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Under global warming, the frequency and intensity of extreme events have significantly increased, exerting
dramatic impacts on the natural ecosystems and human society. We report that typhoons, as extreme weather
events, can trigger subsurface marine heatwaves (MHWSs), which are extreme ocean events. Based on 27-year
ocean reanalysis data, a total of 9 typhoon-induced subsurface MHW events are identified in the South China

Sea, with most of them occurring in the nearshore shallow waters. The enhanced mixing induced by the typhoon,
relatively high subsurface temperature percentile prior to the typhoon, and sufficiently long duration of sub-
surface warming are three key factors for typhoon-induced subsurface MHWSs. Although the occurring proba-
bility of typhoon-induced subsurface MHW events is relatively low, the co-occurrence of such extreme events
poses a serious threat to the marine environment and requires special attention.

1. Introduction

Under global warming, both the frequency and intensity of extreme
events have increased substantially over recent decades and are pro-
jected to be further exacerbated (Frolicher et al., 2018; Oliver et al.,
2018; Cheng et al., 2019; IPCC et al., 2022), exerting dramatic impacts
on the natural ecosystems and human society (Smale et al., 2019; Gruber
etal., 2021; Liu et al., 2025). As a vital component of Earth's ecosystems,
the ocean has absorbed more than 90% of the excess heat resulting from
global warming and plays a crucial role in modulating the
high-frequency climate variability (Cheng et al., 2019; IPCC et al,
2021). The ocean supplies energy for numerous extreme events
(Emanuel, 2005; Frolicher et al., 2018; Balaguru et al., 2022), many of
which originate and develop within the marine environments. These
extreme events, in turn, alter the oceanic conditions (Price, 1981; Lin
et al., 2008; Muis et al., 2016), potentially leading to severe disasters.
Therefore, understanding the drivers and impacts of such extreme
events is of great importance.

As one of these extreme events, marine heatwaves (MHWS) exert
devastating impacts on the marine ecosystems, yielding coral bleaching,
extensive algal degradation and mass mortality of coastal fish (Pearce
and Feng, 2013; Wernberg et al., 2013; Bond et al., 2015; Guibourd de
Luzinais et al., 2024). MHWs can either be confined to shallow waters or
extend to deep layers (Schaeffer and Roughan, 2017; Holbrook et al.,
2019; Schaeffer et al., 2023; Sun et al., 2023; Zhang et al., 2023b; Kohn

* Corresponding author.
E-mail address: caoanzhou@zju.edu.cn (A. Cao).

https://doi.org/10.1016/j.ecss.2026.109842

et al., 2024). They are driven by oceanic and atmospheric processes
including air-sea heat fluxes, ocean advection or mixing (Holbrook et al.,
2019; Amaya et al., 2021; Schaeffer et al., 2023). The generation and
evolution of MHWs are also influenced by the regional ocean environ-
ment, including ocean dynamics and the local bathymetry (Zhang et al.,
2023b; Capotondi et al., 2024). Previous studies have indicated that
there is no clear correlation between the subsurface and surface MHWs
(Hu et al., 2021; Sun et al., 2023). Surface MHWs have been widely
studied based on the satellite-observed sea surface temperature (SST)
data (e.g. Bond et al., 2015; Frolicher et al., 2018; Holbrook et al., 2019;
Smale et al., 2019; Guibourd de Luzinais et al., 2024; Zhou et al., 2025),
while the understanding of subsurface MHWSs remains limited due to the
sparse subsurface temperature observations (Hu et al., 2021; He et al.,
2024). Thus, investigating the mechanisms of subsurface MHWs is
crucial.

Typhoons are another form of extreme events, commonly causing
severe environmental disruption and economic losses. During their
formation and intensification, typhoons derive vast amounts of heat and
moisture from the ocean, while simultaneously inputting energy into it.
This energy significantly triggers mixing within the mixed layer (He and
Chen, 2011; Zhang et al., 2021). Furthermore, a portion of this energy
can propagate into the deep ocean via near-inertial waves (e.g. Cao
et al., 2018; Raja et al., 2022), thereby enhancing the mixing in the
ocean interior (Polton et al., 2008; Zhang et al., 2016; Qiao et al., 2022).
In turn, the intense mixing induced by typhoons results in dramatic
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Fig. 1. Bathymetry and typhoon tracks. (a) Tracks of all the typhoons entering the SCS during 1993-2020 (gray curves). The black curve is the track of Typhoon
Imbudo (2003) and the colored dots denote its statuses (TD: tropical depression; TS: tropical storm; STS: severe tropical storm; TY: typhoon; STY: severe typhoon).
The white dashed box denotes the study domain, and the blue shadings indicate the bathymetry. (b) Track of Typhoon Imbudo (2003) in the SCS. The light-yellow
shadings indicate the typhoon's influencing region (within 50 km of the typhoon track). The red triangles and blue lines denote the two points (point A: 18.00°N,
118.40°E; point B: 21.10°N, 111.90°E) and two sections (section A: a meridional section through point A; section B: a zonal section through point B) selected for
analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

temperature variations in the ocean (Price, 1981; Zhao et al., 2017;
Zhang et al., 2021; Zhang, 2023; Cheng et al., 2024). Based on the heat
pump hypothesis (Emanuel, 2001; Zhang et al, 2016), the
typhoon-induced mixing can cause SST cooling and subsurface warm-
ing, with the maximum temperature variation occurring at the base of
the mixed layer or deeper layers (Price, 1981; Jacob et al., 2000; Zhang
et al., 2016; Liu et al., 2022; Cheng et al., 2024; Han et al., 2024).
Meanwhile, the thermal response of the upper ocean to typhoons is
modulated by the deepening of the surface mixed layer (Zhang et al.,
2016; Zhang, 2023; Cheng et al., 2024), which is influenced by both the
ocean stratification and typhoon characteristics (such as the maximum
wind speed, radius of the maximum wind speed, translation speed and
track). An increase in the radius of the maximum wind speed and a
decrease in the translation speed can prolong the duration of a typhoon
at a given point, typically resulting in a deeper mixed layer depth (MLD)
and stronger SST cooling (Pun et al., 2018; Liu et al., 2023), whereas the
subsurface warming remains uncertain (Park et al., 2011; Vincent et al.,
2013). After the passage of the typhoon, the SST is gradually recovered
to the pre-typhoon level, whereas the subsurface warming may persist
for a long duration, resulting in an increase in the net ocean heat content
(Park et al., 2011; Cheng et al., 2015; Zhang et al., 2016, 2023a; Hsu and
Ho, 2019; Qiao et al., 2022).

Because typhoons can induce sustained subsurface warming, we
speculate that they are a possible driver of subsurface MHWs. This
speculation is potentially supported by the underwater glider observa-
tion of Zhang et al. (2024), who documented six days of persistent
warming after the passage of Typhoon Mangkut (2018) in the nearshore
shallow waters of the South China Sea (SCS). According to Hobday et al.
(2016), an MHW is a thermal event with associated temperature
exceeding the 90th percentile threshold for at least 5 days. Therefore, if
typhoon-induced subsurface warming meets this criterion, subsurface
MHWs occur. In light of this, we conduct a systematic investigation of
subsurface MHWs in the SCS from 1993 to 2020 using ocean reanalysis
data, with a particular focus on their relationship with typhoon
activities.

2. Data and methods
2.1. Typhoon best-track data and bathymetry data

The typhoon best-track data utilized in this study were downloaded
from the China Meteorological Administration (https://tcdata.typhoon.
org.cn/zjljsjj.html; Ying et al., 2014; Lu et al., 2021), encompassing the
tracks and intensities of typhoons in the Northwestern Pacific Ocean
since 1949. In this study, a total of 260 typhoons that passed over the
SCS from 1993 to 2020 were taken into consideration, of which the

tracks are illustrated in Fig. 1a. The bathymetry data were obtained from
the National Oceanic and Atmospheric Administration (NOAA)
ETOPO2022 global relief model data (https://www.ncei.noaa.
gov/products/etopo-global-relief-model; NOAA National Centers for
Environmental Information, 2022), which are also shown in Fig. 1a.

2.2. Temperature, salinity and velocity data

The daily mean water potential temperature, salinity and velocity
data of the Global Ocean Reanalysis and Simulations (GLORYS) 12V1
products (https://data.marine.copernicus.eu/product/GLOBAL_M
ULTIYEAR_PHY_001_030/download; Jean-Michel et al., 2021) were
obtained from the current real-time global forecasting system of
Copernicus Marine Environmental Monitoring Service (CMEMS). These
data have a horizontal resolution of 1/12° and consist of 50 vertical
layers, covering the period from January 1, 1993 to June 30, 2021. The
reanalysis uses the Nucleus for European Modeling of the Ocean
(NEMO) ocean model, which is driven at the surface by the European
Center for Medium-Range Weather Forecasts reanalysis data. The
GLORYS12V1 products have been validated by in situ observations,
demonstrating their excellent performance in reproducing variations in
the ocean temperature and MLD, and have been widely used in studies of
subsurface MHWs (e.g. Amaya et al., 2023; Sun et al., 2023; Guo et al.,
2024). Hence, we utilized these data at 0-500 m depth (layers 1-31) to
study the subsurface MHWs in the SCS.

2.3. MHW identification

Based on the definition of Hobday et al. (2016), a MHW is a thermal
event with associated temperature exceeding the 90th percentile
threshold for at least 5 days, with any dips below this threshold lasting
two days or less being ignored; The short-term temperature exceedances
that do not meet the five-day criterion are classified as marine heat
spikes (MHSs). Using the daily temperature within an 11-day window
centered on each date, the 90th percentile threshold and climatological
mean of temperature at each layer were calculated for the period
1993-2020 (Hobday et al., 2016). This approach allowed us to derive the
daily occurrence of MHWs at all the depths in the SCS. The MHW
detection code was provided by (Zhao and Marin, 2019).

2.4. Determination of typhoon-induced subsurface MHW events

We focused on the MHWSs occurring between the MLD and 500 m
depth, within 50 km of the typhoon track, and within a 10-day window
following each typhoon's passage. The MLD is defined as the depth at
which the potential density difference relative to the potential density at
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Fig. 2. Upper-ocean temperature variations induced by Typhoon Imbudo (2003). Upper-ocean temperature (shadings) at Points (a, ¢ and e) A and (b, d and f) B.
Upper-ocean shear squared (shadings) and gradient Richardson number (gray dashed contours) at Points (g) A and (h) B. In (a, b, g and h), the black curve denotes
the MLD. In (c-f), the green solid curve denotes the temperature climatology, the blue solid curve denotes the 90th percentile threshold, and the red dash-dotted curve
is the raw temperature. In each subfigure, the vertical dashed line denotes the time when Typhoon Imbudo passed over the corresponding point. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

10 m is 0.125 kg/m3 (Monterey and Levitus, 1997). As the aim of this
study is to explore the subsurface MHWs induced by typhoons, those
caused by other mechanisms were excluded from our analysis. After
excluding the subsurface MHWSs prior to typhoons and removing the
subsurface MHWs associated with mesoscale eddies (e.g. Bian et al.,
2023; He et al.,, 2024), we obtained the subsurface MHW events
potentially triggered by typhoons. It is noteworthy that in all these
typhoon-triggered events, no subsurface MHWSs were observed prior to
the typhoon's arrival.

2.5. Gradient richardson number

Typhoons transfer momentum into the ocean, which is an important
source of mixing in the ocean. However, the GLORYS12V1 products
cannot be directly used to estimate the mixing. Therefore, the gradient
Richardson number was calculated to approximately represent the in-
tensity of mixing:

i A2 2 g dp au\*  (ov)?
e o= (2 3) /1) (5)]
where N is the buoyancy frequency, S is velocity shear, g is the accel-
eration of gravity, p is the density, po is the reference density, u and v are
the zonal and meridional velocity components, and x, y, and 2z are the
zonal, meridional, and vertical coordinates, respectively. Shear insta-
bility is conventionally identified by the criterion Ri < 0.25. However,

for the real ocean conditions, Dmitrenko et al. (2012) proposed a more
lenient criterion, suggesting that shear instability can occur when Ri < 1.

@

3. Results
3.1. Subsurface MHW induced by Typhoon Imbudo (2003)

In this section, the subsurface MHW induced by Typhoon Imbudo
(2003) is shown as an example. Typhoon Imbudo was the 7th typhoon in
2003, which was generated in the equatorial Pacific and moved north-
westward (Fig. 1a). In the Philippine Sea, it was strengthened to a severe
typhoon. After passing over the Luzon Island, it was slightly weakened
to a typhoon and then re-strengthened to a severe typhoon before
landing, resulting in great infrastructure damage and economic losses
(Li et al., 2005). Typhoon Imbudo induced significant SST cooling in the
SCS, with a maximum cooling of —3.50 °C (Fig. S1 in the supplementary
material). Accompanied by the passage of Typhoon Imbudo, significant
warming was found below the mixed layer in the nearshore shallow
waters, ultimately leading to the formation of a subsurface MHW; In the
deep waters of the SCS Basin, Typhoon Imbudo also caused subsurface
warming, but the temperature did not exceed the 90th percentile
threshold, failing to form a subsurface MHW (Fig. 2).

The subsurface warming induced by Typhoon Imbudo exhibited
differences in the shallow (<200 m) and deep (>200 m) waters. We
selected two points (point A: 18.00°N, 118.40°E; point B: 21.10°N,
111.90°E) as examples to show the temperature differences between the
shallow and deep waters. It should be noted that Typhoon Imbudo
maintained its status as a severe typhoon at both points (Fig. 1b), and
before Typhoon Imbudo entered the SCS, no subsurface MHW was
detected near either point. After the passage of Typhoon Imbudo, the
thickness of MLD at point A was first deepened and subsequently
recovered (Fig. 2a) and the temperature in the MLD was significantly
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Typhoon Imbudo. In each subfigure, the horizontal gray solid line indicates the averaged MLD along the section, and the vertical black dashed line denotes the

90th percentile.

cooled (Fig. 2a and c). Within the thin layer beneath the MLD, a tem-
perature increase was found after an initial cooling, and the maximum
temperature increase occurred on July 27, 2003, five days after the
passage of Typhoon Imbudo (Fig. 2a and e). However, this warming only
reached the temperature climatology criterion, failing to form a MHS.
The situation at point B was different. After the passage of Typhoon
Imbudo, the water column was rapidly mixed, causing a pronounced
cooling in the mixed layer and warming below the MLD (Fig. 2b). On
August 3, 2003, 10 days after the passage of Typhoon Imbudo, the
temperature in the mixed layer was not fully recovered to the status
prior to the typhoon (Fig. 2b and d), and the temperature below the MLD
remained significantly higher than its pre-typhoon level (Fig. 2b and f).
As shown in Fig. 2f, a pronounced warming (>2 °C) was observed at the
depth of 25.2 m and lasted for 10 days (from 24 July to August 3, 2003).
At the same time, this warming exceeded the 90th percentile threshold
for more than five consecutive days (Fig. 2f), marking the occurrence of
a subsurface MHW. The occurrence of such subsurface MHW was largely
attributed to the enhanced mixing caused by Typhoon Imbudo (Fig. 2h).
It should be noted that Typhoon Imbudo also caused intense mixing at
point A (Fig. 2g). However, the mixing here merely elevated the sub-
surface temperature within 1 °C, failing to reach the 90th percentile
threshold (Fig. 2e).

Given that the extreme temperature at a single point might have bias,
we further examined the temperature variations along sections A and B.
Section A is the meridional section through point A and section B is the
zonal section through point B, both of which are within the typhoon's
influencing region (Fig. 1b). Fig. 3 illustrates the variations of temper-
ature percentiles along the two sections. Prior to the typhoon's arrival,
the temperature percentiles along section A exhibited a concave pattern,
initially decreasing with depth before subsequently increasing (Fig. 3a).
During the passage of the typhoon, the temperature percentiles in the
mixed layer decreased rapidly and those in the subsurface layer were
apparently increased (Fig. 3b—e), consistent with typhoon-induced SST
cooling and subsurface warming (Fig. 2a and Fig. S2 in the supple-
mentary material). Although the temperature percentiles in the sub-
surface layer were increased by Typhoon Imbudo, none of them
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cate the minimal analytical unit for quantifying the relation between typhoons
and subsurface MHWs, which are similar to point B in Fig. 1b. The shading
areas represent the spatial regions of subsurface MHWs induced by the corre-
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ences to color in this figure legend, the reader is referred to the Web version of
this article.)
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exceeded the 90th percentile (Fig. 3b—e), indicating that no subsurface
MHW occurred here. In contrast, the temperature percentiles along
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section B prior to the typhoon's arrival were at a relatively high level
(Fig. 3f), but they did not reach the criterion of MHWSs. With the passage
of the typhoon, the water column was rapidly mixed (Fig. S3 in the
supplementary material). The temperature percentiles almost remained
invariant in the mixed layer, but were significantly elevated below the
MLD, obviously exceeding the 90th percentile (Fig. 3g—j). These results
confirm that Typhoon Imbudo caused a coherent subsurface MHW in the
shallow waters on the continental shelf of the SCS.

3.2. Statistics of typhoon-induced subsurface MHWs in the SCS from
1993 to 2020

The occurrence of the subsurface MHW triggered by Typhoon
Imbudo (2003) was not an isolated event. Our analysis revealed a total
of 9 typhoon-induced subsurface MHW events in the SCS from 1993 to
2020, which are shown in Fig. 4 and Table S1 in the supplementary
material. Specifically, Typhoon Mangkut (2018), which has been re-
ported to cause significant subsurface warming (Zhang et al., 2024), also
induced a subsurface MHW. Moreover, typhoon-induced subsurface
MHWSs mainly occurred in the nearshore shallow waters of the SCS. In
the deep waters of the SCS Basin, there was only one MHW event caused
by Typhoon Krovanh (2003). Further analysis showed that for most of
the typhoon-induced subsurface MHW events, the subsurface tempera-
ture percentile prior to the typhoon's arrival was already relatively high,
which provides favorable conditions for the formation of subsurface
MHWs via typhoon-induced heat pumping (Figs. S4-S11 in the supple-
mentary material).

3.3. Key factors of typhoon-induced subsurface MHW events

The first key factor is the enhanced mixing induced by the typhoon,
which governs the temperature variations in the upper ocean (Price,
1981; Emanuel, 2001; Pei et al., 2015; Zhang et al., 2016; Cheng et al.,
2024). The mixing causes downward intrusion of surface warm water
and hence warms the subsurface water (Zhang et al., 2016, 2024; Hsu
and Ho, 2019). As shown in Fig. 5a and b, the maximum subsurface
warming induced by typhoons exceeds 6 °C in the deep waters and 8 °C
in the shallow waters in the SCS. The subsurface warming further in-
creases the subsurface temperature percentile, serving as a crucial factor
for subsurface MHWs.

The relatively high subsurface temperature percentile prior to the

to the Web version of this article.)

typhoon is also important for the formation of subsurface MHWs . Fig. 5¢
and d displays the probabilities of subsurface temperature percentiles
before and after the passage of typhoons in the deep and shallow waters
in the SCS. The vertical red dashed line denotes the 90th temperature
percentile before the typhoon and the inclined one denotes the 90th
temperature percentile after the typhoon. Typhoon-induced subsurface
MHWs can only occur in the top-left quadrant formed by these two lines.
However, this is a necessary but not sufficient condition, as the duration
for which the temperature percentile exceeds 90% has not been
considered. In other words, the top-left quadrant formed by the two red
dashed lines includes both the occurrence probabilities of typhoon-
induced subsurface MHWs and MHSs. Nevertheless, in the top-left
quadrant formed by the two red dashed lines, larger probabilities
mainly appear with relatively high temperature percentile prior to the
typhoon, demonstrating that it is an important factor for subsurface
MHWs and MHSs in both the shallow and deep waters in the SCS.

Sufficiently long duration of subsurface warming is also necessary
according to the definition of MHWSs (Hobday et al., 2016). Actually, the
differences in the duration of subsurface warming between the deep and
shallow waters of the SCS lead to the different occurring probabilities of
subsurface MHWSs. According to Fig. 5¢c and d, the total probability in the
top-left quadrant formed by the two red dashed lines is 3.22% in the
deep waters and 3.18% in the shallow waters, which are comparable.
However, in the 9 typhoon-induced subsurface MHW events in the SCS
(Fig. 4), only one occurred in the deep waters whereas all the others
occurred in the shallow waters.

In summary, the occurrence of typhoon-induced subsurface MHWs is
attributed to a combination of enhanced mixing, relatively high sub-
surface temperature percentile and sufficiently long duration of sub-
surface warming. Moreover, the contributions of these factors may vary,
driven by the differences in typhoon characteristics and oceanic condi-
tions. Consequently, 9 typhoon-induced subsurface MHW events were
identified in the SCS between 1993 and 2020, with most occurring in the
nearshore shallow waters.

4. Summary and discussion

Although typhoons are found to suppress surface MHWs (Pun et al.,
2025), we reveal in this study that they can trigger subsurface MHWs.
From 1993 to 2020, a total of 9 typhoon-induced subsurface MHW
events were identified in the SCS based on the GLORYS12V1 ocean
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reanalysis data. Such events were characterized by a relatively high
pre-typhoon temperature percentile in the ocean, followed by a sub-
stantial and prolonged increase of subsurface temperature, with
typhoon-induced mixing playing a key role in the process. Fig. 6 sum-
marizes the mechanism of typhoon-induced subsurface MHWs.

Results of this study also indicate that typhoons are more likely to
trigger subsurface MHWs in shallow waters than in deep waters (Fig. 4),
whereas the probabilities of inducing MHSs is nearly identical in both
regimes (Fig. 5). The reason is that shallow waters provide more
favorable conditions for the evolution from MHSs into MHWSs, compared
to deep waters. First, the limited depth of shallow waters inhibits ver-
tical heat advection and diffusion. Consequently, typhoon-induced
subsurface warming becomes trapped, favoring the formation of sub-
surface MHWs. Second, typhoons can easily disrupt the stratification in
shallow waters, promoting homogenized mixing and enhancing sub-
surface warming. Third, the well-mixed water column efficiently ab-
sorbs solar radiation and rapidly transports heat from the surface to
subsurface layers, further amplifying subsurface warming. Collectively,
these processes delay the recovery of SST and prolong the subsurface
warming induced by typhoons (Dzwonkowski et al., 2020), ultimately
facilitating the development of subsurface MHWs. In contrast, the much
thicker column of deep waters facilitates vertical heat advection and
diffusion, which can transport typhoon-induced subsurface warming to
deeper layers. Moreover, the typically strong stratification in deep wa-
ters is resistant to complete breakdown by the typhoon, thereby limiting
the potential for sustained subsurface warming. Consequently, in deep
waters, typhoon-induced subsurface warming typically lacks the
persistence required to meet the MHW duration criterion (Hobday et al.,
2016).

Although this study specifically focuses on the typhoon-induced
subsurface MHWs in the SCS, such events are also likely to occur in
other shallow oceans subject to frequent typhoon activities. For
example, Typhoon Lingling (2019) caused a subsurface MHW near the
western coast of the Korean Peninsula (Fig. S12 in the Supplementary
Material). Moreover, typhoon-induced subsurface MHWs exhibit little
dependence on the background climate variability. All the 9 events
identified in this study (Fig. 4) occurred during the typhoon peak season
from July to October (Table S1 in the Supplementary Material), and the
subsurface warming remains significant even after removing the sea-
sonal cycle. Moreover, no statistically significant correlation is found

between these subsurface MHW events and the Nino 3.4 index (Fig. S13
in the Supplementary Material), suggesting a weak link to the large-scale
interannual variability. This independence can be attributed to the fact
that typhoons drive rapid oceanic responses on timescales much shorter
than those of background climate modes, minimizing the modulating
effects from slower climate variabilities.

Typhoons and MHWSs are extreme weather and ocean events,
respectively, each of which has profound impacts on the marine eco-
systems and marine engineering (Hongo et al., 2012; Thomson et al.,
2014; Long et al., 2016; Anticamara and Go, 2017; Frolicher and
Laufkotter, 2018; Gruber et al., 2021; Capotondi et al., 2024). Thus, the
co-occurrence of typhoons and subsurface MHWs can be regarded as
compound extreme events (Zscheischler and Seneviratne, 2017;
Zscheischler et al., 2018; Zhou et al., 2025). Such events may exacerbate
the impacts on temperature-sensitive ecosystems, leading to phenomena
like coral bleaching and hypoxia (Dzwonkowski et al., 2020). Although
the occurring probability of typhoon-induced subsurface MHWs is
relatively low in the existing reanalysis data, it remains unclear whether
this will change, especially under global warming. Therefore, gaining
deeper insight into how such compound extreme events occur is crucial
for improving forecasts and mitigating their extreme consequences.
Such knowledge is also vital for enabling managers and policymakers to
develop proactive strategies.
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