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Decreasing trend in destructive potential
of tropical cyclones in the South Indian
Ocean since the mid-1990s
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Tropical cyclone activity often leads tomany adverse impacts and assessing their destructiveness is a
crucial scientific concern. Here we investigated changes in the destructiveness of tropical cyclones
worldwide using the power dissipation index and found that there is no clear trend inmost basins, but a
significant decrease in power dissipation index has been detected in the South Indian Ocean basin
since 1994, which is almost entirely due to a decrease in both tropical cyclone frequency and duration
in this basin. The decrease in tropical cyclone frequency is influenced by increased atmospheric
stability. The decrease in tropical cyclone duration can be attributed to the changes in tropical cyclone
locations. In addition, the weakened subtropical high is only observed in the South Indian Ocean (i.e.,
the Mascarene High), which is also associated with the decrease in tropical cyclone destructiveness.
These findings have implications for assessing the destructive potential of future tropical cyclones.

Tropical cyclones (TCs) are one of the most frequent and destructive
weather systems on earth, which can cause severe damage to infrastructure
and ecosystems and even threaten human life and property, especially in
underdeveloped coastal countries and regions1–3. According to a World
Meteorological Organization (WMO) report4, in the last 50 years (1970-
2019), there have been 1,945 records of disaster events related toTCactivity,
resulting in 779,324 deaths and US$1.4 trillion in economic losses. In
general, the economic and property losses caused by landfalling TCs in
developed countries are much greater than those in developing and
underdeveloped countries, but the numbers of casualties caused by TCs in
underdeveloped countries and regions are the reverse. In addition, TC-
related disasters and economic losses have increased significantly in recent
decades4.

Therefore, the enormous harmful human toll of TC activity cannot be
ignored. Assessing the destructiveness of TCs is crucial to reducing financial
losses and human casualtiesworldwide5,6. Early studies7,8 typicallymeasured
TC activity using a single indicator (such as TC intensity or frequency), but
these indicators have limitations in assessing the destructiveness (or
damage) of TC activity. To better reflect changes in TC activity, Emanuel9

proposed a power dissipation index (PDI) to assess the destructiveness of
TC activity, which combines TC intensity, duration, and frequency10. This
index has been widely applied in subsequent studies2,11–19. How the

destructiveness of TCswill change under awarmer climate is a key scientific
question of widespread interest. Many studies have been conducted to
investigate the destructiveness of TCs at the global and basin scales,
respectively. For example, since themid-1970s, the destructiveness (PDI) of
TCs has shown a significant increasing trend in both the Western North
Pacific and the North Atlantic9. Using another widely used index, the
AccumulatedCycloneEnergy (ACE),Maue20 found that the destructiveness
of global TCs has undergone significant fluctuations, reaching its lowest
level since 1977 in 2011. These changes are consistent with major shifts in
Pacific climate. Lin & Chan12 and Tu et al.14 found that the Western North
Pacific PDI decreased in 1993-2012 and increased in 1998-2016, respec-
tively; these results also reflect the variability of TC activity on interdecadal
scales.Apreviouswork suggested that a slight increase in thedestructiveness
of TCs is detected in South Indian Ocean (SIO), which contributes to the
increase in the frequency of intense TCs21.

Because TC activity requires adequate heat content from the upper
ocean, studies have suggested that TC activity is strongly influenced by
upper-ocean thermal conditions and that the destructiveness of TCs is
strongly correlated with increasing sea surface temperature (SST)9,22, and
many climate model simulations have shown similar results23. However,
some studies have found that local SST cannot explain the variability in the
destructiveness of TCs24,25. For example, there is no significant positive
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correlation between local upper-ocean heat content and TC
destructiveness14. In fact, TC activity is more strongly related to changes in
relative SST26.

Due to the limitations of observational technology in earlier peri-
ods, the trajectory and intensity of TCs have large uncertainties. Satel-
lites have monitored global TC activity since 1982, improving the
uncertainties in the best-track dataset significantly27,28. Therefore, in this
paper, we use historical best-track TC data from 1982 to 2021 to re-
examine changes in the climatic tendency of the destructiveness of
global TCs (the sum of the cubes of TC intensity). The results indicate
that only the SIO has shown a clear downward trend in the destruc-
tiveness of TCs since the mid-1990s, while no significant downward
trend has been observed in other TC basins. This decrease in the
destructiveness of TCs in the SIO is due mainly to the decrease in TC
frequency and duration.

Results
Observed trends in the PDI
Based on integration of the TC intensity cube, the average annual
cumulative PDI of global TCs is 19.24 × 1011 m3 s–2, 14.33 × 1011 m3 s−2,
and 4.90 × 1011 m3 s–2 for the Northern Hemisphere and Southern
Hemisphere, accounting for about three-quarters and one-quarter of
global TC destructiveness, respectively. According to the time series,
global TCdestructiveness shows significant interannual variability (Fig. 1
and Supplementary Fig. 1), which is consistent with previous studies29,30.
Overall, the annual cumulative PDI of TCs reaches its maximum in the
1990s, followed by a slight decreasing trend. The annual cumulative PDI
in the Southern Hemisphere has decreased significantly since the mid-
1990s (Supplementary Fig. 1c), while the PDI in the Northern Hemi-
sphere decreases to a lesser extent and shows strong interdecadal varia-
bility throughout the study period (Supplementary Fig. 1b). The decrease
in the destructiveness of TCs since the mid-1990s is consistent with
previous results20. Furthermore, at the basin scale, except for obvious
interannual and interdecadal variations, only the annual cumulative PDI
of the SIO has a significant abrupt change of linear trend detected in
the mid-1990s and shows a clear downward trend thereafter (Fig. 1).

ACE index also shows the same downward trend since the mid-1990s
(Supplementary Fig. 2).

We first examine the characteristics of the destructiveness in the SIO
basin. The statistical results show that the average annual cumulative PDI in
the SIO is 3.12 × 1011 m3 s–2. The time series of the cumulative PDI (Sup-
plementary Fig. 1g) shows clear interannual and interdecadal variability.
Themaximum cumulative PDI occurs in 1994 (6.46 × 1011 m3 s–2), which is
seven times higher than the minimum in 1987 (0.86 × 1011 m3 s–2). The
cumulative PDI increases gradually but reaches the maximum rapidly in
1994 and then decreases significantly (the downward trend reaches the 95%
confidence level), with a linear trend of –0.72 × 1011 m3 s–2 per decade
(Fig. 2a, P = 0.03). Based on this linear trend, the cumulative PDI decreases
by about 45% at the end of the 1994–2021 period. Tridaiana & Marzuki21

showed an increase in PDI andACE indices in the SIO region, which differs
from the present study because they considered only TCs with categories
1–5,while tropical depressions and tropical stormswere not considered. For
comparative analysis, we divide this downwardperiod (1994-2021) into two
sub-periods (i.e., P1: 1994-2007 and P2: 2008-2021). In P1, the cumulative
PDI in the SIO basin is 3.93 × 1011 m3 s–2 (Table 1), while it decreases to
2.82 × 1011 m3 s–2 in P2, ~28% less than in P1, which means that the
destructiveness of TCs in the SIO decreases by more than a quarter in P2.
Over the same period, the quantitative results for ACE also show a linear
trend of –15.8 × 104 m2 s–2 per decade (Supplementary Fig. 2g,P = 0.01) and
a 27% difference between P1 and P2.

These phenomena are significantly different from those in other
TC basins (Fig. 1). We counted the evolution of the cumulative PDI in
different TC basins during the period 1982-2021, but we detected no
significant upward or downward trend in TC destructiveness. A slight
downward trend (P = 0.22) in the cumulative PDI can be found only in
the Western North Pacific basin. This change is likely related to the
abrupt interdecadal change in the PDI in 199812,14. In the Eastern
North Pacific basin, the cumulative PDI of TCs abruptly decreases
after 1995, while in the North Atlantic, it abruptly increases after 1995,
both without a significant upward or downward trend. In addition, the
cumulative PDI in the South Pacific basin does not show any sig-
nificant trend over the period 1994-2021. Therefore, the decrease in

Fig. 1 | Time series of the cumulative power dissipation index (PDI) of tropical
cyclones (TCs) for each basin and the global. Shaded areas are the two-sided
interval of the linear trend at the 95% confidence level; the solid line (red is

significant) represents the linear regression since the mid-1990s. The green curve
represents the 5-year running average distributions of the PDI.
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the PDI in the Southern Hemisphere can be attributed mainly to the
change in the PDI in the SIO. However, it remains unclear why the
cumulative PDI is decreasing significantly only in the SIO basin.

Changes in PDI-related contributors in SIO
According to the definition of the cumulative PDI9,10, TC frequency, dura-
tion, and intensity are the three contributors to changes in the PDI, so we
analyze the characteristics of these three factors. The statistical results show
that the averageTC intensity over the SIO is 25.64m s–1, theTC frequency is
16.05 per year, and the average TC duration is 6.83 days (Table 1). The time
series of these three factors also show obvious interannual variations
(Fig. 2b–d). Among them, the average TC intensity shows a slightly
increasing trend (P = 0.68) during the period 1994-2021 (Fig. 2b), while the
TC frequency and the average TCduration decrease significantly during the
sameperiod (Fig. 2c, d,P = 0.02). Therefore, the significant downward trend
in the cumulative PDI from1994 to 2021 ismainly caused by the decrease in
TC frequency and duration. Combined with a previous study21, the increase
in the frequency of strongTCshas contributed to the fact that there has been
no decrease in themean intensity (Fig. 2b). The decrease in TC frequency is
predictable, and it has also been noted in previous studies31,32 that global

warming will lead to a decrease in TC frequency in the SIO, and while this
may be beneficial in terms of reducing flooding, it will also allow for a
decrease in precipitation in Southeast Africa, which could have negative
impacts on agriculture.

In order to better quantify the changes in TC activity status in the SIO
basin, we also calculate the differences in these variables between P1 (1994-
2007) and P2 (2008-2021). As shown in Table 1, the average intensity in
these two sub-periods is 29.90 and 26.00m s–1, respectively, an increase of
<1% during P2 (P = 0.59). TC frequency decreases from 17.36 to 14.57, a
difference of 2.79 TCs (16%, P = 0.03). The downward trend in TC fre-
quencyobservedhere is consistentwithpreviouswork and is likely related to
the weakened tropical circulations associated with increased atmospheric
stability23,33,34,. The result shows that TC duration in P2 changes from
7.38 days inP1 to 6.46 days,with a difference of 0.92 day (13%,P < 0.01). TC
days, simply defined as TC frequency multiplied by average TC duration,
can also be used to characterize the activity of TCs in each TC basin22,35. The
average TC days in the SIO are 33.95 days less in P2 (27%, P < 0.01) than in
P1. The magnitude of this change is comparable to the downward trend of
the cumulative PDI between these two subperiods, while the slightly
increasing trend in TC intensity makes a negligible contribution to the
change in the PDI over the SIO basin.

We have also examined these changes in PDI contributors in other
TC basins, but except for the Western North Pacific, these other TC
basins show no apparent changes in TC intensity and TC days (Sup-
plementary Figs. 3-4). The relationship between the decreased cumula-
tive PDI and its contributors in the SIO is similar to the changes in the
Western North Pacific from 1993 to 201212, where the decreased PDI is
also influenced by changes in TC frequency and duration. However, the
decreased PDI in the Western North Pacific during 1993-2012 is only
part of the interdecadal variability, as a significant upward trend can be
found during the period 1998-2016, and this change is associated with a
gradual increase in TC intensity14. However, the cumulative PDI in the
SIO basin has not yet shown a significant upward tendency. Are the
changes in the destructiveness of TCs in the SIO and Western North
Pacific basins, and the possible reasons for them, consistent?

Fig. 2 | Time series of SIO TC-related parameters during the period 1994-2021. a PDI, b TC intensity. c TC frequency. d TC duration. Shaded areas are the two-sided
interval of the linear trend at the 95% confidence level; red lines are the linear regression.

Table 1 | Differences in the cumulative PDI of TCs and their
contributors in the SIO between periods P1 (1994–2007) and
P2 (2008–2021)

PDI Intensity Duration Frequency TC days
(×1011 m3s–2) (m s–1) (day) (day)

Climatology 3.12 25.64 6.83 16.05 109.17

P1 3.93 25.90 7.38 17.36 126.14

P2 2.81 26.00 6.46 14.57 92.20

Difference –1.12 0.10 –0.92 –2.79 –33.95

Percent –28.50 0.38 –12.50 –16.07 –26.91

P-value 0.04 0.59 <0.01 0.03 <0.01
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Changes in the track and movement of TCs
In the analysis above, we have investigated the evolution of the time series of
the PDI and its contributors, and their spatial variation is of further interest
here. According to the regional PDI distribution (in a 2°×2° grid; see
Methods), it is observed that TC destructiveness in P1 is concentrated
mainly east of Madagascar and northwest of Australia, while the destruc-
tiveness in both these regions is significantly weakened in the later sub-
period, and themaximumvalue appears in the central regionof the SIOnear
80°E. These changes can be clearly detected from the distribution of dif-
ferences in the regional PDI (Fig. 3). The regional PDI can be determined
from the average regional TC intensity and TC track density. Despite some
TC intensification along the eastern coast of Africa and around 80°E and
110°E in the SIO, other regions of the SIO do not change significantly,
implying that the contribution of regional TC intensity to regional PDI
change is almost negligible. Therefore, changes in TC track density con-
tribute the majority of the regional PDI variation.

Furthermore,we analyze the averagepositions ofTCactivity in the SIO
during P1 and P2. Supplementary Table 1 and Supplementary Fig. 5 shows
the change inTCpositions,where the averagepositionofTCactivity inP1 is
15.71°S, 79.97°E, but in P2 it is 16.52°S, 80.59°E, which shows a significant
southward shift compared to P1 (P < 0.01). The mean TC genesis position
also shows a significant southward shift in P2 (P = 0.03). Previous studies
have found a significant poleward migration of global TCs36–38, which is
likely to be influenced by tropical expansion34,39,40. Our results also show that
TC activity in the SIO appears to undergo a poleward migration during P2.
However, a significant westward shift in the location of TC generation41 is

not detected in 1994-2021 (i.e., only a slight change in our result, P = 0.14),
most likely due to the selection of a different study period.

In general, TCs are generated in the lower latitudes of the tropics and
then gradually transported westward and poleward under the influence of
the steering flow and the beta effect42,43. However, the westward component
is stronger in the early phase under the equatorial easterlies, while the beta
effect gradually increases with increasing latitude. The distribution of TC
tracks (Fig. 4) indicates that TCsmigratemorewestward in P1.However, in
P2, the westward migration of TCs is not as obvious as in P1, and the
distribution of TC tracks is relatively more dispersed. Is it possible that TC
tracks change significantly in these two sub-periods?

TCs across the SIO basin are possibly to be drove by the large-scale
zonalflow44, so it is important tounderstand the spanningdistanceof theTC
westward. In this study, we calculate the longitude differences of each TC
from its genesis position to itswesternmostpositionover its entire lifetime to
explore changes in the distance of TC westward migration. Based on the
time series, the westward distance of TCs in the SIO gradually decreases
from 1994 to 2021, with a linear trend of 2.20° longitude per decade
(P = 0.03; Fig. 5a). In P1, the westward distance of TCs is 12.95° longitude
(Supplementary Table 1), while in P2 it is 9.04° longitude, with a decrease of
3.9° longitude (30%, P < 0.01).

In addition, a similar feature can be found in the time series of the
average direction of TC activity (Fig. 5b). The results show a significant
decreasing trend in the average direction of TC activity in the SIO during
1994-2021, with a linear trend of 5.85° per decade (P = 0.04); i.e., the
composite TC translation direction gradually shifts from west to south.

Fig. 3 |Distribution of the regional PDI and track density. a regional PDI (× 109m3

s–2 per grid) in P1. b track density (times per grid) in P1. c, d same as a, b, but for P2.
e, f same as a, b but for the difference between P1 and P2. Dashed areas indicate

differences significant at the 95% confidence level. The green dashed rectangle
represents the main TC area of the SIO.
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Furthermore, the average direction of TC activity in P1 is 211.74° (i.e.,
northward is 0° and clockwise is positive, Supplementary Table 1), while the
average direction of TC activity in the SIO in P2 is 200.77°, a difference of
10.97° (P < 0.01). Therefore, the average translation direction of TCs in P2 is
more southward than in P1.

Therefore, according to the statistical results of the locations and tracks
of TC activity, TCs appear to be generated more westward in P2

(insignificant), but the distance of westward migration is significantly
reduced. TC generation location is southward and thus the beta effect is
enhanced, which may cause TCs to be deflected southward to higher lati-
tudes earlier, and thus TC is weaken and disappear faster. Meanwhile, this
study also found that the distance of TC southward migration remains
unchanged (Supplementary Table 1 and Supplementary Fig. 5c), thus the
trajectory of TCs is also significantly shortened. Since TC trajectories can be
determined by translation speed and TC duration, the statistics show that
the average TC translation speed in the SIO has not decreased (Supple-
mentary Table 1), so the downward trend in TC duration is caused mainly
by the gradually shortened TC trajectory. However, characteristics of TC
activity that are similar to those in the SIO (such as the westwardmigration
of the genesis site and the shortening of the TC trajectory) are not found in
the other TC basins.

Possible mechanism of influence
Based on the above analysis, we know that changes in TC frequency and
track distribution contribute significantly to the decreasing PDI in the SIO.
So, what causes the changes in TC frequency and tracks?

The influence of environmental thermodynamic conditions is
considered in order to explore a possible mechanism of influence. Pre-
vious studies have suggested that TC intensity may increase with global
warming, especially TCs in the more intense categories22,45,46. First,
thermal conditions such as SST and water vapor content are sufficiently
favorable for TC activity (Fig. 6a, b), as well as TC heat potential (Sup-
plementary Fig. 6), allowing TC intensity to be maintained. Malan et al.47

show that the increase in TCHP favors an increase in severe storms, but
the TC frequency decreases during the same period, a discrepancy
associated with increased atmospheric anticyclones in the SIO. Our
results also suggest that the atmospheric dynamical conditions in the SIO
region are not favorable for TC activity. Specifically, compared to P1, the
atmospheric stability between the upper and lower layers over the SIO
region is significantly enhanced during P2 (Fig. 6c), which is likely the
main reason for the significant decrease in the frequency of TC genera-
tion during the 1994-2021 period. This increase in atmospheric stability
will suppress atmospheric convection and decrease upward mass flux in
the tropics and subtropics23,33,34. Under such conditions, it is discovered
that the CAPE (convective available potential energy) in the SIO region is
also found to be significantly decreased (Fig. 6d), resulting in a decrease in
TC generation.

On the other hand, TC trajectories and intensities are influenced by the
subtropical high48, the subtropical high around the SIO (i.e., Mascarene
High, MH) can regulate TC tracks through the steering flow (a counter-
clockwise rotating flow around the MH). Our investigation found that the
atmospheric geopotential height at 850hPa isweakened significantly during
P2 (Fig. 6e), especially over thewesternMH,which implies aweakenedMH.
This is also evident from the 1540 isopotential line during P1 and P2
(Fig. 6f). Because the Southern Hemisphere subtropical high behaves as a
counterclockwise rotating system, the reduction in the MHmeans that the
counterclockwise rotation is weakened, which can lead to a clockwise wind
difference around the MH.

We know that TC motion is usually caused by a combination of the
steering flow and the beta effect. Relatively, except when the translation
speed of a TC is very small, the influence of the steering flow on TC
motion is stronger than that of the beta effect49. Since TC trajectories in
the SIO are strongly influenced by the counterclockwise steering flow
around the periphery of the MH, the clockwise wind difference around
the MH implies that the TC steering flow is weakened in the SIO region.
A clear westerly and southwesterly wind difference is presented in the
lower-latitude area around the island of Madagascar and its southeastern
waters combined with the southward shift of TC genesis locations, thus
increasing the relative contribution of the beta effect. This process is
conducive to shortening the westward migration distance of TCs, thus
shifting the translation direction of TCs to the south earlier, and finally
producing shortened TC tracks and durations.

Fig. 4 | Distribution of TC tracks during P1 and P2. a P1 (1994-2007). b P2 (2008-
2021). Red triangles are the genesis positions of TCs, and gray curves are the tra-
jectory of TCs. The green dashed rectangle represents the main TC area of the SIO.

Fig. 5 | Time series of SIO TC-related locations and directions during the period
1994–2021. a Distance of TC westward migration (longitude). b TC translation
direction. Shaded areas are the two-sided interval of the linear trend at the 95%
confidence level; red lines are the linear regression.
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The decrease in theMH plays an important role in the decrease in TC
destructiveness. However, a similar phenomenon has not been observed in
any other major TC basin (Supplementary Fig. 7), and some studies have
even found a significant intensification of the subtropical high in the
Western North Pacific basin, which may also affect TC activity12,50,51. The
weakening of the subtropical high seems to occur only in the SIO, while the
geopotential increases significantly in the other TC basins. This means that
the differences in the SIO subtropical high and TC changes are significant
compared to the other basins, causing the trend in the destructiveness of
TCs in the SIO to be inconsistent with that in the other TCbasins. However,
the exact cause of this incongruence is unclear and requires further research.

Discussion
In this study, we found that the destructiveness of TCs in the SIO decreases
significantly during the period 1994-2021, mainly due to the decrease in TC
frequency and duration. Consistent with the results of many previous stu-
dies, the decrease in TC frequency is likely due to the decrease in upward
mass flux over the tropics23,33,34, which may be related to the strength of
atmospheric stability under awarming climate. Thedecrease inTCduration
implies that it is mainly due to the shortening of TC tracks. This is because
the change in TC translation speed between the two periods is small. The
most direct cause of the shortening of TC tracks is the significantweakening
of theMH, which weakens the steering flow around it and correspondingly
strengthens the contribution of the beta effect. As a result, TCs deviate and
enter higher latitudes earlier, then weaken and disappear faster. We found

that the weakening of theMHhas had a significant impact on TC activity in
recent decades, and future research should focus on the impact of these
changes on TC activity. Additionally, the cumulative PDI in the other TC
basins has not decreased significantly, probably related to the unweakened
subtropical high in these basins (Supplementary Fig. 7).

Previous studies have found that PDI in the SIO has increased in recent
decades18,21,52, which differs from the decrease in PDI since the mid-1990s
found in this study due to the different TC samples considered. In terms of
spatial distribution, the decrease in PDI is associated with a decrease in TC
track density at low latitudes, northwest Australia, and in the waters east of
Madagascar (Fig. 3). This implies a decrease in the number of TCs landing in
northwest Australia and near the Madagascar islands during the P2 period.
In fact, since the 1980s, the frequency of intenseTCs in the SIOhas increased,
especially the frequency of category 5 level TCs52,53, which is a result of global
warming. This phenomenon has been found in other relevant studies54,55.
While the frequencyof tropical stormshasdecreased slightly, the frequencyof
TC genesis and landfall has also decreased in the Southwest Indian Ocean
(SWIO)56. This study supports similar findings for TC frequency, but there
has been no significant change in average intensity, which is possible because
the contributions of intense andweak TCs offset each other. The average TC
intensity shows a clear increase in magnitude over the last decade (Fig. 2b),
suggesting amore pronounced increase in the proportion of intense TCs and
potentially posing a challenge to tropical cyclone forecasting in the region.
However, the regional PDI is not uniformlyweakened, and this study found a
slight increase in TC destructiveness along the southeast coast of Africa

Fig. 6 | Differences in various TC thermodynamic conditions. a Sea surface
temperature. b Total column water vapor. c Atmospheric stability. d Convective
available potential energy. e Geopotential at 850 hPa. Dashed areas in subplots
a–e indicate differences that are significant at the 95% confidence level. f Steering

flow andMascarene High distributions; blue and red curves represent the 1540 gpm
isopotential line at 850 hPa. These influence factors are calculated as the average
fromNovember to April. The green dashed rectangle represents themain TC area of
the SIO.
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during P2 (Fig. 3e), which is likely related to thewestward shift in the location
of TC generation in SWIO41.

The decrease in the PDI since the mid-1990s and its possible causes
were examined in this study. Ifwe further examine the time series ofPDIand
find an increasing trend between 1982 and 1993, what is the reason? As
shown in Supplementary Fig. 8, the increase in average TC intensity and
duration contribute to the changes in PDI during this period. Because the
average distance of TCs to land is gradually increased during 1982-1993,
indicating a longer duration of TC activity at sea (Supplementary Fig. 9a, b).
The warm ocean surface provided an amount of energy that then led to an
increase in the average TC intensity. In contrast, environmental factors do
not change significantly during the same period and thus have a negligible
influence on the destructiveness of SIO TCs. The changes in the PDI before
1994 are mainly due to an increase in the average TC intensity, which is
associated with an increase in the duration of TCs over water. During the
same period, the overall PDI on land also weakened, associated with a
decrease in the frequency of landfalling TCs, but there was no significant
change in the PDI of individual TCs on land, and the average duration on
land decreased slightly (Supplementary Fig. 9). Since 1994, our results show
that both the total PDI on land and that of individual TCs have decreased,
but there has been no significant change in the distance from land over the
same period (Supplementary Fig. 10). However, the duration offshore has
decreased significantly, which may be related to the poleward shift in the
trajectory of TCs (Fig. 5 and Supplementary Fig. 5). This explains the dif-
ferent variations in PDI changes before and after 1994. In addition, the
frequency of TC landfalls has decreased slightly, and the onshore duration
has remained largely unchanged (Supplementary Fig. 10). We have dis-
cussed thedifferent trends inPDIbefore andafter 1994, aswell as its changes
over land. These features reflect the large-scale interdecadal variability
characteristics of PDI in the SIO, and it is worth continuing to focus on
whether the decreasing PDI will gradually turn into an increasing trend in
the future.

Many studies have also analyzed the relationship between climate
indices and TC activity in the SIO (or SWIO). On interannual time scales,
the ElNiño-SouthernOscillation is considered important forTCgeneration
and trajectory in the SIO57–59. El Niño-Southern Oscillation can modulate
the large-scale environmental field changes associated with TC generation;
the decrease in TC frequency in the SWIO during a strong El Niño is
associatedwith changes in large-scale thermodynamic parameters, inwhich
case the equatorward movement of the subtropical jet offsets the effects of
tropospheric humidity and SST on TCs, which in turn suppresses TC
activity60. Chikoore et al.61 identified LaNiña events and anomalous easterly
circulation associated with SWIO SSTs as one of the mechanisms sup-
porting TC generation in the Mozambique Channel. A previous study53

suggests that there is significant interannual variability in the frequency of
TC landfalls inMadagascar andMozambique, which is influenced by the El
Niño-Southern Oscillation and the Quasi-Biennial Oscillation. The Ant-
arctic Oscillation can also influence TC activity in the SIO, which increases
by 50% to 100% in northwest Australia when the Antarctic Oscillation is in
positive phase due to enhanced water vapor convergence and upward
motion62. In addition, the Madden-Julian Oscillation has been shown to
exert a significant influence on SIO TCs, particularly over the northwest
coast of Australia59,63; TCs in the SIO are also associated with localized
Indian Ocean Dipole phenomena64,65. These features reflect the interaction
between climate oscillations andTCoccurrence66. In particular, whether the
currently observed weakening of TC destructiveness in the SIO causes a
change in the correlation between TC activity and these large-scale climate
oscillations is also a question that needs to be further investigated.

Although the PDI in the SIO accounts for about 16% of the total global
destructiveness, it is also an important part of global TC activity and has
significant economic and social impacts on the eastern coast of Africa and
the northwestern Australia18,67. Southern Hemisphere countries are more
vulnerable to the destructive nature of tropical cyclones due to their lower
adaptive capacity compared to Northern Hemisphere countries68. For
example, Cyclone Idai in 2019 caused approximately 1,300 deaths, affected

more than three million people, and caused $2.2 billion in direct economic
losses; Cyclone Freddy, an SIO-generated cyclone in 2023, broke the record
for longest duration on earth69. Therefore, it is also important to be con-
cerned and closely examine the changes in TC activity in the region, espe-
cially in relation to the inconsistencies (as in this study)with otherTCbasins
under the current warming climate.

Methods
Data
The International Best Track Archive for Climate Stewardship-Joint
Typhoon Warning Center (IBTrACS-JTWC) dataset70 is widely used in
tropical cyclone (TC) studies20,26,41,71,72, which includes the 3-hour position
(longitude and latitude), minimum sea level pressure, and maximum sus-
tained wind speed near the TC center, etc. In this study, the records of non-
TC systems (such as extratropical, wave, disturbance, and others) are
excluded. All records with TC intensity greater than 12.35m s–1 (~24 kt) are
counted in this study.

In this paper, the fifth generation ECMWF (European Centre for
Medium-Range Weather Forecasts) atmospheric reanalysis of the global
climate (ERA5) dataset73 and the EN4.2.2 ocean analysis dataset74 obtained
from Met Office Hadley Centre are used to investigate the possible envir-
onment factors contributing to TC activity.

Power dissipation index and TC-related parameters
In this paper, the power dissipation index (PDI)9 is used to investigate
changes in the destructiveness of TCs, defined as the sum of the cubes of the
3-hourlymaximumsustainedwind speed (TC intensity) over the lifetime of
a TC; hence the cumulative PDI in a TC year is shown in Eq. (1):

PDI ¼
XN
i¼1

Z τ

0
Vmax

3dt ð1Þ

It can be considered a combination of TC frequency, duration, and
intensity. Changes in the PDI of TCs at the global, hemispheric, and basin
scales are calculated separately, among which the data from five basins,
namely the Western North Pacific, Eastern North Pacific, North Atlantic,
South Indian Ocean, and South Pacific, are counted. Considering that most
of the early records in the North Indian Ocean are “Not Reported” in the
IBTrACS data, TCs in the NIO are excluded in the present study.

Regional changes in the PDI, TC intensity, and track density are also
investigated in this work. These are counted in a 2° × 2° grid over the SIO.
The regional PDI is defined similarly to the above formula, but for TC tracks
entering each 2° × 2° grid. It is therefore mainly a result of regional TC
intensity and TC track density. To better represent changes in the regional
PDI, regional TC intensity, and TC track density, a 5×5 spatial grid filter is
used here.

Similarly, Accumulated Cyclone Energy (ACE) index can also repre-
sent the destructiveness of TCs20,21,29,55,72 which is defined as the sum of the
square of TC intensity in a year shown in Eq. (2):

ACE ¼
XN
i¼1

Xτ
t¼0

Vmax
2 ð2Þ

ACE's contributors are the same as PDI. This work also calculates
changes in ACE at the global, hemispheric, and five basin levels from the
3-hour interval best-track dataset (IBTrACS-JTWC).

Possible influence factors and environmental conditions
To investigate the changes in TC track in the SIO during the period 1994-
2021, the distance of TC westward and southward migration is examined,
the distance of TC westward migration is defined as the difference between
the genesis and westernmost longitude for each TC. Similarly, the distance
of TC southward migration is the difference between the genesis and
southernmost latitude for each TC.
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Environmental factors of influence, including SST, total column water
vapor, relative humidity, atmospheric stability, convective available poten-
tial energy, geopotential, and steering flow, are obtained from the monthly
ERA5 dataset. Referring to the previous method34,75, atmospheric stability
(AS) is defined as Eq. (3):

AS ¼ θ300 � θ900 ð3Þ

which represents the potential temperature difference between 300 and 900
hPa (θ300 and θ900), respectively, in which the potential temperature is
defined as:

θ ¼ T
P0

P

� � R
cp ð4Þ

where T in Eq. (4) is the absolute temperature (K), R is the gas constant of
air, cp represents the specific heat capacity at a constant pressure, P0 and P
are the reference pressure (usually taken as 1000 hPa) and atmospheric
pressure, respectively. In general, R=cp ¼ 0:286 for the atmosphere.

TC heat potential (TCHP) represents the heat contained in the upper
layer of the 26 °C isotherm of the upper ocean17. It is defined as:

TCHP ¼ cpρ
Z 0

D26

T zð Þ � 26½ �dz ð5Þ

In Eq. (5), cp is the specific heat capacity at a constant pressure, usually
taken as 4178 J kg−1 °C−1; ρ is the density of sea water, taken as 1026 kgm−3

in theupperocean;D26 is the depth of the 26 °C isotherm, andT zð Þ is the in-
situ temperature from the ocean analysis data in the EN4.2.2 ocean analysis
dataset.

Data availability
TC best-track data are taken from the IBTrACS v4 dataset (https://www.
ncdc.noaa.gov/ibtracs/). Environmental factors are taken from ERA5 rea-
nalysis (https://cds.climate.copernicus.eu/cdsapp#!/home) and EN4.2
ocean analysis (https://hadleyserver.metoffice.gov.uk/en4/download-en4-
2-2.html). Source data are provided with Figshare (https://doi.org/10.6084/
m9.figshare.26706655).

Code availability
All Python codes used to generate the results are available on request from
the first author (S.T., email: tusf@gdou.edu.cn).
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