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Abstract Decade-long satellite sea surface slinity (SSS) observations show that rain dilution prevails
in wakes of tropical depressions (~—0.1 pss) and tropical storms (~—0.05 pss) on the left (right) side of
Northern (Southern) Hemisphere storms. For stronger storms, the rain-induced dilution is dominated

by the saltier water entrainment, leading to surface median salinification of 0.3 pss for the most intense
storms, peaking on the right-hand side at around twice the maximum wind radius. The magnitude of

the salty wake increases for stronger slowly moving storms. The vertical salinity gradient in the upper
ocean is a key factor explaining the geographic distribution of the SSS response. A striking example is the
systematic mixing of fresh near-surface river plume waters with saltier subsurface waters. It is also found
that barrier layers lead to saltier and warmer storm wakes compared to wakes produced over barrier layer
free areas.

Plain Language Summary Tropical cyclones (TCs) generate a well-known cooling of the
ocean's surface. However, the response of the ocean's surface salinity to TCs, and the processes involved,
are much less known. This response can be a potential indicator of salinity’s control on TC-induced ocean
cooling: for some storms, stronger TC-induced increases in salinity has been associated with reduced
mixing and cooling. Here we show that the salinity response to TCs varies widely depending on the
strength and residence time of the TC, the pre-existing vertical salinity structure, and the location relative
to the storm's center. Weak storms cause freshening on average, whereas stronger storms generate an
increase in salinity. This is in contrast to TC-induced changes in ocean surface temperature, which are
always negative (i.e., cooling). Unambiguously, areas with the lowest pre-existing surface salinity (i.e.,
regions of heavy rainfall and river outflow) have the largest TC-induced increases in surface salinity and
experience muted surface cooling.

1. Introduction

The sea surface salinity (SSS) response to tropical cyclone (TC) passage results from TC-induced rainfall,
evaporation, deepening of the upper ocean prestorm mixed layer, upwelling of subsurface water, as well as
surrounding water mass advection (Ginis, 2002; Robertson & Ginis, 2002).

Poststorm SSS salinification in the trail of TCs has already been extensively reported both from in situ and
satellite observations (e.g., see Bond et al., 2011 ; Chaudhuri et al., 2019; Domingues et al., 2015; Grodsky
et al., 2012; Lin et al., 2017; Liu et al., 2020; McPhaden et al., 2009; Price, 1981; Reul et al., 2014; Sanford
et al., 1987; Steffen & Bourassa, 2018; Venkatesan et al., 2014; Vinayachandran et al., 2003; Yue et al., 2018;
Zhang et al., 2016, 2018). SSS is generally expected to increase in the wakes of cyclones because subsurface
water is on average saltier than surface water in the convective regions associated with cyclonic activity
(Jourdain et al., 2013). In line with the thermal wake signature, a rightward SSS asymmetry is also antici-
pated from storm-induced inertial currents in the Northern Hemisphere (Price, 1981). However, heavy pre-
cipitations under TCs may lead to poststorm upper ocean freshening, as reported from in situ observations
(Bond et al., 2011; Hsu and Ho, 2019; Kil et al., 2013; Lin & Oey, 2016; Lin et al., 2017; Liu et al., 2007, 2020;
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Pudov & Petrichenko, 2000; Steffen & Bourassa, 2018; Zhang et al., 2016), and numerical simulations (Jacob
& Koblinsky, 2007; Robertson & Ginis, 2002).

Global-scale model-driven analyses (Jourdain et al., 2013) and the North Pacific data composites of Argo
float vertical salinity profile response (Lin et al., 2017) still show that on average, near the surface, ocean
upwelling and mixing overwhelm the dilution effect of rain freshwater: the cyclone “cold wake” is hence
also generally a “salty wake.” For North Pacific typhoons, upper ocean Argo data confirm that the more
intense and the slower the storm, or, the shallower the precyclonic Mixed-Layer Depth (MLD), the saltier
the SSS responses to TCs (Lin et al., 2017). Contrastingly, Argo data in the Atlantic, Eastern Pacific, and
Central Pacific tropical ocean (Steffen & Bourassa, 2018) indicate that TC SSS wakes may be dominated by
poststorm mixed-layer freshening. Note, while providing first estimates of the “net” regional impact of TCs
on SSS, Argo float profiler network sampling (1 measurement every 10 days over 300 km?) is limited with
respect to typical TC characteristic scales both in space (50-600 km, Knaff et al., 2014) and time (several
hours to 2-3 days, Hall & Kossin, 2019).

To complement these first studies, we take advantage of the 10-years long period of satellite SSS products
to present new insights and to more precisely document the ocean surface salinity response to TC passage,
its global “mean” structure and associated variability. From L-band radiometer measurements on-board
the Soil Moisture and Ocean Salinity (SMOS) and Soil Moisture Active Passive (SMAP) missions, accurate
estimates of some large-amplitude haline surface anomalies left in the wake of TCs have already been
successfully demonstrated for several individual TC cases (Chaudhuri et al., 2019; Grodsky et al., 2012;
Neethu, 2018; Reul et al., 2014; Yue et al., 2018). SSS retrievals in high wind conditions during the forced
stage of TCs remain highly uncertain (Boutin et al., 2018; Meissner et al., 2018; Reul et al., 2020) and are
therefore not considered in the present study. While less accurate than in situ observations, the large num-
ber of instantaneous SSS measurements that can be collected from these sensors over the last decade can be
used to build more robust statistical climatological composites of the SSS response to TCs and its evolution
as a function of storm characteristics and environmental conditions. Combined with thermal responses,
this 10-years long period can quantify the role upper ocean salinity may play during TC development (see
Balaguru et al., 2020, and references herein).

Data and methods are detailed in Section 2. Radial characteristics of the SSS response and its evolution
as a function of TC characteristics and prestorm ocean conditions, as well as the co-variabilities between
SSS and sea surface temperature (SST) responses are presented in Section 3. Summary and conclusions are
given in Section 4.

2. Data and Methods

Time series of TC center track location, peak 1-min wind speed (V,.x), maximum wind radius (Ry,y), Storm
center translation speed (V}), as well as Gale force (34 kt) wind radii in each geographical storm quadrant
(R34) are obtained for each TC over 2010-2019 from the International Best Track Archive for Climate Stew-
ardship (IBTrACS, Knapp et al., 2010), data set version v04 (https://www.ncdc.noaa.gov/ibtracs/).

Daily global composites of the swath SSS provided on a 25 x 25-km” grid and separated into ascending and
descending orbits as retrieved from SMOS (Kerr et al., 2010) and SMAP (Entekhabi et al., 2014, p. 182)
satellite missions are considered hereafter. We used the SMOS “L30S 2Q” products from the Center Aval
de Traitement des Données SMOS (Boutin et al., 2018; CATDS, 2019), available over 2010-2019. SMAP sa-
linity data (August 2015 to December 2019) are the Remote Sensing Systems V4.0 SMAP Level 2C products
(Meissner et al., 2018, www.remss.com/missions/smap/). These data provide global coverage within 5 and
3 days at the equator, respectively. Potentially reduced quality retrievals were removed using the ensemble
of Quality Control (Q/C) flags available in the products, including local wind speed conditions in excess of
14-15 m/s (Q/C flags’ Bit#12 in SMAP V4.0 and “Fg_sc_high_wind” in SMOS products, respectively). Sat-
ellite SSS was therefore collected either before, or after the storm passage, but not during the forced stage.

In addition to SSS, we examine daily 0.09° grid resolution SST based on the Group for High Resolution Sea
Surface Temperature (GHRSST) Level 4 Global Foundation Sea Surface Temperature analysis v5.0 (Remote
Sensing Systems, 2017).
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Figure 1. Haline (a) and thermal (b) surface wakes left by Hurricane Irma (2017). The thin black and magenta curves are indicating the 34 kt and maximum
wind radii, respectively. The color circles indicate the storm center location and intensity (see legend in (a)).

For each of the 864 storms that developed in all TC basins during 2010-2019, a spatial domain of analysis
extending +750 km across the storm center track was determined, as illustrated in Figure 1 for Hurricane
Irma (2017) in the North Atlantic. SSS and daily SST time series ranging from 20 days before to 40 days after
the storm passage were collected at each 0.25 X 0.25° grid points within the wake domain, together with the
radial distance to storm center track r and the TC main characteristics (Vmax Rmaxs Vi R34) at the time of the
center's nearest passage. Note that a positive r is associated with the right-hand side (left-hand side) of the
track for the Northern (Southern) Hemisphere. Prestorm and poststorm conditions are estimated by aver-
aging data from 10 to 3 days prior, and from 0 to 5 days after the storm, respectively (see Figure S1). In situ
1/2° resolution monthly analyses generated from Argo profilers on 152 vertical levels by the In Situ Analysis
System (ISAS-15, Gaillard et al., 2016) are used to estimate prestorm subsurface properties. Vertical salinity
S, temperature T, and density p are interpolated biinearly in time and space from the monthly ISAS fields.
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Figure 2. Radial (x-axes) distributions of the median SSS (a) and SST (b) response to TCs as a function of SSWS intensity (color code provided in the legend

in (a)). For each intensity, the median (thick black curves) is evaluated in r/Ry,. bins of width 1/2. The color patches indicate the extent of the 95% confidence
intervals. The storm center and the radial borders of the inner eye-wall (Ir/Ry,x| = 1) are indicated by black vertical dash lines. SSS, sea surface salinity; SST, sea
surface temperature; TC, tropical cyclone; SSWS, Saffir-Simpson Wind Scale.

The prestorm Mixed-Layer Depth (D,) and barrier-layer thickness (BLT), estimated as the difference be-
tween the isothermal layer (ILD) and the MLD, were determined following De Boyer Montégut et al. (2007).
The prestorm salinity S~ and temperature 7~ at a depth 5 m below the MLD were also used to evaluate the
prestorm mixed-layer vertical salinity gradient I's = (SSS-S-)/Do. Combining SMOS and SMAP SSS data,
we collected these quantities for about 8.3 x 10° samples (Figure S2). The results presented here combine
SMOS and SMAP databases to increase statistical significance.

3. Results

Figure 2 presents radial sections of the median TC-induced SSS and SST anomalies (denoted ASSS and
ASST hereafter) for each Saffir-Simpson Wind Scale (SSWS) category (Schott et al., 2012). The all-basin
median haline response to TC passage exhibits a peak-to peak amplitude of ~0.5 pss over the full range of
storm intensities (Figure 2a). To note, after the passage of Tropical Depressions (TD), ASSS < 0 systemati-
cally emerges on average in their wakes, extending almost entirely across-track and reaching a minimum
of about —0.1 pss at r/Rmax ~ -1/2, i.e., on the left side within the storm inner eye-wall region. For Tropical
Storms (TS), a weaker minimum of ~—0.05 is also detected at r/Rmax =~ -1/2, but ASSS becomes positive for
r/Rmax > 1. The poststorm SSS signature then progressively becomes saltier as storm intensity increases.
The salty wake maxima are clearly observed to develop on the right-hand side of the storm tracks at about
r/Rmax~2, peaking slightly more rightward than SST cooling minima (at r/Rmax ~ 1-2, Figure 2b). For
intensities above Category 2, wakes are systematically saltier than prestorm almost everywhere within the
extent of the Gale force wind region Ir/R;4l <1 (Figure S3), with a monotonic maximum salinity rise as cy-
clone intensity increases. Contrastingly, as found by Lloyd and Vecchi (2011), the SST response-TC intensity
relationship is nonmonotonic with stronger cyclones producing more cooling up to Category 2, but produc-
ing approximately equal cooling for Categories 3-5. The spatial distribution of the median SSS anomalies
left by TCs is shown in Figure 3a. There is regional variability in the net impact of all TCs on SSS. There are
areas dominated by mixed-layer freshening (Arabian Sea, north of Australia, most of the western Pacific,
Atlantic north of 20°N, Caribbean Sea, Southwest Indian Ocean). But there are striking signatures of mixing
of the fresh surface river plume waters with much saltier subsurface waters (Amazon, Orinoco, Mississippi,
Bay of Bengal, and Yangtze). A key factor of the salinity response to TCs is thus the strength of the prestorm
vertical salinity gradients in the upper ocean mixed-layer I';. The distribution of I'; in the region where
TCs develop (Figure 3b) clearly evidences that largest negative I'; occurs over the major freshwater surface
pools, sourced by either rain (Indonesian waters, eastern Pacific fresh pool, Inter Tropical Convergence
Zones), or, by large river discharges. Over other regions, I is either weakly negative, neutral, or weakly
positive (ITsl < 0.01 m™). As illustrated in Figure 3c, when I’y < 0, the fresher the prestorm SSS with respect
to the prestorm salinity just below the MLD, the saltier the SSS response at a fixed TC intensity. To note, for
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Figure 3. (a) Temporal average (2010-2019) of all storms SSS response in 1° X 1° boxes. (b) Average prestorm mixed-
layer vertical salinity gradient I';in 1° X 1° boxes. (c) Radially integrated (within |r/Rmal < 10) SSS response to Tropical
Cyclones bin-averaged as function of SSWS storm intensity (colors) and of I'; (x-axis, bin width of 0.025 pss/m). The
gray curve and black dashed vertical line are the distribution of I'; (scaled to fit the graphic) and its median value,
respectively. The color patches indicate the extent of the 95% confidence interval for the mean (thin black curves) in
each bin. SSS, sea surface salinity; SSWS, Saffir-Simpson Wind Scale.

I’y > 0 (~40% of the database), the TC-induced SSS anomalies are systematically negative (i.e., freshening)
except for the most intense TCs (Categories 4-5), which are able to reach deeper and saltier waters.

The storm translation speed V; is also known to significantly impact the ocean surface response to
TCs (Kudryavtsev et al., 2019; Lloyd & Vecchi, 2011; Price, 1981). A nondimensional translation speed
T = Vt/4R ., with fthe Coriolis parameter, is the ratio of local inertial period to the TC residence time.
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Figure 4. SSS response to TCs as functions of storm intensity for short (a, 7> 1) and long (b, 7 < 1) storm residence time. For each intensity and radial distance
bins, the mean (black curve) and the 95% confidence interval (color patch) are shown. SSS, sea surface salinity; TC, tropical cyclone.

It is confirmed in Figure 4 that areas of the ocean exposed to TCs for longer time intervals (7 < 1) exhibit
stronger poststorm salinity changes than for short residence times (z > 1). This is only evidenced for the
most intense storms (Categories 3-5). Note that because of the high wind region masking in the level 2
satellite SSS, only 30% of the SSS anomaly data set is for long storm residence time 7 < 1, hence leading to
increased uncertainties (95% confidence) in the median estimates in these conditions. The dynamic range
of SSS response to TC intensity change from Tropical Depression to Category 4-5 force is found to be al-
most two times larger (0.4-0.8) for 7 < 1 than for 7 > 1 (~0.3-0.4). In addition, TC-induced salinification
mostly extends within a narrow radial extent around the center (Ir/Rxl<4) for long storm residence time.
Salinification spreads radially within a much more extended domain (Ir/R.x/<12) for fast moving storms,
indicating the influence of cross-track advection by wind-driven currents. For instance, the maximum SSS
response for the most intense storms (Categories 3-5) is significantly closer to the storm center (around r/
Ruax = 1) for 7 < 1 than for 7 > 1 (around 1/Rpa = 2).

Salt-stratified barrier layers (BLs) occur in oceanic regions where an upper ocean mixed-layer vertical salin-
ity gradient I'; exists within an isothermal layer extending deeper than the MLD. As illustrated in Figure S4,
when TCs pass over river plumes, or, rain-affected areas, prestorm BLs are, in general, thicker than 5 m.
BLs in the tropical upper oceans can significantly influence TC intensification (Balaguru et al., 2012, 2020).
They reduce vertical mixing efficiency, leading to less intense SST cooling, which can then impact TC evo-
lution through changes in the air-sea enthalpy flux (Balaguru et al., 2012). Figure 3c confirms the influence
of large prestorm ML salinity gradient I'y on ASSS, with saltier SSS responses. In the presence of thick BLs,
we therefore expect reduced SST cooling and saltier SSS response after TC passage. This is clearly illustrated
in Figure 5, where the median radial SST response to TCs as a function of intensity is significantly cooler
for prestorm BLs thinner than 5 m (Figure 5c) compared to prestorm BLs thicker than 5 m (Figure 5d). The
tendency is clearly opposite for the SSS response (Figures 5a, 5b, and S5): the thicker the BLs, the saltier the
SSS response. Median SSS and SST responses over the full storm intensity SSWS range are ~0.25 pss and
~1.4 °C for BLT < 5 m, while they are ~0.5 pss and ~1 °C when BLT > 5 m, respectively.

4. Summary and Conclusions

The climatological SSS response to Tropical Cyclones, after the wind forced stage, is determined for the first
time at global scale using a decade of satellite data, combining observations from SMOS and SMAP mis-
sions. Consistent with reported rain-induced leftward asymmetric signatures of phytoplankton blooming in
TC wakes (Lin & Oye, 2016), on the left (right) side of the Northern (Southern) Hemisphere storm center
track and in the storm inner wall (Ir/RmaxI<1), SSS decreases for Tropical Depressions (~—0.1) and Tropical
Storms (~—0.05).
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Figure 5. Radial (x-axes) distributions of the median relaxation stage SSS (a), (b) and SST (c), (d) responses to TC as
function of intensity. In (a) and (c), the prestorm BL is thinner than 5 m while it is thicker than 5 m in (b) and (d) SSS,
sea surface salinity; SST, sea surface temperature; TC, tropical cyclone.

Above hurricane force, passing TCs induce surface salinification, peaking rightward at around twice the
maximum wind radius (Figure 2a) and extending almost everywhere within the extent of the Gale force
wind region |¥/R34l < 1 (Figure S3b). The SSS wake is thus consistent with the SST wake (e.g., Figure 2b).
The more intense the storm, the saltier the globally averaged SSS response to TCs (up to ~+1.5 for the most
intense storms, Figure 3c).

From this global analysis, strong regional variability emerges for the net impact of all TCs on SSS. There are
areas dominated by mixed-layer freshening following Tropical Depression and Storm passage (Arabian Sea,
southern tip of India, north of Australia, most of the western Pacific, Atlantic north of 20°N, Caribbean Sea,
Southwest Indian Ocean). But striking impacts of TCs on SSS are found where mixing of fresh surface river
plumes with saltier subsurface waters (Amazon, Orinoco, Mississippi, Bay of Bengal, Pearl, and Yangtze)
occurs.

The prestorm vertical salinity gradient in the upper ocean mixed-layer I', is thus a key driver of this strong
regional variability in the SSS responses to TCs. As expected from TC-induced mixing and upwelling effects,
when T’y < 0 (stable stratification), the fresher the prestorm SSS with respect the prestorm salinity just below
the MLD, the saltier the SSS response at a fixed TC intensity.

This dependency of the haline response is further modulated by the nondimensional storm translation
speed 7 (ratio of local inertial period to the TC residence time). The change in SSS response as TC intensi-
ty changes from Tropical Depression to Category 4-5 force is found almost two times larger (0.4-0.8) for
storms with long residence time 7 < 1, than it is for short storm residence time 7 > 1 (~0.3-0.4). Comparable
to the proposed scaling of the SST changes (e.g., Kudryavtsev et al., 2019, their Equations 8 and 10), the
haline surface response to TCs is therefore dependent on at least the storm intensity (Vp,x), normalized
radial distance from the storm track (¥/Rmay), strength of the prestorm vertical salinity gradient in the upper
ocean mixed-layer I'y, the Brunt-Viisdld parameter N evaluated in the upper seasonal thermocline layer,
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and nondimensional storm translation speed 7: ASSS = functional (Viyax, 7/Rmax I's» N, 7). Consistent with
previous statistical analyses based on either model results at global scale (Jourdain et al., 2013), or Argo
float data in the Northwest Pacific (Lin et al., 2017), SMOS and SMAP SSS data reveal that on average,
the mixing effect overwhelms the dilution effect of rain. An important factor for ASSS variability that was
not studied here is the impact of the local freshwater atmospheric forcing budget. The balance between
TC-induced evaporation and precipitation (E-P) certainly impacts the reported median SSS responses. In-
vestigating ASSS dependencies to include E-P radial distribution is left for future investigations. Reported
effects of vertical wind shear on TC rainfall asymmetries (Chen et al., 2006) might indeed also impact the
SSS-response radial distribution. Nevertheless, the present analysis already confirms that in the presence of
weak prestorm vertical ML salinity gradients, SSS median responses to hurricane force TCs are mostly posi-
tive (Figure 3c). Precipitation effects may thus only lower the average SSS response to the most intense TCs.

The present analysis also emphasizes the influences of salt-stratified barrier layers. As anticipated and un-
ambiguously revealed, SSS and SST responses to TCs do not behave similarly in such conditions. In par-
ticular, we found reduced SST cooling and increased SSS salinification after the passage of TCs over thick
BLs. To first-order, satellite SSS can thus inform about the expected resulting strength of hurricane-induced
mixing and upwelling, and should be incorporated into metrics of TC-induced SST cooling (e.g., Balaguru
et al., 2015; Price, 2009; Reul et al., 2014; Shay & Brewster, 2010; Vincent et al., 2012). The available 10-years
period of satellite salinity should further be considered to study statistical prediction of TC rapid intensifi-
cation. Although TCs are relatively short-lived (~10 days), given the TC locations over major surface fresh-
water pools of tropical and subtropical oceans, TC-induced surface salinification and subsurface freshening
may be significant modulators of the long-term variability of the upper ocean static stratification.

Data Availability Statement

SMOS L30S 2Q products are available at the Centre Aval de Traitement des Données SMOS at https://www.
catds.fr/. SMAP salinity products V4.0 are available at Remote Sensing Systems at www.remss.com/mis-
sions/smap/. (GHRSST) Level 4 Global Foundation Sea Surface Temperature analysis v5.0 are available at
https://podaac.jpl.nasa.gov/dataset/MW_IR_OI-REMSS-L4-GLOB-v5.0. In Situ Analysis System (ISAS-15)
data are available at https://www.seanoe.org/data/00412/52367/.
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