120 h with the output at an interval of 1h. The simulated TCs
move northwest under the easterly steering flow and the beta
effects (Fig. 5).

A total of five groups of sensitivity experiments are conducted,
with the pre-storm SST setting to 27 °C, 28°C, 29°C, 30°C, and
31°C. For each group, two experiments with weak and strong
stratifications are set, with their details listed in Supplementary
Table 2. Previous observations show that TC-induced SSC varies in
a large span from less than 1°C to as large as 9°C**7. The
simulated SSC is well within the observational range (Fig. 5). Since
the maximum 10-m surface wind output by the model is a
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7
transient value but a short-time average by the best track data, we

use the azimuthal mean wind to denote TC intensity to avoid
random noises.

DATA AVAILABILITY

The TRMM 3B42 precipitation product is obtained from https://
disc2.gesdisc.eosdis.nasa.gov/opendap/hyrax/TRMM_L3/TRMM_3B42.7/. The GPM
IMERG product is obtained from https://gpm1.gesdisc.eosdis.nasa.gov/opendap/
hyrax/GPM_L3/GPM_3IMERGDF.06/. The IBTrACS best track dataset is obtained from
https://www.ncei.noaa.gov/products/international-best-track-archive. The SST pro-
duct is obtained from https://data.remss.com/SST/daily/mw/v05.1/. The AIRS v6
product is obtained from https://acdisc.gesdisc.eosdis.nasa.gov/opendap/hyrax/
Aqua_AIRS_Level3/AIRS3STD.006/. The AMSR-MODIS product is obtained from
https://measures.gesdisc.eosdis.nasa.gov/data/BLWV/AMDBLWV.2/.  All  processed
data used during the study are available on request from the authors.

CODE AVAILABILITY

All codes for data processing and figure presentation are available from the
corresponding author on reasonable request.
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