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Abstract Tropical cyclones (TCs) often undergo track turning when moving over the ocean. However, the
influence of track turning on TC‐ocean interactions remains little explored. This study systematically
investigates sea surface temperature (SST) cooling and TC intensification during TC track‐turning stages in
global TC‐active basins during 1998–2022. Globally, turning TCs induce stronger SST cooling than straight‐
moving TCs (e.g., − 1.53°C vs. − 1.08°C for categories 1–2), expand cooling area by 40%–110%, and greatly
reduce cooling asymmetry for left‐turning (right‐turning) TCs in the Northern (Southern) Hemisphere. The
translation speed of turning TCs is 1.5 m s− 1 slower compared to straight‐moving TCs. Numerical experiments
demonstrate that the enhanced cooling is attributed to the combined effect of track turning and accompanying
slow translation speed. The enhanced cooling effectively suppresses storm intensification of turning TCs. The
intensification rate for straight‐moving versus turning TCs is 2.98 versus 0.06 m s− 1 per 24 hr for categories 1–2.
As turning angle increases, cooling magnitude increases and intensification rate decreases. The probability of
rapid intensification for turning TCs is about one‐third lower than that for straight‐moving TCs. Consequently,
TCs with smaller turning angles are more likely to develop into intense TCs. Operational forecast models
underforecast turning angles of turning TCs and thus overforecast TC intensity with forecast errors increasing
with turning angle. This study demonstrates that TC track‐turning stages play a crucial role in modulating TC
intensification via an oceanic pathway, highlighting that improving track turning forecast will contribute to
enhancing TC intensity forecast accuracy.

Plain Language Summary The movement of tropical cyclones (TCs) is mainly steered by large‐
scale environmental flow. Under the influence of complex background steering flows in which TCs are
embedded, TCs frequently undergo track turning. Theoretically, the track turning can prolong the influencing
time of TC's strong wind forcing over local oceans, thus allowing more subsurface cold water to be brought to
surface to reduce sea surface temperature. However, systematic analysis is lacking. This study systematically
investigates sea surface cooling and TC intensification during TC track‐turning stages in global oceans from
1998 to 2022. Turning TCs induce stronger sea surface cooling and are more difficult to intensify compared to
straight‐moving TCs. Moving speed of turning TCs tends to be slow. Based on numerical experiments, the
stronger ocean cooling during track‐turning stages is demonstrated to result from the combined effect of track
turning and accompanying slow moving speed. Additionally, operational forecasts of turning TCs exhibit large
directional deviations from the TC best track and tend to overforecast TC intensity. These findings demonstrate
that TC track‐turning stages significantly influence sea surface cooling and TC intensification via an oceanic
pathway, highlighting the importance of enhancing track turning forecast to improving TC intensity forecast.

1. Introduction
Tropical cyclones (TCs) are among the most destructive natural disasters (Emanuel, 2003, 2005). TCs usually
form over the tropical and subtropical oceans and develop by absorbing heat and water vapor from the oceans
(Emanuel, 1986). Strong winds of TCs generate near‐inertial currents in the upper ocean, whose shear instability
triggers intense vertical mixing, entraining colder subsurface water into the mixed layer and resulting in sea
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surface temperature (SST) cooling (Guan et al., 2014; Lin et al., 2003; Price, 1983; Shi et al., 2023; Vincent
et al., 2012; J. Zhang et al., 2019; X. Zhang et al., 2022). Generally, the vertical entrainment accounts for 75%–
90% of the SST cooling, whereas upwelling driven by positive wind stress curl and air‐sea enthalpy flux
contribute to the remaining SST cooling (Jacob et al., 2000; Potter et al., 2017; Price, 1981; Vincent et al., 2012).
The magnitude of SST cooling typically varies from 1°C to 11°C (Chiang et al., 2011; Guan et al., 2021; Lin
et al., 2003). In the Northern (Southern) Hemisphere, the SST cooling often exhibits a rightward (leftward) shift
relative to the TC track due to the resonance between TC‐generated near‐inertial currents and clockwise
(counterclockwise) rotating TC wind stress (Mei & Pasquero, 2013; Price et al., 1994). TC‐induced SST cooling
can reduce air‐sea enthalpy flux from the ocean to TCs, thereby suppressing the subsequent TC intensification,
which is the well‐known negative feedback (Balaguru et al., 2012; Cione & Uhlhorn, 2003; Guan et al., 2024; Lin
et al., 2013, 2021; Lloyd & Vecchi, 2011; Mei et al., 2012).

The variability of TC attributes, such as intensity, translation speed, and storm size, largely modulates TC‐
induced SST cooling and the strength of negative feedback (Lin et al., 2009; Liu et al., 2023; Lloyd & Vec-
chi, 2011; Mei et al., 2012; Mei & Pasquero, 2013; Potter et al., 2017; Pun et al., 2018; Vincent et al., 2012). Lloyd
and Vecchi (2011) demonstrated that more intense TCs produce stronger ocean cooling up to category 2 but
produce less or approximately equal cooling for categories 3–5. Mei et al. (2012) showed that slower‐moving TCs
induce stronger SST cooling and have longer exposure to the cooling, both of which strengthen the suppressing
effect of cooling on TC intensification. Liu et al. (2023) reported that larger TCs tend to induce stronger SST
cooling and thus their intensification is suppressed to a greater extent. Additionally, TC‐induced SST cooling is
stronger for ocean stratification with shallower mixed layer, leading to stronger suppression of TC intensification
(Lin et al., 2009; Vincent et al., 2012; G. Wang et al., 2016). Multiscale ocean processes, including mesoscale
eddies (Jaimes & Shay, 2010; Shay et al., 2000), the barrier layer (Balaguru et al., 2012; Jyothi et al., 2022), and
internal tides (Guan et al., 2024), can also modulate the cooling effect and thus influence TC intensification.

TC movement is primarily steered by large‐scale environmental flows (Chan, 2005; Chan & Gray, 1982; K. Gao
et al., 2023; George & Gray, 1977), which are modulated by various processes, such as the subtropical high and
the monsoon trough (Bi et al., 2020; Lin & Chan, 2015). Under complex and variable steering flows, TC
movement has large variability often manifested by frequent track turning (Camargo et al., 2007; Chan
et al., 1980). Previous studies mainly focused on atmospheric environment fields and mechanisms behind track
turning (e.g., Camargo et al., 2007; Chan et al., 1980; Wu et al., 2013). Recent case studies reported that ocean
cooling during TC track‐turning stages tends to be enhanced (e.g., D’Asaro et al., 2014; Li et al., 2021; Pun
et al., 2018; H. Zhang et al., 2023; Y. Zhang et al., 2023). D’Asaro et al. (2014) proposed that Typhoon Lupit
(2009) induced strong SST cooling near its northward turning. By employing numerical experiments, Pun
et al. (2018) demonstrated that the track turning of Typhoon Megi (2010) contributed 30% to total SST cooling. Li
et al. (2021) revealed that during sharp left‐turning stage of Typhoon Nida (2009), SST cooling was ∼5°C
stronger than during straight‐moving stage with similar typhoon intensity. H. Zhang et al. (2023) reported that
Typhoon Nakri (2019) induced stronger SST cooling in a warm‐eddy region than in a cold‐eddy region because of
Nakri's track turning over the warm eddy. H. Wang et al. (2023) found that super typhoon Hinnamnor (2022)
induced SST cooling of∼5.6°C during its sudden track‐turning stage, leading to rapid weakening of the typhoon's
intensity with maximum wind speed decreasing by 22 knots in 6 hr.

Although previous case studies suggest enhanced ocean cooling during track‐turning stages of TCs, the global
statistical characteristics of the magnitude and spatial structure of SST cooling as well as the underlying
mechanism remain unclear. Additionally, the influence of modulated cooling on TC intensification and rapid
intensification is rarely known. This study aims to systematically characterize the SST response and storm
intensification during track‐turning stages based on global TCs in the past 25 years. Our results reveal stronger
SST cooling, larger cooling area, and modulated left‐right asymmetry of cooling for turning TCs compared to
straight‐moving ones. Using numerical experiments, the cooling enhancement is demonstrated to result from to
the combination of track turning and accompanying slow translation speed. Furthermore, the enhanced cooling
effectively suppresses TC intensification and lowers the probability of rapid intensification during track‐turning
stages. Additionally, operational forecast models tend to underforecast track turning and overforecast TC in-
tensity during track‐turning stages.

The structure of the paper is organized as follows: Section 2 introduces the data and methods. Section 3 compares
SST cooling between turning and straight‐moving TCs, explores the underlying mechanism for modulated
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cooling by turning TCs based on numerical experiments, and examines the negative feedback to TC intensifi-
cation. Section 4 discusses forecast errors of turning TCs. Finally, the main findings are summarized in Section 5.

2. Data and Methods
2.1. TC Best Track Data

TC best track data are obtained from the International Best Track Archive for Climate Stewardship (IBTrACS;
Knapp et al., 2010), distributed by the Joint Typhoon Warning Center (JTWC) and the National Hurricane Center
(NHC), providing TC center position and maximum wind speed (Vmax, m s− 1) at 6‐hr intervals. A total of
2,123 TCs in global oceans from 1998 to 2022, with more than 47,000 track points over the ocean, are involved in
composite analyses (Figure 1a). TC intensity is classified into seven categories on the Saffir‐Simpson scale
(Webster et al., 2005): tropical depression (TD), tropical storm (TS), and categories 1–5 (C1–C5). The intensi-
fication rate (IR), a metric that measures TC intensity change, is defined as the Vmax change in the subsequent
24 hr after passing the current position (unit: m s− 1 per 24 hr). The translation speed (Uh) is calculated by dividing
the moving distance between 6 hr before and 6 hr after the current position by the time interval (12 hr). To rule out
the landmass effect, TC track points within 24 hr before landfall have been pre‐excluded.

Figure 1. (a) Tropical cyclone (TC) tracks during 1998–2022. Different colors indicate different categories of TC intensity: tropical depression (TD), tropical storm
(TS), and categories 1–5 (C1–C5). (b) The number of turning track points (turning angle>15°) within 2° × 2° boxes. Black boxes denote TC‐active basins. The number
of turning track points in each TC‐active basin is shown above the corresponding black box. (c) The probability distribution function (PDF) of TC turning angle in global
oceans. (d)–(f) Diagram of definitions of left‐turning, straight‐moving, and right‐turning TC track points. The gray shading areas indicate their respective turning angle
range. A, B, and C denote TC track points at − 6 hr, 0 hr, and 6 hr relative to the current track point, respectively. TA is the abbreviation for turning angle.
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The direction of TC movement relative to due east is defined as the direction angle (DA) with a positive value
indicating a counterclockwise angle from due east to the TC moving direction. To quantify the directional change
of TC movement, we define the turning angle as the difference in DA between the current track point and the one
6 hr earlier, that is, turning angle(t0) = DA(t0) − DA(t0− 6 hr) as illustrated in Figures 1d–1f. A positive turning
angle signifies left turning, whereas a negative turning angle signifies right turning. Results show that approx-
imately 30% of turning angles in global oceans exceed 15° in magnitude (Figure 1c), varying from 18% to 39%
across TC‐active basins (Figure S1 in Supporting Information S1). In this study, left‐turning and right‐turning
TCs are identified when turning angle is smaller than − 15° and larger than 15°, respectively (Figures 1d and
1f). A straight‐moving TC is identified when the turning angle falls between − 15° and 15° (Figure 1e). Unless
specifically noted as left or right turning, turning TCs refer to the combination of left‐ and right‐turning TCs.
Hereafter, value of turning angle refers to its absolute value except for negative turning angle forecast errors in
Section 4.

We examine TC‐induced SST cooling and TC intensification in global TC‐active basins (Figure 1b), including six
individual basins as defined below: the western North Pacific (WNP): 10°–25°N, 110°–160°E; the eastern North
Pacific (ENP): 10°–20°N, 100°–160°W; the North Atlantic (NA): 10°–30°N, 30°–100°W; the north Indian Ocean
(NIO): 10°–22°N, 50°–100°E; the South Pacific (SP): 10°–25°S, 140°E–140°W; the south Indian Ocean (SIO):
10°–20°S, 40°–120°E. Additionally, we also composite SST cooling and TC intensification on global and two
hemispheric averages (the Northern Hemisphere, NH; the Southern Hemisphere, SH).

Generally, TC track turning occurs widely across all TC‐active basins with notable concentrations in the WNP
and ENP (Figure 1b), which is possibly related to the prevailing subtropical high (Bi et al., 2020). The WNP
records the highest number of turning track points (3,512) followed by the SIO (2,453). In contrast, the NIO (786)
has the fewest turning track points (786) due to its low TC frequency. The number of turning track points is
comparable in the NA (1,651), ENP (1,407), and SP (1,500). Regarding the probability of track turning, the NIO
and SP exhibit the highest likelihoods (39% and 37%), whereas the ENP has the lowest probability (18%), fol-
lowed by the NA (24%; Figure S1 in Supporting Information S1). Hemispheric averages indicate a higher
probability of track turning in the SH compared to the NH (38% vs. 26%).

2.2. SST Observations

To investigate SST responses to TCs, the optimally interpolated (OI) SST product (daily, spatial resolution of
0.25° × 0.25°) is obtained from the Remote Sensing Systems (RSS). This SST product is derived from microwave
radiometer measurements, which can penetrate clouds and provide reliable SST data even under TC conditions
(Wentz et al., 2000). The SST data are available since 1998, and for consistency, all data used in the composite
analyses span the period from 1998 to 2022. The long‐term linear trend and climatological seasonal cycle are
extracted from the original SST data at each grid cell and subsequently removed by subtracting these components
from the original data. Pre‐TC SST is defined as the average SST of 12 to 3 days before TC passage. The SST
anomaly (SSTA) is calculated by the post‐TC SST (average SST during 1–3 days after TC passage) minus the pre‐
TC SST. The spatial pattern of SSTA in TC‐centric coordinate system is composited following Mei and Pas-
quero (2013) and Liu et al. (2023). For each 6‐hr TC track point, we define a domain centered on the TC center
with edges oriented parallel or perpendicular to the TC moving direction. The size of the domain is
1,000 km × 1,000 km, and the grid within the domain is constructed with a spatial resolution of 10 km × 10 km.
The SST data are then linearly interpolated onto these grids.

2.3. Reanalysis Data

To calculate the vertical wind shear (VWS), wind data are obtained from the ERA5 database distributed by the
European Centre for Medium‐Range Forecasts (ECMWF) (Hersbach et al., 2023). The VWS is defined as the
difference in the mean wind vectors within 200–800 km from the TC center between 200 and 850 hPa levels
(Chen et al., 2006; DeMaria, 1996).

2.4. TC Forecast Data

Considering that SST cooling and negative feedback to TC intensification are modulated during track‐turning
stages, forecasts of TC intensity may also be affected. Therefore, we compare forecast errors between turning
and straight‐moving TCs using operational forecast data issued by the NHC. The forecast data include forecast
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position and 1‐min Vmax for TCs in the ENP and NA since 1998. The forecast data, issued every 6 hr, contain
projections valid 12, 24, 36, 48, 72, 96, and 120 hr after the forecast's initial time (0000, 0600, 1,200, and 1,800
UTC, respectively). In Section 4, we estimate forecast errors of turning angle and Vmax, calculated by the forecast
value minus the best track value. We also calculate TC track forecast errors, defined as the distance between the
forecast position and the best track position. Considering that the forecast interval is at least 12 hr, the turning
angle in Section 4 is defined as the difference in DA between the current track point and the one 12 hr earlier, that
is, turning angle (t0) = DA(t0) − DA(t0− 12 hr).

3. Results
3.1. Enhanced Sea Surface Cooling During Track‐Turning Stages of TCs

3.1.1. Case Study

To explore the potential effect of TC track turning on sea surface cooling, we first examine SST cooling asso-
ciated with four TC cases characterized by obvious track turning (Figure 2). The four TCs are TC Prapiroon
(2012) in the WNP, TC Sergio (2018) in the ENP, TC Nicole (2016) in the NA, and TC Donna (2017) in the SH.
All four TCs induce notable SST cooling along their tracks with larger cooling occurring predominantly to the
right of TC tracks in the NH and to the left in the SH. Quantitatively, SST cooling along the straight tracks, where
TC intensity reached up to category 4, is weaker than − 3.66°C for Prapiroon, − 4.14°C for Sergio, − 2.80°C for
Nicole, and − 2.34°C for Donna. By comparison, prominent SST cooling patches are observed along the turning
tracks of these TCs, with respective cooling of approximately − 6.88°C, − 8.69°C, − 4.72°C, and − 4.39°C, despite
that TC intensity is limited to category 3. In particular, Prapiroon exhibits weaker intensity during the second

Figure 2. Maximum SST cooling induced by (a) TC Prapiroon (2012) in the WNP during 6–19 October 2012, (b) TC Sergio
(2018) in the ENP during 2–12 September 2018, (c) TC Nicole (2016) in the NA during 4–15 October 2016, and (d) TC
Donna (2017) in the SH during 2–11 May 2017. The respective pre‐TC SST is calculated by averaging SST from 3 to 5 days
prior to 6 October 2012, 2 September 2018, 4 October 2016, and 2 May 2017. Colored lines and dots denote TC tracks, with
larger dots representing TC track points at 0000UTC each day.
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turning stage (14–16 October 2012) compared to the first turning stage (11–12 October 2012). However, SST
cooling during the second turning stage is stronger and covers a larger area (Figure 2a) likely due to the larger
turning angle (∼180°) during this stage. The 180° track turning allows TC wind forcing to revisit previously
cooled regions, thereby enhancing cooling. Additionally, the TC translation speed (i.e., Uh) during track‐turning
stages is relatively slow for each TC case. Therefore, the prominent SST cooling during track‐turning stages
mainly results from the combined effect of track turning and slow Uh, which prolongs the duration of TC wind
forcing, facilitating mixing and upwelling (Densmore et al., 2023; Lin et al., 2009; Mei et al., 2012; H. Zhang
et al., 2023).

Theoretically, enhanced SST cooling can reduce air‐sea enthalpy flux from the ocean to TCs, thereby suppressing
subsequent TC intensification (D’Asaro et al., 2014; Emanuel, 2003; Lin et al., 2013). Additionally, track turning
and slow Uh can prolong exposure of TCs to cooling regions, which further contributes to the suppression of TC
intensification (Bender & Ginis, 2000; Lin et al., 2009; Liu et al., 2023). Observations show that Prapiroon and
Sergio exhibit an obvious decrease in intensity following their track‐turning stages. Specifically, for Prapiroon,
Vmax decreases by 12.9 and 10.3 m s− 1 within 24 hr after the first and second turning stages, respectively. For
Sergio, Vmax decreases by 7.7 m s− 1 within 24 hr after passing the cooling region associated with track turning.
However, Nicole and Donna do not exhibit a decrease in intensity probably due to favorable atmospheric
conditions.

3.1.2. Composited SST Cooling

The above TC cases preliminarily demonstrate cooling enhancement and suppression of storm intensification
during track‐turning stages. To assess the robustness of these phenomena, we perform composite analyses based
on global TCs during 1998–2022. Figure 3 presents the spatial patterns of SSTA induced by left‐turning, straight‐
moving, and right‐turning TCs. The average turning angle of both left‐ and right‐turning TCs is approximately 35°

Figure 3. Spatial pattern of TC‐induced SSTA in TC‐centric coordinate associated with (a) and (d) left‐turning, (b) and
(e) straight‐moving, and (c) and (f) right‐turning TCs in the (a, b, and c) Northern Hemisphere (NH) and (d, e, and f) Southern
Hemisphere (SH). The center of the coordinate indicates the TC center position. The green arrow indicates the moving
direction in the past 6 hr. The red arrow indicates the average moving direction in the next 6 hr. The pentagram represents the
location of maximum SST cooling. The values in parentheses at the bottom indicate the area of SSTA stronger than − 0.6°C
(×104 km2), the average SSTA within 100 km from the TC center (°C), the minimum SSTA (°C), the x‐axis location of the
minimum SSTA (km), and the asymmetric index, respectively.
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as indicated by red arrows in Figure 3. In the NH, the maximum SST cooling is − 0.73°C for straight‐moving TCs
but is enhanced to − 0.87°C for left‐turning TCs and − 0.98°C for right‐turning TCs (Figures 3a–3c). In the SH, the
maximum SST cooling for straight‐moving TCs is − 0.84°C, which is enhanced to − 1.06°C for left‐turning TCs
and − 0.99°C for right‐turning TCs (Figures 3d–3f). We also calculate the average SSTA within 100 km
(approximately twice the global average radius of Vmax), which largely determines air‐sea enthalpy flux from the
ocean to TCs and negative feedback onto TC intensification. For straight‐moving TCs, the average SSTA is
− 0.63°C in the NH and − 0.77°C in the SH. By comparison, both left‐ and right‐turning TCs induce stronger
SSTA within 100 km (− 0.80°C and − 0.84°C in the NH; − 0.94°C and − 0.93°C in the SH). These results suggest
that in the NH, right‐turning TCs result in stronger SST cooling enhancement compared to left‐turning TCs,
whereas in the SH, left‐turning TCs result in stronger cooling enhancement than right‐turning TCs. Additionally,
the area of SST cooling is extended during track‐turning stages. For left‐ and right‐turning TCs, the respective
area with SSTA stronger than − 0.6°C is approximately 1.7 and 2.1 times that for straight‐moving TCs in the NH
(Figures 3a–3c) and 1.4 and 1.7 times in the SH (Figures 3d–3f).

We also examine the influence of track turning on the left‐right asymmetry of SSTA. In the NH, the maximum
SST cooling induced by straight‐moving TCs manifests a 50‐km rightward shift relative to the TC track
(Figure 3b), which is consistent with previous studies (e.g., Mei & Pasquero, 2013; Price et al., 1994). Similarly,
maximum cooling shifts 40 km rightward for right‐turning TCs (Figure 3c). However, maximum cooling only
shifts 20 km to the right of the TC track for left‐turning TCs (Figure 3a). In the SH, the maximum SST cooling
induced by straight‐moving TCs manifests a 40‐km leftward shift relative to the TC track, which decreases to
10 km for right‐turning TCs but remains unchanged for left‐turning TCs (Figures 3d–3f). Cooling contours
exhibit different patterns for straight‐moving and turning TCs. For straight‐moving TCs, cooling contours in front
of the TC are generally parallel to the TC track (Figures 3b and 3e). However, for left‐turning (right‐turning) TCs,
cooling contours in front of the TC manifest a left (right) bias, following the bias of TC wind fields, in both the NH
and SH (Figure 4). To further quantify the left‐right asymmetry of SSTA during track‐turning stages, we define an
asymmetric index as follows:

asymmetric index =
∫ 100
0 SSTA dx

∫ 0
− 100SSTA dx

(y = 0) (1)

where x and y are coordinates perpendicular and parallel to the TC track in the TC‐centric coordinate system. For
straight‐moving TCs in the NH (SH), strong cooling is predominately located to the right (left) side of the TC
track, yielding an asymmetric index of 1.30 (0.85) (Figures 3b and 3e). Strong cooling associated with left‐turning
TCs in the NH is shifted leftward but is still predominately located to the right, resulting in a decrease of the
asymmetric index to 1.06 (Figure 3a). In contrast, strong cooling associated with right‐turning TCs in the SH is
shifted rightward, with the asymmetric index increasing to 1.00, indicating a nearly symmetric cooling pattern
(Figure 3d). However, the influence of right (left) turning in the NH (SH) on SSTA asymmetry is minimal
(Figures 3c and 3f). The results align with the position of maximum SST cooling during TC track‐turning stages.
Similar results are also observed in each TC‐active basin, where the left‐right asymmetry of SSTA is greatly
reduced during left‐turning (right‐turning) stages for basins in the NH (SH) (Figure S2 in Supporting Informa-
tion S1). The spatial pattern of SSTA influences the overlying deep convection and TC structure, subsequently
affecting the spatial distribution of rainfall (Ma et al., 2023; Ye et al., 2023). Thus, the modulated spatial pattern of
cooling during track‐turning stages may potentially alter TC structure and rainfall distribution.

Considering that TC‐induced SSTA strongly depends on TC intensity (Lloyd & Vecchi, 2011; Mei & Pas-
quero, 2013), we categorize TCs into three groups: tropical depression and tropical storms (TD–TS), categories
1–2, and categories 3–5. The SSTA averaged within 100 km from the TC center is composited in different TC‐
active basins (Figure 4). On a global average, turning TCs induce stronger SST cooling than straight‐moving TCs
in each group (e.g., − 1.53°C vs. − 1.08°C for categories 1–2), all significantly above the 99% confidence level.
Compared to straight‐moving TCs, the global average SSTA amplitude induced by turning TCs is increased by
0.21°C (46.1%), 0.45°C (41.9%), and 0.37°C (27.4%) for TD–TS, categories 1–2, and categories 3–5 TCs,
respectively. The largest increase in SSTA amplitude occurs for categories 1–2 TCs and the smallest for TD–TS.

Similar results are found across each TC‐active basin and hemispheric averages. Among global TC‐active basins,
the largest increase in SSTA amplitude during track‐turning stages occurs in the ENP (0.68°C for categories 1–2).

Journal of Geophysical Research: Oceans 10.1029/2024JC022234
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For categories 1–2 TCs in the NIO and NA, the increases in SSTA amplitude are also significantly considerable
(0.65°C and 0.56°C). Nevertheless, the SSTA induced by categories 3–5 TCs in the NIO shows no significant
difference between turning and straight‐moving TCs likely due to the insufficient sampling size of TCs for
statistical significance test. Generally, the enhancement of SST cooling during track‐turning stages is more
pronounced in the NH than in the SH (e.g., 0.47°C vs. 0.38°C for categories 1–2 TCs).

3.1.3. Mechanism

Previous case studies indicated that TC Uh during track‐turning stages tends to be slow (e.g., Densmore
et al., 2023; Li et al., 2021; Pun et al., 2018; H. Zhang et al., 2023). Densmore et al. (2023) emphasized the
importance of both track turning and slow Uh to the mechanism behind upper‐ocean response to TCs. Both track
turning and slow Uh can prolong the local residence time of TC wind forcing, facilitating mixing driven by kinetic
energy input and upwelling driven by Ekman suction, which contributes to sea surface cooling (Densmore
et al., 2023; Mei et al., 2012; H. Zhang et al., 2023). Furthermore, some case studies quantified the relative
contribution of track turning to SST cooling through numerical experiments with results varying among different
TC cases. For instance, the track turning of Typhoon Megi (2010) and Typhoon Prapiroon (2012) accounts for
30% and 40% of the total SST cooling, respectively (Pun et al., 2018; Y. Zhang et al., 2023). However, these
studies focus on individual TC cases and do not yield robust conclusions that can be generalized across all TC
scenarios. Therefore, we statistically investigate the underlying mechanisms behind the enhancement of SST
cooling during TC track‐turning stages based on TCs during 1988–2022.

The occurrence of TC track turning is closely related to Uh over global oceans (Figure 5). As TCs slow down, the
turning angle increases, leading to a higher probability of track turning (Figures 5b and 5c). When Uh is lower
than 2 m s− 1, the global average turning angle is 30°, and the percentage of track turning reaches up to 62%. In
contrast, when Uh exceeds 6 m s− 1, the average turning angle is smaller than 8°, and the percentage of track

Figure 4. Comparison of TC‐induced SSTA between straight‐moving and turning TCs in TC‐active basins. Average SSTA
within 100 km from the TC center associated with straight‐moving (red) and turning (blue) TCs in panel (a) global oceans
(GLO), (b) the Northern Hemisphere (NH), (c) the Southern Hemisphere (SH), (d) the western North Pacific (WNP), (e) the
eastern North Pacific (ENP), (f) the South Pacific (SP), (g) the North Atlantic, (h) the north Indian Ocean (NIO), and (i) the
south Indian Ocean (SIO). Error bars indicate the 95% confidence interval. Pentagrams indicate the confidence level of SSTA
difference between turning and straight‐moving TCs: one pentagram suggests the difference is significant above the 90%
confidence level, two for 95%, and three for 99% based on the Student's t test. The SSTA difference and its percentage with
respect to SSTA induced by straight‐moving TCs are shown behind bars.

Journal of Geophysical Research: Oceans 10.1029/2024JC022234
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turning drops below 14%. Similarly, Uh decreases as the turning angle increases (Figure 5d). The global average
Uh is 4.9 m s− 1 for turning angles smaller than 15° but decreases to 2.1 m s− 1 when turning angle exceeds 60°.
Overall, TC track turning is typically accompanied by slow Uh. The relationship between turning angle and Uh in
individual TC‐active basins is consistent with the global average. Physically, the slow Uh accompanying TC track
turning is likely attributed to weak environmental steering flows around TCs, which are related to the weakening
subtropical high and deepening westerly trough (e.g., Camargo et al., 2007; Wu et al., 2013). Consequently,
turning TCs exhibit lower Uh than straight‐moving TCs in most regions (3.5 m s− 1 vs. 5.0 m s− 1) with an average
Uh difference of 1.5 m s− 1 (Figure 5a). The combination of track turning and slow Uh can prolong the local
residence time of TC wind forcing, contributing to cooling enhancement during slow‐moving track‐turning stages
(Densmore et al., 2023; Li et al., 2021; Pun et al., 2018; H. Zhang et al., 2023).

To further investigate and quantify the contribution of track turning and slow Uh to cooling enhancement, we
conduct a series of numerical experiments by employing the three‐dimensional Price‐Weller‐Pinkel model
(3DPWP; Price et al., 1994), which has been widely used in TC‐ocean interaction studies (e.g., Balaguru
et al., 2015; Guan et al., 2014; Lin et al., 2013; Pun et al., 2018; Walker et al., 2014; Ye et al., 2023; H. Zhang
et al., 2023). The model is configured with horizontal grids at a resolution of 5 km × 5 km, covering a domain size
of 2,000 km × 2,000 km. In the vertical direction, the domain extends to a depth of 1,000 m and is divided into 45
layers, with a 5‐m interval of the first 20 layers, a 10‐m interval of the middle 10 layers, and a 50‐m interval of the
last 15 layers. The time step is 600 s. The f‐plane is utilized with the latitude set at 20°N. A series of experiments
are designed (Table 1). In the first two experiments, the TCs move along a straight path at constant Uh of
5.0 m s− 1 and 3.5 m s− 1 (Figures S3a and S3b in Supporting Information S1), which are average Uh of turning and
straight‐moving TCs, respectively. Subsequent experiments are divided into two groups with TCs undergoing left
and right turning, respectively. The turning angle ranges from 30° to 180° in increments of 30° (Figures S3c–S3n
in Supporting Information S1). In both groups, the TC Uh remains constant at 3.5 m s− 1. Throughout all ex-
periments, the maximum wind speed of TCs is set as 35 m s− 1 (category 1 TC), and the radius of maximum wind

Figure 5. (a) Difference in translation speed between turning and straight‐moving TCs within 2° × 2° boxes. Black dots indicate the difference is above the 90%
confidence level. Black boxes denote TC‐active basins. (b) TC turning angle as a function of translation speed in global and TC‐active basins. Error bars represent the
95% confidence interval. (c) Percentage of track turning as a function of translation speed in global and TC‐active basins. (d) TC translation speed as a function of
turning angle in global and TC‐active basins. Error bars represent the 95% confidence interval.
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speed is 60 km. The initial temperature and salinity profile are extracted from climatological monthly World
Ocean Atlas data (Figure S4 in Supporting Information S1).

Figure 6 shows the spatial pattern of simulated SSTA induced by TCs. The SSTA is calculated by subtracting the
initial SST from the average SST during days 1–3 after TC passage. For the straight‐moving TC with fast Uh
(5.0 m s− 1), the maximum cooling is located 50 km to the right of the TC track (Figure 6a), consistent with
observations in the NH (Figure 3a). As TC slows down (Uh = 3.5 m s− 1), the rightward shift of the maximum
cooling decreases to 40 km (Figure 6b). The reduced shift occurs because the ocean response becomes
increasingly dominated by upwelling as Uh decreases, and upwelling is symmetrical around the TC track
(Densmore et al., 2023; Price, 1981). In addition to Uh, track turning also influences the position of maximum
cooling. Compared to the cooling induced by the straight‐moving TC with slow Uh, right turning shifts the
maximum cooling rightward by 10 km for turning angles of 30°–90° but shifts the maximum cooling leftward by
30 km for a 150° turning angle (Figures 6c–6g). For left turning, the maximum cooling position remains unaf-
fected for turning angles of 30°–60° (Figures 6i and 6j). However, for turning angles of 90°–150°, left turning
shifts the maximum cooling leftward by 55–70 km, leading to a leftward‐biased SST cooling (Figures 6k–6m).
For a 180° turning angle, the maximum cooling is located 25 km to the left of the TC track (Figure 6n).

Table 1
Settings of Tropical Cyclones in Numerical Experiments

Track direction
Straight
moving Right turning Left turning

Translation speed (m s− 1) 5.0 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5

Turning angle 0° 0° 30° 60° 90° 120° 150° 180° 30° 60° 90° 120° 150° 180°

Figure 6. Spatial pattern of simulated TC‐induced SSTA. (a) and (b) SSTA induced by the TC that follows a straight path at a constant translation speed of panels
(a) 5.0 m s− 1 and (b) 3.5 m s− 1 (c)–(h) SSTA induced by the TC that undergoes right turning at a constant translation speed of 3.5 m s− 1 with the turning angle of 30°–
180° in increments of 30°. (i–n) Same as panels (c)–(h) but for left turning. The solid black line indicates the track of the TC. The white triangle indicates the minimum
SSTA position. The values in parentheses at the bottom indicate the average SSTA within 100 km from the minimum SSTA position (°C), the minimum SSTA (°C), and
the x‐axis location of the minimum SSTA (km).
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For straight‐moving TCs with Uh of 5.0 and 3.5 m s− 1, the magnitudes of maximum SST cooling are 1.44°C and
1.91°C, respectively (Figures 6a and 6b), suggesting that slow Uh enhances cooling by 0.47°C. For right‐turning
TCs, the maximum cooling magnitude increases monotonically with turning angle, ranging from 2.05°C at 30°
turning angle to 3.16°C at 150° turning angle (Figures 6c–6h and 7a). For left‐turning TCs, the maximum cooling
magnitude increases from 1.90°C at 30° turning angle to 2.87°C at 150° turning angle (Figures 6i–6n and 7a).
Compared to the straight‐moving TC with slow Uh, right‐turning TCs with turning angle of 30°–150° enhance the
maximum cooling by 0.14–1.25°C, accounting for 23%–72% of the total cooling enhancement due to slow Uh and
track turning (Figure 7; Table S1 in Supporting Information S1). Left turning seemingly does not contribute to
cooling enhancement for 30°–60° turning angle, but it enhances cooling by 0.12–0.96°C for 90°–150° turning
angle, accounting for 20%–67% of the total cooling enhancement. For a turning angle of 180°, the cooling
magnitude is increased by 1.32°C due to track turning, accounting for 74% of the total cooling enhancement due
to slow Uh and track turning. Overall, cooling enhancement is predominantly attributed to slow Uh at small
turning angles. However, when the turning angle exceeds 90° for right‐turning TCs, the contribution of track
turning (>58%) surpasses that of slow Uh (<42%). Similarly, at a turning angle of 120° for left‐turning TCs, the
contributions of track turning and slow Uh are comparable (48% vs. 52%).

We also calculate the average SSTA within 100 km from the maximum cooling position to assess the effect of
track turning (Figures 6 and 7; Table S1 in Supporting Information S1). The straight‐moving TC with slow Uh
induces stronger cooling than that with fast Uh (magnitude: 1.60 vs. 1.20°C). With the same slow Uh, right‐
turning TCs with turning angle of 30°–150° induce strong cooling with magnitude of 1.66–2.26°C, represent-
ing an increase of 0.06–0.71°C compared to straight‐moving TCs. Right turning contributes 13%–62% of the total
cooling enhancement due to slow Uh and track turning, with the contribution of 120° right turning exceeding that
of slow Uh (56% vs. 44%). For left‐turning TCs, the cooling magnitude remains at 1.60°C for turning angles of
30°–60°, indicating no contribution of left turning to cooling enhancement. For turning angles of 90°–150°, the
cooling magnitude increases to 1.64–2.00°C, which represents an increase of 0.04–0.40°C compared to straight‐
moving TCs, indicating 9%–50% contribution to the total cooling enhancement.

Figure 7. (a) The minimum SSTA (solid lines) and average SSTA (dash‐dotted lines) within 100 km from the minimum
SSTA position induced by right‐turning (blue lines) and left‐turning TCs (red lines), respectively. (b) and (c) SSTA
difference with the SSTA induced by the straight‐moving TC at a constant Uh of (b) 5 m s− 1 and (c) 3.5 m s− 1. (d) The
contribution of track turning (low‐transparency lines) and slow translation speed (high‐transparency lines) to cooling
enhancement. The contribution of track turning is calculated by ΔSSTA2/ΔSSTA1 × 100%. For detailed computations,
please refer to Table S1 in Supporting Information S1.
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These results suggest that right turning demonstrates a more pronounced enhancing effect on cooling compared to
left turning, which aligns with observations in the NH (Figures 3a–3c). Wind forcing on the right side of TC track
is more efficient at producing cooling due to its resonance with near‐inertial currents as indicated by rightward‐
biased cooling in the NH (Price et al., 1994). Furthermore, the cumulative duration of wind forcing by right‐
turning (left‐turning) TCs is longer on the right (left) side of TC track. Therefore, the enhancing effect of right
turning is more pronounced than that of left turning. In conclusion, the enhanced SST cooling during slow‐
moving track‐turning stages of TCs is attributed to a combined effect of track turning and slow Uh. The
contribution of slow Uh is predominant at small turning angles. However, the contribution of track turning is
comparable to or exceeds that of slow Uh when turning angles exceed 90° (120°) for right (left) turning.

3.2. TC Intensification During Track‐Turning Stages

3.2.1. TC Intensification Rate

Theoretically, TC‐induced SST cooling can reduce air‐sea enthalpy flux from the ocean to TCs, thereby sup-
pressing TC intensification (Cione & Uhlhorn, 2003; D’Asaro et al., 2014; Emanuel, 1999; Lin et al., 2013, 2021).
To examine the effect of enhanced SST cooling on TC intensification during slow‐moving track‐turning stages,
we compare the IR of turning and straight‐moving TCs (Figure 8). Globally, the IR of turning TCs is significantly
lower than that of straight‐moving TCs for each TC intensity group significantly above the 99% confidence level
(Figure 8a). For instance, for categories 1–2 TCs, straight‐moving TCs tend to intensify at an average rate of
2.98 m s− 1 per 24 hr, whereas the intensification of turning TCs is minimal (IR: 0.06 m s− 1 per 24 hr). Consistent
with the global average, turning TCs in each TC‐active basin also show lower IR than straight‐moving TCs
(Figures 8d–8i). Notably, the largest IR difference occurs for categories 1–2 TCs in the ENP (4.87 m s− 1 per
24 hr) followed by categories 3–5 TCs in the NIO (4.70 m s− 1 per 24 hr). In both the WNP and NA, IR differences
for categories 1–2 and 3–5 TCs exceed global averages of 2.92 and 3.22 m s− 1 per 24 hr. These results indicate
that TC track turning and slow Uh together modulate TC intensification through the negative feedback from SST
cooling, that is, an oceanic pathway. However, TC intensification is influenced by multiple factors, and thus its
dependence on SST cooling varies across basins. For example, for categories 3–5, TCs in the ENP show the

Figure 8. Same as Figure 4, but for TC intensification rate (IR). The IR differences between turning and straight‐moving TCs
are shown above or behind bars. Since the IR is defined as the maximum wind speed's change in the subsequent 24 hr after
passing the current position, the turning angle here used to classify straight‐moving and turning TCs is the mean turning angle
at successive four track points from the current position.
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largest SSTA difference (Figure 4) but the smallest IR difference (Figure 8) between turning and straight‐moving
TCs among six TC‐active basins. The reduced IR of categories 1–2 TCs during track‐turning stages is slightly less
pronounced in the NH compared to the SH (2.63 vs. 3.59 m s− 1 per 24 hr; Figures 8b and 8c) despite stronger
cooling enhancement in the NH (Figures 4b and 4c).

In addition to the ocean cooling effect, TC intensification is also influenced by other environmental factors such
as pre‐TC SST and VWS (Emanuel et al., 2004; C. Gao et al., 2022; Sun et al., 2019), which are also composited
here and presented in Figures 9 and 10. Both global and hemispheric averages indicate that the pre‐TC SST

Figure 9. Same as Figure 4, but for pre‐TC SST.

Figure 10. Same as Figure 4, but for vertical wind shear.
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associated with turning TCs is generally higher than that associated with straight‐moving TCs (Figure 9). Higher
pre‐TC SST during track‐turning stages potentially supplies more enthalpy flux to TCs and favors TC intensi-
fication (Schade, 2000). In the ENP and SP, turning TCs also exhibit substantially higher pre‐TC SST than
straight‐moving TCs (Figures 7e and 7f). Particularly, for categories 3–5 TCs in the ENP, the pre‐TC SST of
turning TCs is 1.03°C higher than that of straight‐moving TCs. This may explain the smallest IR difference
despite the largest SSTA difference in the ENP as noted earlier. In other basins, pre‐TC SST differences between
turning and straight‐moving TCs are mostly small and insignificant. Categories 1–2 TCs in the NH exhibit larger
pre‐TC SST differences between turning and straight‐moving TCs compared to the SH (Figures 9b and 9c). This
disparity may offset the suppressing effect of SST cooling to some extent, accounting for the less IR suppression
despite stronger SSTA enhancement in the NH. Overall, the higher pre‐TC SST associated with turning TCs is
favorable for TC intensification and definitely does not explain the lower IR of turning TCs compared to straight‐
moving TCs.

Vertical wind shear (VWS), an atmospheric dynamical factor, has an inhibiting effect on TC intensification
(Frank & Ritchie, 2001). The global average VWS for turning TCs is slightly higher than that for straight‐moving
TCs (Figure 10). However, the VWS differences between turning and straight‐moving TCs are mostly insig-
nificant in TC‐active basins such as the NA, SP, and SIO. Therefore, the marginally higher VWS for turning TCs
may partially contribute to their suppressed TC intensification, but the extent of its contribution requires future
investigation.

A larger TC turning angle combined with slower Uh can lead to a longer residence time or even revisiting of TC
wind forcing over local oceans, thereby enhancing SST cooling and negative feedback. Therefore, we further
examine the dependence of TC‐induced SSTA and TC IR on turning angle (Figure 11). On a global average, both
SSTA and IR exhibit a robust decreasing trend as the turning angle increases significantly above the 99% con-
fidence level. For example, with a 10‐degree increment of turning angle for categories 1–2 TCs, the SSTA de-
creases by 0.14°C (R2: 0.72) and IR decreases by 1.09 m s− 1 per 24 hr (R2: 0.57). Consistent with the global

Figure 11. Dependence of TC‐induced SSTA and TC intensification rate on turning angle on global and hemispheric averages. (a–d) SSTA as a function of turning angle
for TD–TS, categories 1–2, categories 3–5, and all TCs, respectively. Dashed lines denote the composited values. Solid lines and gray shading denote the linear
regression trend and the 95% confidence interval. The slope of the linear regression trend, confidence level, and correlation coefficient on global average are shown in
the bottom‐left corner. (e–h) Same as panels (a–d) but for TC intensification rate.
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average, SSTA and IR in both the NH and SH also show a significant decreasing trend with increasing turning
angle above the 90% confidence level.

Since a larger turning angle leads to an enhanced cooling effect and weaker TC intensification, TC intensity is
expected to be related to the turning angle. Results show that both turning angle and percentage of track turning
are generally inversely proportional to TC intensity (Figure 12a). From TD to category 5, the turning angle
decreases from 15.6° to 9.9°, and the percentage of track turning decreases from 33.5% to 19.6%. Similarly, both
turning angle and percentage of track turning decrease with increasing lifetime‐maximum intensity of TCs
(Figure 12b). From TD to category 5, the turning angle decreases from 16.3° to 12.4°, and the percentage of track
turning decreases from 32.6% to 25.2%. These results suggest that TCs with smaller turning angles or those
undergoing less frequent track turning are more likely to develop into intense TCs. For instance, the “Category‐6”
super typhoon Haiyan (2013) achieved an unprecedented extraordinary intensity of 170 kts, which is partly
attributed to its straight tracks throughout its lifespan (Lin et al., 2014).

3.2.2. Rapid Intensification

Rapid intensification (RI), representing extreme intensification of TCs with IR greater than 30 kts (∼15.4 m s− 1)
per 24 hr, has the potential to substantially increase the destructiveness of TCs (Kaplan & DeMaria, 2003).
However, operational forecasts of RI remain challenging to date due to a limited understanding of the factors and
mechanisms controlling RI (DeMaria et al., 2021; Kaplan et al., 2010). Considering that TC IR is significantly
reduced due to enhanced SST cooling during track‐turning stages, RI is also expected to be affected. Results show
that the probability of RI is 16.5% for straight‐moving TCs on a global average, but it drops to 11.0% for turning
TCs (Figure 13a). This decrease of 5.5% accounts for approximately one‐third of the RI probability for straight‐
moving TCs. Among global TC‐active basins, the probability of RI during track‐turning stages experiences the
largest declines in the WNP (7.5%) and NIO (7.4%), followed by the NA (6.4%), whereas the smallest decrease
occurs in the ENP (4.6%).

Additionally, we estimate and compare the turning angle and percentage of track turning for RI and non‐RI TCs
(Figures 13b and 13c). Non‐RI TCs are defined as those with IR below 30 kts per 24 hr but greater than zero (Xu &
Wang, 2015). On a global average, the turning angle is 14.4° for non‐RI TCs but decreases to 11.5° for RI TCs
with a difference of 2.9° (Figure 13b). This difference rises to 4.7° in the NIO and 4.2° in the WNP, whereas it is
merely 1.6° in the ENP. The percentage of track turning on a global average is 31.8% for non‐RI TCs but de-
creases to 22.6% for RI TCs with a difference of 9.2% (Figure 13c). The largest difference occurs in the NIO and
WNP (14.0% and 12.2%), and the smallest difference in the ENP (4.2%). The interbasin differences in track‐
turning percentage align with those in turning angle. The smallest suppression of RI in the ENP is likely
attributable to the lowest probability of track turning (Figure S1 in Supporting Information S1). These results
underscore that TC track turning combined with slow Uh is unfavorable for RI. TCs with large turning angles or
frequent track turning are more difficult to undergo RI probably due to enhanced SST cooling and negative
feedback.

Figure 12. Relationship between track turning and TC intensity on global average. Average turning angle and percentage of
track turning as a function of panels (a) TC intensity and (b) TC lifetime‐maximum intensity. Error bars indicate the 95%
confidence interval.
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4. Discussion
Forecasting of TC track and intensity has always been a key topic in previous studies (e.g., Camargo, 2013;
Cangialosi et al., 2020; Cox et al., 2013; DeMaria et al., 2007; Elsberry et al., 2007; K. Gao et al., 2023; Goni
et al., 2009; Na et al., 2018; Shi & Xu, 2024). However, the forecasting of TCs with track turning has received
limited attention. Previous studies mainly focus on track forecast errors for turning TCs (e.g., Chan et al., 1980).
For instance, Chan et al. (1980) reported that forecast errors in turning angle and TC track are larger for turning
TCs than for straight‐moving TCs based on TCs in the West Indies during 1961–1977. Considering the sup-
pression of TC intensification during track‐turning stages via the oceanic pathway, as demonstrated in Sec-
tion 3.2, it is anticipated that intensity forecast errors will also differ between turning and straight‐moving TCs.
Nevertheless, the intensity forecasts for turning TCs remain unknown to date.

Figure 13. (a) Percentage of RI with respect to intensifying TCs for straight‐moving and turning TCs. (b) Average turning
angle for RI and non‐RI TCs. Error bars indicate the 95% confidence interval. Pentagrams indicate the confidence level of the
difference between RI and non‐RI TCs: one pentagram suggests the difference is significant above the 90% confidence level,
two for 95%, and three for 99% based on the Student's t test. (c) Percentage of turning TCs for RI and non‐RI TCs. The
differences between turning and straight‐moving TCs are shown above bars.
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The NHC provides operational TC forecast data in the ENP and NA, including forecasts of position and intensity
(i.e., Vmax). Using these data, we calculate forecast errors in TC turning angle, track, and intensity at forecast lead
times of 12, 24, 36, 48, 72, 96, and 120 hr during 1998–2022 (Figure 14). It should be noted that the forecast
interval is at least 12 hr. Therefore, we define the turning angle as the difference in direction angle between the
current track point and the one 12 hr earlier. Due to the forecast interval increasing to 24 hr after the 48‐hr forecast
lead time, turning angle forecast errors are not calculated after the 36‐hr forecast lead time. A positive (negative)
turning angle forecast error indicates that the forecast position is located to the left (right) of the best track po-
sition. Results show that turning angle forecast errors are nearly zero for straight‐moving TCs, suggesting ac-
curate predictions of TC moving directions (Figures 14a and 14d). However, for left‐ and right‐turning TCs, the
respective turning angle forecast errors are approximately − 27° and 26° in the ENP and − 36° and 21° in the NA,
indicating a substantial underestimation of turning angles in TC forecasts. In comparison, turning angle forecast
errors during the 1960s–1970s were − 50° for left‐turning TCs and 38° for right‐turning TCs (Chan et al., 1980),
demonstrating a notable reduction in turning angle forecast errors in recent years.

Track forecast errors, defined as the distance between the forecast position and the best track position, increase
with forecast lead time for both straight‐moving and turning TCs (Figures 14b and 14e). Turning TCs exhibit
larger track forecast errors than straight‐moving TCs, consistent with the findings of Chan et al. (1980). However,
the track forecast errors at a forecast lead time of 24 hr (∼100 km) are considerably smaller than those reported by
Chan et al. (1980) (∼200 km), indicating advancements in TC track forecasts since the mid‐1990s (Cangialosi
et al., 2020).

Figure 14. Comparison of forecast errors between turning and straight‐moving TCs. Forecast errors in panels (a and d) turning angle, (b and e) track, and (c and f)
maximum wind speed as a function of forecast lead time in the panels (a–c) ENP and (d–f) NA. Error bars indicate the 95% confidence level.
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To date, state‐of‐the‐art TC forecast models tend to systematically underforecast TC intensity (e.g., Elsberry
et al., 2007; Na et al., 2018; Shi & Xu, 2024). Our results reveal that TC intensity forecast errors from 12 to 120 hr
are consistently negative for straight‐moving TCs (Figures 14c and 14f), indicating that the forecast intensity is
weaker than the best track intensity, confirming the underforecast of intensity. However, for turning TCs, in-
tensity forecast errors are mostly around zero or positive, suggesting that the forecast intensity is close to or
stronger than the best track intensity. Notably, in the ENP, the average 36‐hr intensity forecast error reaches
1.58 m s− 1 for left‐turning TCs. In the NA, the average 96‐hr intensity forecast error reaches 2.35 m s− 1 for left‐
turning TCs. The discrepancy in intensity forecast errors between turning and straight‐moving TCs is probably
because TC track turning is severely underestimated in forecast models, which leads to the omission of sup-
pressed TC intensification during track‐turning stages via the oceanic pathway. Interestingly, forecasts for left‐
turning TCs appear less accurate than those for right‐turning TCs, as evidenced by larger forecast errors in
turning angle, track, and intensity for left‐turning TCs. The reasons behind this intriguing phenomenon warrant
future exploration.

Considering that TC IR decreases with increasing turning angle (Section 3.2), intensity forecast errors may also
vary with turning angle. Therefore, we further examine the dependence of TC forecast errors on turning angle
(Figure 15). Generally, forecast errors of turning angle, track, and intensity all manifest a robust increasing trend
as the turning angle increases mostly above the 90% confidence level (Table 2). For instance, for 12‐hr forecasts in
the ENP (NA), with a 15‐degree increment in turning angle, turning angle forecast errors increase by 18.5° (21.6°)
for left‐turning TCs and 16.0° (15.7°) for right‐turning TCs. For 48‐hr forecasts in the ENP (NA), intensity
forecast errors increase by 1.03 (1.01) m s− 1 with a 15‐degree increment in turning angle. Notably, when turning
angles are smaller than 30°, the intensity forecast errors are negative, indicating that forecast models under-
forecast TC intensity. For turning angles larger than 30°, the intensity forecast errors are generally positive,
indicating that forecast models overforecast TC intensity. These results suggest that TC track turning tends to be
underestimated to a greater extent at larger turning angles, resulting in larger track and intensity forecast errors. In
recent years, TC track forecasting has been gradually improved, whereas intensity forecasting remains chal-
lenging (Cangialosi et al., 2020; DeMaria et al., 2007). Our results emphasize that improving forecasts of track

Figure 15. Dependence of forecast errors on turning angle. Forecast errors in panels (a) and (d) turning angle, (b) and
(e) track, and (c) and (f) maximum wind speed as a function of turning angle in the panels (a)–(c) ENP and (d)–(f) NA. Solid
and dashed lines in panels (a) and (d) indicate left‐ and right‐turning TCs, respectively. Solid lines in panels (b, c, e, f)
indicate turning TCs. Bold straight lines indicate the linear regression trend.
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turning and simulations of ocean negative feedback to TC intensification during track‐turning stages is important
for enhancing intensity forecast accuracy, warranting more attention in future TC forecasting.

5. Conclusions
Previous studies have demonstrated that TC attributes (intensity, Uh, and size) can modulate TC‐induced sea
surface cooling and subsequently influence TC intensification via an oceanic pathway (e.g., Lin et al., 2009; Liu
et al., 2023; Lloyd & Vecchi, 2011; Mei et al., 2012; Mei & Pasquero, 2013; Pun et al., 2018; Vincent et al., 2012).
Steered by complex environmental flows, TCs frequently undergo track turning, the mechanisms behind which
have attracted considerable attention in the literature (e.g., Camargo et al., 2007; Chan et al., 1980). However, the
influence of TC track turning on TC‐induced SST cooling remains little explored despite a few case studies (e.g.,
D’Asaro et al., 2014; Li et al., 2021; Pun et al., 2018; H. Zhang et al., 2023; Y. Zhang et al., 2023). Additionally,
the effects of modulated cooling on TC intensification remain unknown. Therefore, we investigate SST cooling
and TC intensification during track‐turning stages of TCs in global TC‐active basins during 1998–2022, pro-
posing that a combination of track turning and accompanying slow Uh can modulate storm intensification via an
oceanic pathway.

In global oceans, about 30% of TCs have a turning angle larger than 15°, which we define as the threshold for
distinguishing between turning and straight‐moving TCs, following Chan et al. (1980). Turning TCs are wide-
spread across global TC‐active basins. The probability of track turning is higher in the SH than in the NH (38% vs.
26%). Among global TC‐active basins, the NIO and SP have the highest probability of track turning, whereas the
ENP has the lowest, followed by the NA.

Satellite observations show that turning TCs induce stronger SST cooling and larger cooling area compared to
straight‐moving TCs. Furthermore, in the NH, right‐turning TCs induce stronger maximum SST cooling than left‐
turning TCs (− 0.98°C vs. − 0.87°C). In contrast, in the SH, left‐turning TCs induce stronger cooling than right‐
turning TCs (− 1.06°C vs. − 0.99°C). The cooling area for left‐ and right‐turning TCs is expanded to 1.7 and 2.1

Table 2
Trends of Forecast Errors With TC Turning Angle in the ENP (NA)

TC attributes Forecast lead time Slope (per 15°) p‐value R2

Turning angle forecast errors (left turning; °) 12 hr − 18.47 (− 21.56) 0.049 (0.034) 0.77 (0.82)

24 hr − 19.49 (− 21.84) 0.031 (0.033) 0.83 (0.83)

36 hr − 17.88 (− 22.31) 0.018 (0.039) 0.88 (0.81)

Turning angle forecast errors (right turning; °) 12 hr 17.98 (15.68) 0.029 (0.009) 0.84 (0.93)

24 hr 17.43 (16.68) 0.028 (0.029) 0.84 (0.84)

36 hr 17.47 (17.54) 0.030 (0.028) 0.83 (0.84)

Track forecast errors (km) 12 hr 3.40 (6.32) 0.006 (0.006) 0.94 (0.94)

24 hr 6.14 (8.40) 0.047 (0.050) 0.78 (0.77)

36 hr 7.10 (12.79) 0.010 (0.023) 0.92 (0.86)

48 hr 9.59 (15.88) 0.003 (0.045) 0.96 (0.79)

72 hr 7.22 (26.41) 0.437 (0.009) 0.21 (0.92)

96 hr 6.26 (32.72) 0.080 (0.033) 0.69 (0.83)

120 hr 6.97 (8.18) 0.679 (0.009) 0.07 (0.92)

Vmax forecast errors (m s− 1) 12 hr 0.26 (0.30) 0.014 (0.031) 0.90 (0.83)

24 hr 0.50 (0.56) 0.129 (0.017) 0.59 (0.89)

36 hr 0.77 (0.94) 0.057 (0.012) 0.75 (0.91)

48 hr 1.03 (1.01) 0.037 (0.012) 0.81 (0.91)

72 hr 1.11 (0.82) 0.012 (0.011) 0.91 (0.91)

96 hr 0.91 (1.11) 0.042 (0.002) 0.80 (0.97)

120 hr 0.49 (2.09) 0.170 (0.008) 0.52 (0.93)

Note. P‐values lower than 0.1, indicating trends are significant above the 90% confidence level, are bold.

Journal of Geophysical Research: Oceans 10.1029/2024JC022234

GUAN ET AL. 19 of 23

 21699291, 2025, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JC

022234 by N
ational T

aiw
an U

niversity (N
tu), W

iley O
nline L

ibrary on [10/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



times that of straight‐moving TCs in the NH, respectively, and to 1.4 and 1.7 times in the SH. The spatial pattern
of TC‐induced SSTA is also affected. In the NH, the rightward shift of maximum SST cooling is reduced from
50 km for straight‐moving TCs to 20 km for left‐turning TCs, greatly diminishing the left‐right asymmetry of
SSTA. In the SH, the leftward shift of maximum SST cooling is reduced from 40 km for straight‐moving TCs to
10 km for right‐turning TCs, leading to nearly left‐right symmetric SST cooling.

We further compare SSTA averaged within 100 km from the TC center and TC IR between turning and straight‐
moving TCs at the same TC intensity. Turning TCs induce stronger SST cooling than straight‐moving TCs
(− 1.53°C vs. − 1.08°C for categories 1–2 on a global average). The enhanced SST cooling effectively suppresses
TC intensification. For instance, IR of turning TCs is 2.92 m s− 1 per 24 hr lower than that of straight‐moving TCs
for categories 1–2 on a global average (2.98 vs. 0.06 m s− 1 per 24 hr). Furthermore, both SSTA and IR manifest a
robust decreasing trend as turning angle increases. With a 10‐degree increment of turning angle for categories 1–
2 TCs, SSTA decreases by 0.14°C and IR decreases by 1.09 m s− 1 per 24 hr. The probability of rapid intensi-
fication for turning TCs is approximately one‐third lower than that for straight‐moving TCs. As a result, TCs with
smaller turning angles or less track turning are more likely to intensify into intense TCs. The enhanced cooling
and suppressed TC intensification during track‐turning stages are also found in different TC‐active basins.

We find that turning TCs are usually accompanied by slow Uh, which is approximately 1.5 m s− 1 lower than that
of straight‐moving TCs. Both slow Uh and track turning can prolong the local residence time of TC wind forcing,
which facilitates mixing and upwelling, resulting in stronger SST cooling and negative feedback (Densmore
et al., 2023; Mei et al., 2012; H. Zhang et al., 2023). We conduct a series of numerical experiments to further
separate and quantify the relative contribution of track turning and slow Uh. Results show that the enhanced SST
cooling during slow‐moving track‐turning stages of TCs is attributed to a combined effect of slow Uh and track
turning. The contribution of slow Uh is predominant at small turning angles but decreases with turning angle. The
contribution of track turning, increasing with turning angle, is comparable to or exceeds that of slow Uh when
turning angles exceed 90° (120°) for right (left) turning. Right turning demonstrates a greater enhancing effect on
cooling than left turning in the NH, which aligns with observations. Additionally, track turning can influence the
spatial position of maximum cooling. In the NH, right turning with turning angles smaller and larger than 120°
shifts maximum cooling rightward and leftward, respectively. Left turning with turning angles larger than 90°
shifts maximum cooling leftward significantly, leading to a leftward‐biased SST response.

We also compare forecast errors of turning and straight‐moving TCs in the ENP and NA using operational
forecast data issued by the NHC. The moving directions of straight‐moving TCs are accurately predicted.
However, the forecast positions of turning TCs exhibit significant directional deviations from the best track
positions with the underestimation of turning angle ranging from 21° to 36°. Consequently, turning TCs have
larger track forecast errors compared to straight‐moving TCs. The forecast intensity of straight‐moving TCs is
smaller than the best track intensity, which is one of the major challenges in state‐of‐the‐art TC forecast models.
However, the forecast intensity of turning TCs is close to or exceeds the best track intensity. On average,
operational forecast models overforecast TC intensity by up to 1.58 and 2.35 m s− 1 for left‐turning TCs in the
ENP and NA, respectively. These forecast errors manifest a robust increasing trend as turning angle increases.

In short, our study proposes an oceanic pathway through which the combination of track turning itself and
accompanying slow translation speed modulates TC intensification by enhancing TC‐self‐induced SST cooling.
Although TC track forecasts have made significant advancements in recent years, TC intensity forecasts still
exhibit large errors typically manifesting as a systematic underestimation of intensity (Cangialosi et al., 2020;
Elsberry et al., 2007; Na et al., 2018). Our results demonstrate that operational TC forecast models overforecast
the intensity of turning TCs, likely because track turning is underestimated and the suppressed TC intensification
via the oceanic pathway is not well simulated. Therefore, TC track turning poses a considerable challenge to
improving TC forecast accuracy. Enhancing forecasts of track turning may contribute to improving intensity
forecast accuracy, which requires more attention in future TC operational forecasts.

Data Availability Statement
The TC best track data are obtained from the International Best Track Archive for Climate Stewardship
(IBTrACS; Knapp et al., 2010) available at https://www.ncei.noaa.gov/products/international‐best‐track‐archive.
The SST data are downloaded from the Remote Sensing Systems (REMSS, 2024) available at https://www.remss.
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com/measurements/sea‐surface‐temperature/. The wind data are obtained from the ERA5 database distributed by
the European Centre for Medium‐Range Forecasts (Hersbach et al., 2023) available at https://cds.climate.
copernicus.eu/datasets/reanalysis‐era5‐pressure‐levels?tab=download. The operational TC forecast data are
downloaded from the National Hurricane Center (NHC, 2024) available at https://www.nhc.noaa.gov/archive/.
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