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Ocean currents show global intensification 
of weak tropical cyclones

Guihua Wang1,4 ✉, Lingwei Wu1,4, Wei Mei2 & Shang-Ping Xie3

Theory1 and numerical modelling2 suggest that tropical cyclones (TCs) will strengthen 
with rising ocean temperatures. Even though models have reached broad agreement 
on projected TC intensification3–5, observed trends in TC intensity remain 
inconclusive and under active debate6–10 in all ocean basins except the North Atlantic, 
where aircraft reconnaissance data greatly reduce uncertainties11. The conventional 
satellite-based estimates are not accurate enough to ascertain the trend in TC 
intensity6,11, suffering from contamination by heavy rain, clouds, breaking waves and 
spray12. Here we show that weak TCs (that is, tropical storms to category-1 TCs based 
on the Saffir–Simpson scale) have intensified in all ocean basins during the period 
1991–2020, based on huge amounts of highly accurate ocean current data derived 
from surface drifters. These drifters have submerged ‘holy sock’ drogues at 15 m 
depth to reduce biases induced by processes at the air–sea interface and thereby 
accurately measure near-surface currents, even under the most destructive TCs. The 
ocean current speeds show a robust upward trend of ~4.0 cm s−1 per decade globally, 
corresponding to a positive trend of 1.8 m s−1 per decade in the TC intensity. Our 
analysis further indicates that globally TCs have strengthened across the entirety of 
the intensity distribution. These results serve as a historical baseline that is crucial for 
assessing model physics, simulations and projections given the failure of 
state-of-the-art climate models in fully replicating these trends13.

In addition to their tremendously destructive impacts on economy 
and society, TCs play an important role in the atmosphere–ocean  
system14–18. TC intensity is often defined using the 1 min, 2 min or 10 min 
maximum sustained surface wind speed at 10 m height. However, this 
parameter is not only notoriously difficult to predict, but also extremely 
hard to accurately estimate from observations19. The Dvorak technique 
is an empirical method widely used for estimating TC intensity from 
satellite imagery20,21. In practice, this technique first estimates a final T 
number (FT) from cloud patterns and infrared cloud top temperatures, 
then obtains a current intensity number (CI) from FT based on several 
rules and finally converts CI to maximum sustained wind (MSW) using 
a standard table. Because of the subjectiveness of the FT estimates, CI 
assignment and differences in the conversion table in use, the intensity 
estimates by different agencies can vary a lot even based on identical 
information22 (Extended Data Table 1), especially for 1 min maximum 
wind speeds below 90 kt and above 125 kt (ref. 23). Consequently, TC 
intensities in the ‘best track’ dataset obtained using this subjective 
technique have large uncertainties for trend analysis. The study in ref. 24  
concluded that the total destructiveness of TCs have increased mark-
edly over a period of 30 years starting in the mid-1970s. Based on peak 
intensity during a TC lifetime, the research of ref. 25 suggested that the 
upward trend in intensity only occurs to strong TCs (that is, categories 
3–5) but not to weak TCs. It has also been found26 that the strongest 
TCs (that is, categories 4–5) had increased from 1970 to 2004 in all 

basins except the North Atlantic. Using a new satellite-based dataset, 
it has been found27 that the proportion of strong TCs increased during 
the period 1975–2010, whereas it has been suggested28 that the global 
mean trend in TC intensity over the period 1982–2009 is statistically 
insignificant. Observed estimates of trends in TC intensity have not 
converged and the uncertainty remains large3,11,29. Here we develop a 
new approach to evaluate the changes in TC intensity during the last 
three decades by using huge amounts of surface drifter-derived ocean 
current data with high accuracy.

A close relationship between TCs and ocean currents has been identi-
fied from ocean dynamics30, verified by various observations including 
acoustic Doppler current profilers31, air-borne expendable current 
profilers32, moored and drifting buoys33, electromagnetic autonomous 
profiling explorer floats34 and surface drifters35. Although anemometers 
fail to function when the air–sea boundary is not well defined, surface 
drifters are equipped with a drogue for nominal 15 m currents and are 
not strongly biased by processes at the air–sea interface (for example, 
winds and breaking waves). Robust evidence has been provided36 for the 
near-surface current response to TCs from tropical storms to category-5 
TCs. This suggests that ocean current observations can provide alter-
native estimates of TC intensity, given the large amounts of direct 
near-surface current measurements by surface drifters. Over 25,000 
drifters have been deployed globally since the start of the National Oce-
anic and Atmospheric Administration Global Drifter Program in 1979, 
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and more than 36 million records of measurements are available. More 
importantly, these ocean current measurements are of high accuracy: 
for a 10 m s−1 wind speed, the downwind bias in the measured ocean 
currents is only around 1 cm s−1 (ref. 37), corresponding to an error in 
wind speed of approximately 0.46 m s−1 based on Ekman theory. The 
wind speed of TCs inferred from the drifter current measurements is 
highly consistent with the observed wind speed from global tropical 
buoy arrays, with a root mean square error of 2 m s−1 (Methods and 
Extended Data Fig. 1b). Thus, it is viable to quantify the trend in TC 
intensity using ocean current measurements from drifters.

There are more than 85,000 drifter records associated with weak 
TCs (defined as TCs of 1 min maximum sustained wind speed ranging 
between 17 and 42 m s−1 at the time of measurement), whereas much fewer 
drifter records (5,800) are available for strong TCs. It is important to  
ensure that the amount of drifter observations is sufficient to analyse 
the trend in TC intensity by compositing TC wind fields over different 
time periods. Adopting the method of ten events per variable (EPV) as a 
minimal criterion in sample-size consideration (Methods), we confirm 
that the drifter records are enough to composite the wind field for weak 
TCs but not sufficient for strong TCs globally at this point. We focus 
on weak TCs for trend analysis. Although weak TCs account for 70% 
of all TCs, accurate estimates of their intensity are much more chal-
lenging with the Dvorak technique23. For every five-consecutive-year 
period during 1991–2020, we compare the composite TC winds with 
the theoretical TC winds based on the Batts typhoon wind field model38 
(Methods) and find little differences between them (that is, less than 
0.5 m s−1) (Extended Data Fig. 2a). Specifically, although the number 
of drifter records in the first five years is small (7,165, with around 23% 
of them being in the last five years), the composite TC wind field still 
bears much resemblance to the theoretical TC wind field (Extended 
Data Fig. 2b). This demonstrates the usefulness and accuracy of the 
proposed approach in constructing the TC wind field and estimating 
the trend in TC intensity using drifter current measurements.

We then extract all the drifter records within seven radii of the max-
imum sustained wind speed (Rmax) of each weak TC from 1991 to 2020 
(Fig. 1), and construct the composite ocean current fields for weak TCs 

for each ocean basin in individual years. The total number of records 
is 38,318, 12,262, 20,568, 8,000 and 4,962 in the North Atlantic Ocean 
(NA), Northeast Pacific Ocean (NEP), Northwest Pacific Ocean (NWP), 
South Indian Ocean (SI) and South Pacific Ocean (SP), respectively. 
The North Indian Ocean (NI) is not well sampled under weak TC condi-
tions (only 1,301 drifter records during the entire 30-year period) and 
hence is excluded in this study.

Figure 2 shows spatially averaged current speeds within seven Rmax 
associated with weak TCs for individual basins spanning the 30 years 
from 1991 to 2020, as well as for the globe (solid lines). It is evident that 
current speeds have notably increased over all ocean basins, with an 
upward trend of around 0.40 cm s−1 per year on a global scale. This 
upward trend is much stronger than the background trend of around 
0.15 cm s−1 per year, which is calculated using all drifter observations 
and reflects the acceleration of global mean ocean circulation over the 
past three decades39. In individual basins, the trend is 0.35, 0.29, 0.36, 
0.39 and 0.54 cm s−1 per year for the NA, NEP, NWP, SI and SP, respec-
tively. We have repeated the computations using one to six Rmax, and 
obtained consistent results, which tend to show stronger upward trends 
in the mean current speed both globally and for individual basins 
(Extended Data Table 2).

Based on the relationship between ocean surface Ekman current 
speed and wind speed at 10 m height (Methods), we estimate the trend 
in the intensity of weak TCs to be 0.18 m s−1 per year from the trend in 
global mean ocean current speed (that is, 0.40 cm s−1 per year) during 
the period 1991–2020. The estimated trend in the intensity of weak 
TCs is around 20% larger than the trend in the lifetime peak intensity of 
strong TCs revealed in ref. 25 (0.15  m s−1 per year). Using the maximum 
wind speed obtained from the Batts typhoon wind field model38 that 
incorporates drifter current measurements, we further estimate the 
destructiveness of weak TCs, calculated as the annually accumulated 
power dissipation index (PDI)24, and find a robust upward trend as well. 
These results are distinct from the weak downward trend inferred from 
available TC best track datasets (bottom panel of Fig. 2). Consistent 
with the PDI calculation, the probability density function (PDF) of the 
intensity of weak TCs derived from drifter observations also shifts to 
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Fig. 1 | Data distribution. Data points of drifters (pink dots) that are located 
within a distance from the TC centre of r R< 7 max under weak TC conditions and 
the number of corresponding weak TC centres in a 6° × 3° grid box (blue 

contours of 50, 100, 200, 300, 500 and 700) during the period 1991–2020. The 
total number of drifter records is 85,411. This figure is produced using 
MATLAB.
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higher intensities during the recent one and a half decades (Extended 
Data Fig. 3a). This PDF shift is independent of data sampling (Extended 
Data Fig. 3b), demonstrating that the rise of the TC intensity is robust 
across the 17–42 m s−1 range.

Figure 3a compares the composites of global mean observed ocean 
currents and their standard error ellipses in the along-track and 
cross-track coordinate system under weak TCs during the periods of 
1991–2005 and 2006–2020. The coherent spatial structure of 
TC-induced ocean circulation during both periods corroborates that 
the number of drifter measurements is sufficient to robustly estimate 
ocean currents under weak TCs (the number of drifter records is shown 
in Extended Data Fig. 4a). A strongly asymmetric TC-induced ocean 
circulation exists in both periods, and the epoch differences show a 
prominent cyclonic circulation anomaly, suggesting a strengthening 
of the TC-induced oceanic circulation from 1991–2005 to 2006–2020. 

This result is nearly independent of whether the trend in the back-
ground current is removed or not as TC-induced currents are transient 
and rotational. Quantitatively, the ocean current speed maximum is 
approximately 29.9 cm s−1 during the period 1991–2005 and increases 
by over 40% to around 42.4 cm s−1 during the period 2006–2020. The 
coherent pattern of the circulation change provides further support 
for the intensification of weak TCs in recent decades. Consistently, our 
composite wind fields of weak TCs for the two periods based on drifter 
observations also show a comparable upward trend (Extended Data 
Fig. 2c). Moreover, our computations suggest that the upward trend 
is largest between one and two Rmax of TCs (Extended Data Fig. 5), in 
line with previous studies30. We further construct the composites of 
observed ocean currents under weak TCs for individual basins during 
the periods 1991–2005 and 2006–2020 (Fig. 3b). Notably, all the five 
basins show coherent cyclonic circulation anomalies from the first to 
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Fig. 2 | Evolution of the near-surface ocean current speeds under weak TCs. 
Spatial averages of drifter-measured current speeds from 1991 to 2020 for 
individual basins and the globe (solid lines). Drifter records used for  
the calculation are shown in Fig. 1 as pink dots. In each panel, the dashed  
line indicates the fitted linear trend of the curve. The slope (s) of the fitted line 
(along with the 95% margin of error) and the P value of the t-test for the trend  
are also reported. The length of the error bar for each year is twice the standard 
deviation divided by the square root of the effective number of observations in 

that year (that is, twice the standard error of the mean). The effective number of 
observations is approximated as the number of observations that are 
separated by at least 500 km in distance or at least 10 days in time. In the 
bottom panel, the annually accumulated PDIs have been multiplied by 
0.9 × 10−12. The maximum wind speeds are from two datasets: the thin solid line 
is derived from the TC best track datasets and the thick solid line is derived 
from the drifter current measurements based on the Batts typhoon wind field 
model.
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second period. As listed in Table 1, the maximum and mean current 
speed increases are 8.2/4.1, 11.4/3.2, 16.1/2.0, 7.4/4.4 and 21.8/9.0 cm s−1 
for the NA, NEP, NWP, SI and SP, respectively. Globally, the mean current 
speed increases by around 5.0 cm s−1, corresponding to an increase of 
approximately 2.3 m s−1 in the average wind speed.

To further test the robustness of our results, we repeated the analysis  
using the subset of storms with instantaneous maximum intensity of 
tropical storm strength (17–32 m s−1). The results show the intensity  
of TCs at tropical storm strength is also increasing for individual basins 
and globally (Extended Data Figs. 8a and 4e), reaffirming that the 
upward trend in TC intensity is robust. Everything else being equal, 

stronger TCs induce more intense surface cooling. Figure 4 shows the 
composite sea surface cooling produced by weak TCs for the two time 
periods, calculated in the same way as for the global mean ocean cur-
rents. The maximum cooling within r R< 7 max  is about −0.27 °C and 
−0.36 °C for the periods 1991–2005 and 2006–2020, respectively. The 
enhanced sea surface cooling in the later period is largely attributed 
to the intensification of weak TCs after ruling out other potentially 
important factors39,40: the translational speed of weak TCs did not 
change much (Extended Data Fig. 6); upper-ocean stratification41 
increase is modest; and the mixed layer depth decrease is insignificant 
(Extended Data Fig. 7c,d).

Our analysis so far concerns the intensity at the time of drifter meas-
urements, whereas in the literature weak TCs often refer to storms 
with lifetime maximum intensity (LMI) of 17–42 m s−1. Therefore, we 
constructed another two subsets, one for storms with LMI at tropical 
storm (TS) strength (17–32 m s−1) and the other for storms with LMI of TS 
to category-1 strength (17–42 m s−1). The drifter-derived ocean current 
speeds for both subsets show upward trends for individual basins and 
globally (Extended Data Figs. 8b,c and 4f,g), which are comparable and 
consistent with those shown in Fig. 2 and Fig. 3a. All these results show 
that weak TCs have become stronger over the recent three decades, 
regardless of whether the time for which an intense storm is weak is 
included or not.

In summary, both drifter current observations and satellite-based 
TC-induced sea surface cooling demonstrate that weak TCs have inten-
sified in recent decades. This is distinct from the change inferred from 
the traditional best track datasets that show the intensification of only 
strong TCs. The increase in the intensity of weak TCs is in line with the 
observed trends in the large-scale atmospheric environment in which 
TCs develop, particularly the thermodynamic fields (that is, poten-
tial intensity and mid-tropospheric relative humidity; Extended Data 
Fig. 7a,b). The contribution of the changes in upper-ocean thermal 
stratification42 is rather modest (Extended Data Fig. 7c). The observed 
intensification of weak TCs is not simulated by state-of-the-art climate 
models13, challenging current model physics and projections. Because 
the vast majority of TCs are in the weak category, our finding that weak 
TCs have intensified could aid model improvement and TC projec-
tions. Most importantly, we present an alternative accurate method to 
estimate TC intensity in remote oceans. At this stage, available drifter 
data limit our detection of global TC intensification to the wind speed 
range of 17–42 m s−1, but the change in TC intensity PDF (Extended Data 
Fig. 3) seems to imply an overall shift towards higher intensities globally. 
Over the NWP, the only basin with sufficient drifter data, ocean current 
speeds for strong TCs show an upward trend of around 0.6 cm s−1 per 
year (Extended Data Fig. 8d). With more drifter data accumulating over 
time, our method has the potential to reveal the full spectral change 
in TC intensity. Observing and identifying such spectral changes in 
TC intensity are important, both in their own right and for testing 
high-resolution models.
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Table 1 | Statistics of drifter-measured ocean current speeds 
under weak TCs

Basin 1991–2005 2006–2020 Change

Maximum/mean Maximum/mean Maximum/mean

NA 24.1/9.9 32.3/14.0 8.2/4.1

NEP 27.6/10.5 39.0/13.7 11.4/3.2

NWP 30.8/16.3 46.9/18.3 16.1/2.0

SI 38.1/17.7 45.5/22.1 7.4/4.4

SP 29.8/16.4 51.6/25.4 21.8/9.0

Global 29.9/14.3 42.4/19.3 12.5/5.0

All units are cm s−1. The change means the maximum/mean ocean current speeds under 
weak TCs of the period 2006–2020 minus those of 1991–2005.
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Methods

Relating near-surface current and surface wind using Ekman 
theory
Ocean surface Ekman current speed43 follows V = τ

ρ fA0
zw

2
, where τ is  

the wind stress, ρw the density of sea water, f  the Coriolis parameter 
and Az the eddy viscosity coefficient. Furthermore, it can be reduced 
to V U=

φ0
0.0127

sin | | 10 , where φ is the latitude ( φ| | ≥ 10) and U10 the wind 
speed at 10 m height, on the basis of a bulk formula of τ (τ ρ C U= air d 10

2 , 
where ρair is the density of air and Cd is the drag coefficient) and  
historical in situ observations. Therefore, U10 can be estimated from 

U =
V φ

10
× sin | |

0.0127
0  with knowledge of the ocean surface Ekman current 

speed V0 (daily ocean surface geostrophic current climatology is 
removed). Here Cd is set to 2.6 × 10−3 unless specified otherwise. The 
drag coefficient Cd under high-wind conditions is neither well under-
stood nor measured. The above current to wind conversion is meant 
to be advisory as TC intensity is traditionally defined in wind speed. 
We have tested our results using two formulae of Cd following refs. 44,45, 
respectively:
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The trend in global average wind is 0.16 m s−1 per year for both Cd1 
and Cd2, in comparison with 0.18 m s−1 per year using C = 2.6 × 10d

−3. The 
difference in wind speed between the two periods (2006–2020 versus 
1991–2005) is 2.0 and 1.9 m s−1 for Cd1 and Cd2, respectively, which is 
close to our calculation (2.3 m s−1) with constant Cd.

Relationship between near-surface current and surface wind in 
buoy observations
Nine moored buoys from the Research Moored Array for 
African-Asian-Australian Monsoon Analysis and Prediction (RAMA), 
the Tropical Atmosphere Ocean/Triangle Trans-Ocean Buoy Network 
(TAO/TRITON) and Prediction and Research Moored Array in the Trop-
ical Atlantic (PIRATA) are used to evaluate the relationship between 
wind and current speeds. Four are located at (12° S, 67° E), (8° S, 67° E), 
(8° S, 95° E), (12° N, 90° E) in the Indian Ocean. Three are located at (8° N, 
130° E), (8° N, 137° E), (8° N, 156° E) in the NWP. Two are located at (12° N, 
23° W) and (20° N, 38° W) in the NA. These buoys are influenced by TCs 
for a total of 1,533 times, namely, they have 1,533 h of wind and current 
observations under TCs in the period from July 2001 to December 2019. 
Generally, the wind speed increases with the current speed in buoy 
observations (Extended Data Fig. 1a). Based on Ekman theory, we derive 
the wind speed from the buoy current speed. The theoretical wind speed 
ranges from 1 to 23 m s−1, and agrees well with the corresponding buoy 
wind speed, as shown in Extended Data Fig. 1b. The root mean square 
error of the theoretical wind speed from buoy wind speed is only around 
2 m  s−1. Note that few observations (only 125 out of 1,533) are located 
within r R< max of TCs, and these TCs are of relatively weak intensities 
(Extended Data Fig. 1c) with the buoy wind speed smaller than 25 m s−1.

Constructions of the theoretical and composite TC wind fields 
based on the typhoon wind field model of Batts
The following steps are taken to obtain the theoretical and compos-
ite TC wind fields. Step 1: estimate the trend of drifter-measured 
near-surface ocean current speed within r R< 7 max of weak TCs dur-

ing the period 1991–2020. Step 2: derive the trend of wind speed at 
10 m height based on Ekman theory from the trend of near-surface 
ocean current speed. Step 3: construct two wind fields based on the 
typhoon wind field model of Batts38 using the trend of wind speed. 
One is pure theoretical wind, for which only the pressure difference 
between the TC centre and periphery estimated from the trend of 
wind speed is considered during each five-consecutive-year period. 
The other is composite wind, for which only wind vectors at drifter 
locations are extracted. Step 4: compare the composite wind with 
the theoretical one. Small differences between them suggest that 
our composition method works well. Step 5: construct the compos-
ite wind fields from drifters for the two time periods of 1991–2005 
and 2006–2020.

EPV method for sample-size considerations
Ten EPV is a widely advocated minimal criterion for sample-size con-
siderations in logistic regression analysis46. In idealized typhoon wind 
structure, the maximum wind can be estimated by the wind speed at 
a given location as both the radial decay factor and Rmax are set. Thus 
the minimum sampling size is determined by EPV value × total TC records

sampling TC records
 each 

year (EPV = 10 for this study). The minimum sampling size ranges from 
11 to 116 (13 to 760) with a mean value of 28 (97) for composite maps of 
weak (strong) TCs. Based on the above criteria, drifter samples are 
enough for all basins except NI in the weak TC intensity range, but only 
NWP meets the criteria for strong TCs.

Trends in the large-scale atmospheric environment and 
upper-ocean thermal stratifications
Monthly atmospheric variables (including sea level pressure, specific 
and relative humidity, temperature, and zonal and meridional winds) 
and SST from the Japanese 55-year Reanalysis ( JRA-55)47, and monthly 
ocean temperature from the Institute of Atmospheric Physics (IAP) ocean 
analysis are used to identify the mechanisms underlying the secular 
changes in TC intensity. We compute potential intensity (a theoretical 
maximum intensity that a TC can reach for a given SST and atmospheric 
thermodynamic profile48,49) following the work in ref. 50. The upper-ocean 
thermal stratification is represented by the difference between ocean 
surface temperature and water temperature at a 75 m depth42, that is, 
SST − T75 m. We use the data averaged over July–October and January–April 
to represent the typical conditions during the TC peak season of the 
Northern Hemisphere and Southern Hemisphere, respectively. The linear 
trends in the large-scale atmospheric and oceanic variables during the 
period 1991–2020 are calculated by means of least-squares regression.

Data availability
The 6-hourly positions and upper-ocean current velocities of drifters 
are obtained from https://www.aoml.noaa.gov/phod/gdp/interpo-
lated/data/all.php. TC occurrence also with 6 h temporal resolution 
is acquired from the best track data from the Joint Typhoon Warning 
Center (https://www.metoc.navy.mil/jtwc/jtwc.html?best-tracks) 
for the Western Pacific Ocean, the Indian Ocean and the Southern 
Hemisphere, and the National Hurricane Center and Central Pacific 
Hurricane Center (https://www.nhc.noaa.gov/data/#hudat) for the 
Atlantic and Northeast and Central Pacific Oceans. Daily SST is from 
the NOAA 1/4° Optimum Interpolation Sea Surface Temperature 
(OISST), and it is downloaded from https://www.ncei.noaa.gov/data/
sea-surface-temperature-optimum-interpolation/v2.1/access/avhrr/). 
The hourly current and wind data from the TAO/TRITON, RAMA and 
PIRATA buoy arrays are downloaded from https://www.pmel.noaa.
gov/tao/drupal/disdel/. The JRA-55 Reanalysis dataset is downloaded 
from https://jra.kishou.go.jp/JRA-55/index_en.html. The IAP monthly 
ocean temperature analysis data are downloaded from ftp://www.
ocean.iap.ac.cn/cheng/CZ16_v3_IAP_Temperature _gridded_1month_
netcdf. Source data are provided with this paper.
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Code availability
Analysis and figure generation were performed using MATLAB. The 
code and scripts of the two main methods and four figures in the paper 
are available from Zenodo: https://doi.org/10.5281/zenodo.7013352.
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