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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY
■   Global tropical cyclone (TC) outflow height has risen significantly over 74 years.

■   Anthropogenic forcing, not natural variability, is the primary cause of increasing TC outflow height.

■   Rising outflow height cools the outflow layer, indirectly enhancing TC potential intensity under warming.
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Compared to air–sea interactions, relatively little is known about the impact
of  global  warming  on  tropical  cyclone  (TC)  outflow  environment,  even
though it makes an important contribution to TC intensity. Here we present
a  global  trend  analysis  of  TC outflow height  for  1950–2023 based  on  the
IBTrACS and ERA5 data. TC outflow height has increased globally by 40.29
± 8.28 m·decade-1, and all six basins exhibit notable upward trends beyond
natural variability, likely due to global warming. The increase in TC outflow
height  leads  to  decreased  outflow  temperature  (-0.21  ±  0.08  K·decade-1),
thereby indirectly enhancing TC potential intensity (PI). The contributions of
TC  outflow  environment  change  to  TC  PI  variations  were  quantitatively
assessed. Under global warming, TC outflow height is expected to continue
increasing, potentially leading to significant changes in TC outflow environ-
ment and ultimately driving an increase in future TC intensity.

 INTRODUCTION
The relationship between global warming and tropical cyclone (TC) activity,

along  with  the  associated  disasters,  is  widely  studied.1,2 In  recent  decades
there has been a significant increase in sea surface temperature (SST),3 with
concurrent  changes in  atmospheric  circulation patterns including expansion
of the tropics.4,5 Such changes in oceanic and atmospheric environments are
believed to influence TC intensity.6 Theory 7 and numerical simulations 8 both
suggest that global warming will cause an increase in TC intensity and strong
TC frequency globally. However, the detection of long-term trend in TC inten-
sity has been a subject of considerable debate, depending in part on details of
the intervention of natural variability,9 adjustments for storm undercounts or
intensity biases.10 To shed light on the possible long-term trend in TC inten-
sity, it is necessary to investigate the observed trend of the factors contributing
to TC intensity in the past.

Emanuel  (1986)  developed  the  Potential  Intensity  (PI)  theory,  which  has
been  widely  adopted  in  TC  research.11 By  treating  a  TC  as  a  Carnot  heat
engine,  the  maximum  sustained  wind  speed  is  thermodynamically
constrained  by  the  temperature  difference  between  the  heat  source  (SST)
and  the  heat  sink  (TC  outflow  temperature).  However,  compared  to  studies
on TC air–sea interaction,12 relatively few investigations have focused on the
TC  outflow  environment,  despite  its  important  influence  on  TC  potential
intensity. Emanuel et al. (2013) identified a notable decreasing trend in tropi-
cal  tropopause  layer  (TTL)  temperature  over  the  North  Atlantic,  which  may
contribute to an increase in PI.13 Nevertheless, Wing et al. (2015) argued that
this cooling  trend is  confined to  the  North  Atlantic  basin  and is  not  statisti-
cally significant  in  other  ocean  basins,  suggesting  it  should  not  be  consid-
ered  a  global  phenomenon.14 Subsequently,  a  study  employed  numerical
modeling  to  confirm  the  enhancing  effect  of  TTL  cooling  on  TC  intensity.15

Nevertheless,  limited  by  the  coarse  resolution  of  earlier  datasets,  previous
studies have  primarily  examined  the  impacts  of  large  region  TTL  tempera-
ture variations on TC activity,  which may not adequately represent the ther-
modynamic  conditions  near  individual  TCs.  More  importantly,  TC  outflow
layer typically resides below the TTL and exhibits vertical variability within the
300–100 hPa.16-18 Therefore, the TC outflow layer over a small area near TC
cannot be equated with the regional averaged TTL. In addition, upper-atmo-
sphere  geopotential  height  is  projected  to  increase  in  response  to  global

warming.19 How  this  upward  shift  modulates  the  outflow  layer
environment—particularly  the  vertical  position  of  the  TC  outflow  layer—and
consequently affects global changes in PI remains poorly quantified.

In  this  study,  datasets  of  the  International  Best  Track  Archive  for  Climate
Stewardship (IBTrACS) for 1950–2023, and the European Centre for Medium-
Range  Weather  Forecasts  Reanalysis  (ECMWF)  Reanalysis  v.5  (ERA5)  were
used  to  investigate  changes  in  TC  outflow  possibly  associated  with  global
warming.  Distinct  from  previous  studies  that  analyze  broad  environmental
fields,  we  focus  specifically  on  the  outflow  environment  within  a  500  km
radius  of  the  TC  center.  Our  findings  indicate  a  statistically  significant
increase  in  TC  outflow  height  and  all  basins  have  shown  significant  long-
term upward trends. This upward trend in TC outflow height likely induces a
corresponding  reduction  of  outflow  temperature,  which  would  enhance  the
difference  between  the  TC  underlying  SST  and  outflow  layers  and  thus
enhanced  TC  intensity.  This  study  considers  possible  reasons  for  the
observed  trends  in  TC  outflow  height,  and  explores  the  relationship  among
TC outflow height, outflow temperature and intensity.

 MATERIALS AND METHODS
 IBTrACS dataset and ERA5 reanalysis data

The TC data used in this study include those for all numbered and unnum-
bered  TCs  recorded  in  the  IBTrACS  dataset  for  1950–2023,  resulting  from
reanalysis of storm position and intensity based on all available data including
ship, surface, and satellite observations.5,20 The IBTrACS dataset includes the
latitude  and  longitude  of  TC  centers,  minimum  sea-level  pressure,  and  2-
minute averaged maximum wind speed. For the IBTrACS dataset,  measure-
ments taken near the time of LMI are subject to much smaller uncertainties.4

Therefore, the accuracy of “LMI records” in this study is expected to be a little
higher than that of “All records”.

The ERA5 reanalysis data is based on an extensive array of observational
data from  various  sources  including  satellite  telemetry,  terrestrial  meteoro-
logical  stations,  and radiosonde ascents,  with  detailed  reconstruction  of  the
atmospheric  state  based  on  numerical  weather-prediction  models.21 In  this
study,  latitude  and  longitude  coordinates,  wind  speed,  sea  level  pressure,
geopotential  height,  humidity,  and  temperature  derived  from  the  ERA5
dataset  were  used  to  determine  the  characteristics  of  TC  outflow  layers,
providing atmospheric data at a high spatial  resolution of 0.25° with vertical
stratification of 25 hPa over the period 1950–2023.

 Three carbon emission scenarios based on CMIP6 Data
The CMIP6 refers to the sixth phase of the Coupled Model Intercomparison

Project, and the use of CMIP6 data for global warming simulations has been
widely recognized.22 EC-Earth3, one among the CMIP6 models, performs well
in  TC  simulations.23 Therefore,  we  selected  Historical,  SSP245,  and  SSP585
experimental  data  from  the  EC-Earth3  model  to  establish  three  distinct
carbon emission scenarios, which were used to examine the sensitivity of TC
activity  to  global  warming.  Specifically,  we  used  data  from  the  historical
scenario  for  the  1985–2014 period  to  construct  the  numerical  model  back-
ground for the historical carbon emission scenario and data from the SSP245
(SSP585) scenario for the 2071–2100 period to construct the background for
the medium (high)-carbon emission scenario.
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 TC position information determination
Here,  TC  positions  were  based  on  not  only  ERA5  but  also  IBTrACS  data.

The TC identification criteria in the ERA5 reanalysis data, based on minimum
sea  level  pressure,  maximum  10-meter  wind  speed,  and  other  factors,  are
applied to the surface layer.24 Additionally, the TC center in the outflow layer is
re-identified based on the relationship between geopotential height and pres-
sure,25 in  order  to  avoid  mistakes  caused by  TC structure.  TC numbers  and
positions  sometimes  differed  between  the  datasets,  e.g.,  some  TCs  in  the
IBTrACS  (ERA5)  dataset  could  not  be  found  in  the  ERA5  (IBTrACS)  dataset,
and some TCs have shifts  in  their  center  locations between two datasets.26

To  address  this  issue,  we  matched  ERA5  tracks  to  IBTrACS  tracks,  initially
determining  the  latitude  and  longitude  of  TC  centers  using  the  latter,  with
adjustment based on ERA5 information if the mean spatial separation was <
5° over the corresponding paired track points.27 If the spatial separation was >
5°,  the  TC  was  removed  because  it  had  not  been  recorded  concurrently  in
both  datasets.  To  ensure  that  TCs  had  the  same  lifetime  in  both  datasets,
those  identified  in  the  ERA5  dataset  were  truncated  according  to  their  life-
cycle  period  in  the  IBTrACS dataset.  This  process  may  have  resulted  in  the
exclusion  of  some  TCs.  We  then  investigated  TC  outflow  layers  and  their
associated activities based on the revised TC position information.

 TC outflow height and temperature
Previous  studies  have  constrained  TC  outflow  layer  heights  to  within  the

range of 300–100 hPa.17,18 Here, we calculated radial velocities across speci-
fied pressure layers, encompassing eight layers (300, 250, 225, 200, 175, 150,
125, and 100 hPa),  within a 500 km radius of the revised TC center.  The TC
outflow layer is defined as the pressure layer exhibiting the maximum radial
velocity within a 500 km radius of the TC center, expressed as:

Poutflow = Pi(max(Vr)) (1)

Poutflow Pi

Vr

where  (hPa)  is  the TC outflow pressure layer,  is the range of  pres-
sure  layers,  and  (m·s−1)  is  the  mean  TC  radial  velocity  within  a  500  km
radius of the revised TC center.

Note that,  to minimize the influence of environmental wind on the results,
the average environmental field within a 500 km radius of the TC center was
removed  prior  to  calculating  the  radial  velocity.28 The  percentages  of  each
pressure layer in the TC outflow layer are illustrated in Figure S1.

TC outflow height (TC outflow temperature) is defined as the mean geopo-
tential height (temperature) within a 500 km radius of revised TC center in the
outflow layer. The calculation can be expressed as follows:

Houtflow =
1
A

N

∑
i=1

Hi(Poutflow)Si (2)

Toutflow =
1
A

N

∑
i=1

Ti(Poutflow)Si (3)

Houtflow Toutflow

A

A Hi(Poutflow) i
Poutflow Ti(Poutflow) i Poutflow

Si i

where  (m) is the TC outflow height,  (K) is the TC outflow temper-
ature,  (km2)  is  the  area  within  a  500  km  radius  of  TC  center, N is  the
number  of  meshed  grids  in  ERA5  dataset  with  a  spatial  resolution  of
0.25°×0.25° in  area,  (m) is the geopotential height at  gridpoint in

 layer,  (K) is the temperature at  gridpoint in  layer, and
 (km2) represents the area of  gridpoint, namely the area of 0.25° × 0.25°.

 Basin differences and natural variability
We considered the regional variability of TC outflow height upward trends

and delineated TC activity regions to six basins: the Northwest Pacific (NWP),
Northeast Pacific (NEP), South Pacific (SP), North Atlantic (NA), North Indian
Ocean (NIO), and South Indian Ocean (SIO) (Figure 1).29

Natural variability is important in studies of long-term changes in TC activity,
and we evaluated the effect of natural variability on the uptrend in TC outflow
height by removing it  from TC outflow height time series.4 The predominant
influence of natural variability differs across basins, and for each basin natu-
ral variability indices were considered as follows: the El Niño–Southern Oscil-
lation  (ENSO),  Pacific  Decadal  Oscillation  (PDO),  and  Interdecadal  Pacific
Oscillation  (IPO)  in  the  NWP30 and  NEP;31 the  ENSO  in  the  SP;32 the  Atlantic
Multi-decadal  Oscillation  (AMO)  and  the  North  Atlantic  Oscillation  (NAO)  in

the NA;33,34 the ENSO and the Indian Ocean Dipole (IOD) in the NIO; 35-37 and
the Antarctic Oscillation (AAO) in the SIO.38

 Factors contributing to changes in TC outflow temperature
We attributed the change in  TC outflow temperature to  two main factors:

the increase in TC outflow height, and change in upper-atmosphere tempera-
ture.  The  contributions  of  these  factors  to  TC  outflow  temperature  were
calculated globally, and separately for each basin, as follows:

ΔTcombine = ΔTheight+ΔTupper_atm (4)

EPct = ΔTcombine/ΔToutflow (5)

ΔTheight

ΔTupper_atm

ΔTcombine

ΔTheight ΔTupper_atm ΔToutflow

EPct

where  (K)  is  the  temperature  change  caused  by  TC  outflow  height
increase, and  (K) is the temperature change caused by the change
of  upper-atmosphere  temperature,  (K)  is  the  combined  effects  of

 and ,  (K)  is  the  change  in  TC  outflow  temperature  ,
 (%)  is  explainable  percentage  which  indicated  the  explainability  of

combine effect.
In  estimating  the  factor  for  TC  outflow  height  change,  we  calculated  the

mean vertical temperature gradient within the outflow layers (300–100 hPa)
with  a  vertical  resolution  of  25  hPa  over  the  period  1950–2023  using  the
ERA5  dataset  for  the  six  basins.  To  quantify  the  impact  of  the  increase  in
outflow height, we multiplied it by the vertical temperature gradient to obtain
the temperature change:

ΔTheight = ΔHheight ·
∂T
∂H

(6)

ΔHheight

∂T
∂H

where  (m) is the increase in TC outflow height from 1950 to 2023, and

 (K·m−1)  is  the  mean  vertical  temperature  gradient  within  the  outflow
layers (300–100 hPa).

In  estimating  the  factor  for  upper-atmosphere  temperature  change,  we
multiplied  the  temperature  change  from  1950  to  2023  within  the  300–100
hPa  layer  (Figure  S4)  by  the  percentage  of  each  pressure  layer  in  the  TC
outflow height (Figure S1).

ΔTupper_atm =
8

∑
i=1

(ΔT(Pi) ·Pct(Pi)) (7)

ΔT(Pi)

Pct(Pi)

where  (K) is the temperature change from 1950 to 2023 in each pres-
sure  layer  (for  a  total  of  eight  layers),  and  (%)  is  the  percentage  of
each pressure layer in the TC outflow height.

 Tropical cyclone potential intensity (PI)
The  PI,  defined  by  Emanuel  (1995)  and  improved  by  Bister  and  Emanuel

(2002), can be calculated as follows:39-41

V2
m =

Ck

Cd

Ts

T0

(CAPE∗ −CAPEm
) (8)

Vm Ts

T0 Ck

Cd

CAPE
CAPE∗

CAPEm CAPE

where PI is defined as the low-level maximum wind speed of a TC ( ),  is
the SST,  is the mean outflow temperature,  is the exchange coefficient
for enthalpy,  is a drag coefficient, the convective available potential energy
( ) of a saturated parcel lifted from saturation at sea level is denoted as

 (saturation  CAPE),  and  the  CAPE  of  a  parcel  with  the  environmental
relative humidity, surface air temperature, and TC eyewall pressure is denoted
as  (radius of the maximum-wind ).

The  calculation  of  CAPE  is  affected  by  TC  outflow  temperature  and  TC
underlying SST. The equation (6) can be written as:41

V2
m = cp (Ts−T0)

Ts

T0

Ck

Cd

(lnθ∗
e− lnθe) |m (9)

θ∗
e

θe

where  the  saturation  equivalent  potential  temperature  at  the  ocean
surface, and  the boundary layer equivalent potential temperature. The last
factor in (7) is evaluated at the radius of maximum winds.

 Factors contributing to changes in TC potential intensity
To calculate the contribution of TC outflow temperature and TC underlying
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Vm

ΔTo ΔTs Δ (lnθ∗
e− lnθe)

SST  to  TC  PI  increase,  we  followed  the  extreme  weather  sensitivity
analysis42,43 and employed a physical diagnostic approach to decompose 
sensitivity  into  three  variables,  e.g., ,  and .  The  TC  PI
can be expressed as:

Vm =

√
cp (Ts−T0)

Ts

T0

Ck

Cd

(lnθ∗
e− lnθe) |m (10)

FLet  represent the expression under the square root:

F= cp (Ts−T0)
Ts

T0

Ck

Cd

(lnθ∗
e− lnθe) |m (11)

Vm XiThe sensitivity of  to each variable  is calculated using partial  deriva-
tives:

∂Vm

∂Xi

=
1

2
√
F

∂F
∂Xi

(12)

T0For TC outflow temperature ( ):

∂F
∂T0

= cp

Ck

Cd

ln
θ∗

e

θe

(
−T2

s

T2
0

)
(13)

TsFor TC underlying SST ( ):

∂F
∂Ts

= cp

Ck

Cd

ln
θ∗

e

θe

(
2Ts

T0

−1
)

(14)

(lnθ∗
e− lnθe)For humidity factor :

∂F
∂ (lnθ∗

e− lnθe)
= cp (Ts−T0)

Ts

T0

Ck

Cd

(15)

T0 Ts lnθ∗
e− lnθeWe calculate linear  trends for  three variables ( , , )  over  the

1950-2023 using least squares regression:

T0 (t) = aT0 t+bT0 (16)

Ts (t) = aTs t+bTs (17)

(lnθ∗
e− lnθe)(t) = alnθ∗e−lnθe t+b(lnθ∗e−lnθe) (18)

The variation of each variable was written as:

ΔT0 = aT0Δt (19)

ΔTs = aTsΔt (20)

Δ(lnθ∗
e− lnθe) = alnθ∗e−lnθeΔt (21)

The PI change caused by each variable variation was calculated as:

ΔVm,T0 =
∂Vm

∂T0

ΔT0 =
1

2
√
F

∂F
∂T0

aT0Δt (22)

ΔVm,Ts =
∂Vm

∂Ts

ΔTs =
1

2
√
F

∂F
∂Ts

aTsΔt (23)

ΔVm,θe =
∂Vm

∂ (lnθ∗
e− lnθe)

Δ (lnθ∗
e− lnθe) =

1
2
√
F

∂F
∂ (lnθ∗

e− lnθe)
a(lnθ∗e−lnθe)Δt (24)

The contribution of each variable to TC PI can be expressed as:

ConT0 =
ΔVm,T0

ΔVm,T0 + ΔVm,Ts + ΔVm,θe

(25)

ConTs =
ΔVm,Ts

ΔVm,T0 + ΔVm,Ts + ΔVm,θe

(26)

Conθe =
ΔVm,θe

ΔVm,T0 + ΔVm,Ts + ΔVm,θe

(27)

The calculations were  done combined equation (13-15),  (22-24)  and (25-
27).

 RESULTS
 Global trends and contributing factors

Our  analysis  focused  primarily  on  variations  in  TC  outflow  height  during
1950–2023,  based  on  483,535  IBTrACS  records  from  8,478  TCs,  including
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Figure 1.  TC tracks in the six basins. The tracks are based on the IBTrACS dataset and the ERA5 reanalysis data from 1950 to 2023.
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systems from tropical depressions to super typhoons. The use of all such TC
records  provided  a  quantitative  advantage  in  terms  of  sample  size,  and
records of TC lifetime-maximum intensity (LMI) provided a qualitative advan-
tage in data accuracy, as measurements taken around the time of LMI have
much  smaller  uncertainties.4 Accordingly,  TC  records  were  considered  in
terms of both “All records” and “LMI records”. A significant increasing trend in
TC outflow height was observed over the decades from 1950 to 2023 based
on both All records (40.29 ± 8.28 m·decade−1) and LMI records (66.98 ± 18.80
m·decade−1) (Figure 2A).

In  addition  to  observational  and  reanalysis  data,  we  validated  changes  in
the TC outflow environment using the Coupled Ocean–Atmosphere–Wave–
Sediment Transport (COAWST) modeling system, which performs well in TC
research.44 To  assess  global  warming  effects,  we  configured  three  carbon
emission  scenarios  (Historical,  SSP245,  and  SSP585)  using  Coupled  Model
Intercomparison Project Phase 6 (CMIP6) data. TCs were implanted at loca-
tions  of  maximum genesis  potential  index  (GPI;  see  Supporting  Information
text)  under  identical  conditions,  yielding  39  experiments  across  13  groups
(Figure S2). Details on the model configuration and the ideal TC initialization
method are provided in Figure S3 and the Supporting Information text. In the
model  simulation  results  (Figure  3),  the  TC  outflow  height  shows  a  clear
upward  trend  with  increasing  carbon  emissions  (Historical: 13311 m,
SSP245:  14,067  m,  SSP585:  14,975  m),  accompanied  by  a  corresponding
decrease  in  TC  outflow  temperature  (Historical:  212.5  K,  SSP245:  211.9  K,
SSP585: 209.6 K), and is associated with an increase in TC potential intensity
(Historical: 39.3 m·s−1; SSP245: 42.7 m·s−1; SSP585: 44.6 m·s−1). These results
are  consistent  with  findings  from  observational  and  reanalysis  datasets
(Figures 2A-B).

Changes in TC outflow height result in part from changes in upper-atmo-
sphere geopotential  height in the six basins (Figure 1),  which is projected to
increase  in  response  to  global  warming.19 There  is  a  statistically  significant
increase  in  the  geopotential  height  of  the  TC  outflow  layer  (300–100  hPa)
over  the  1950–2023  period.  On  a  global  scale,  the  increase  in  geopotential
height  ranges  from  40  to  60  m  for  each  pressure  layer  (Figure  S4),  notably
less  than  totals  of  294  m  for  All  records  and  496  m  for  LMI  records
(Figure 2A). The increase in geopotential height caused by global warming is
therefore not the main factor contributing to the upward trend in TC outflow
height.

SST is the primary energy source for TC genesis and intensification, so is
also  potentially  an  important  factor  determining  TC  activity  (as  well  as  TC
outflow  height)  under  global  warming  scenarios.45 Our  results  indicate  that
TC underlying SST (SST within a  500 km radius of  the TC center)  becomes
warmer over recent decades, for both All records and LMI records (Figure 2C),
consistent with previous observations.46 The increase in SST is likely to foster
more robust vertical convection near TCs,47 promoting an increase in outflow
height  (Figure  S5).  We  excluded  the  contribution  of  ocean  warming  by
regressing outflow height time series onto variability in TC underlying SST.4 A
marked decline in the rate of increase in outflow height was observed in both
datasets, from 40.29 to 28.33 m·decade−1 for All records, and 66.98 to 38.70
m·decade−1 for LMI records (Figures 2A & E), underscoring the influence of TC
underlying SST warming on the upward trend in TC outflow height.

The  spatial  location  of  TCs  can  influence  their  activity,48 so  the  effect  of
spatial variation on TC outflow height must be considered. As the geopoten-
tial  height  of  the  upper-atmosphere  generally  decreases  with  latitude,  TC
outflow  height  (within  the  upper-atmosphere)  is  expected  to  be  strongly
influenced  by  variations  in  latitude.  The  vertically  averaged  geopotential
height  over  300–100 hPa (with  TC outflow layers  situated predominantly  in
these  layers)17,18 peaks  in  tropical  latitudes  and  decreases  progressively
towards polar regions (Figure S6A), implying that changes in TC latitude may
influence TC outflow height. The annual mean latitude of TCs has changed in
recent  decades.  During  1950–1980,  there  was  a  pronounced  equatorward
shift  in  TC  latitude  (Figure  2D),  possibly  attributable  to  improvements  in
observational methodologies that enabled the detection of a greater number
of  weak  TCs  at  lower  latitudes.20 Conversely,  during  1981–2023,  a  notable
poleward  migration  in  TC  latitude  was  observed  (Figure  2D),  possibly
attributable  to  tropical  expansion  under  global  warming.4 Note  that,  the
significant increasing trend in TC outflow height was also observed over the
decades  from  1980  to  2023  based  on  both  records  (Figure  S7)  and  the
improvements  in  observational  methodologies  did  not  affect  our  main
conclusions. To remove the effect of latitude variation, we regressed outflow
height  time series  onto TC latitude variations (Figure 2E).  A  reduction in  the
upward outflow height trend was observed in both the All records (from 40.29
to  36.11  m·decade−1)  and  LMI  records  (from  66.98  to  50.10  m·decade−1).
These  findings  suggest  that  TC  latitude  variations  in  response  to  global
warming  may  influence  the  trend  in  TC  outflow  height.  We  also  considered
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Figure 2.  Temporal trends in TC outflow height and temperature from 1950 to 2023 (A) TC outflow height (OFH; m) for the two records; (B) TC outflow temperature (OFT; K); (C)
TC underlying SST (SSTTC; K) within a 500 km radius of TC center; (D) TC center latitude (LatTC; °); (E) TC outflow height excluding the effect of TC underlying SST; (F) TC outflow
height excluding the effect of TC latitude variations; (G) TC outflow temperature excluding the effect of TC underlying SST; (H) TC outflow temperature excluding the effect of TC
latitude variations. Blue points and line represent All records; green points and line represent LMI records; linear trend lines are shown with their 95% two-sided confidence inter-
vals (shaded). The colored connecting lines between panels illustrate the attribution pathways for the residual analysis (e.g., black lines connect OFH to its residuals after exclud-
ing the effect of SSTTC).
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the possible effects in different basins in the next section.
To  assess  seasonal  variations,  we  calculated  the  average  TC  outflow

height for each season, with TCs occurring during March–May/June–August/
September–November/December–February in the Northern Hemisphere and
September–November/December–February/March–May/June–August  in
the  Southern  Hemisphere  being  categorized  as  spring/summer/autumn/
winter TCs. Results indicate that the average TC outflow height is 13,945 m in
spring,  13,923  m  in  summer,  13,825  m  in  autumn,  and  14,062  m  in  winter,
with TC outflow being slightly higher in spring and winter than in summer and
autumn.  Under  global  warming  scenario,  the  seasonal  variability  in  TC
outflow height will likely contribute to the uptrend in TC outflow height, espe-
cially  if  the  proportions  of  TCs  in  spring  and  winter  increase.  However,  our
analysis  showed  that  the  seasonal  distribution  of  TCs  has  not  changed
significantly over recent decades (Figure S8), implying that the seasonal vari-
ability of TC outflow height has negligible influence on the upward trend.

 Basin trends and natural variability
TC activity  is  influenced by  a  complex  interplay  of  factors  such as  atmo-

spheric circulation patterns,  with specific regional characteristics,48 and here
we delineated TC activity regions into the six basins: the NWP, NEP, SP, NA,
NIO, and SIO (Figure 1). Despite regional variations, the significant uptrends in
TC  outflow  height  are  obvious  across  all  basins,  suggesting  a  pervasive
global  phenomenon  (Figure  4A).  The  greatest  uptrend  occurs  in  the  SP
(100.03  ±  23.39  m·decade−1),  and  the  least  in  the  NEP  (31.26  ±  19.82
m·decade−1), with intermediate values in the NWP (54.03 ± 12.08 m decade−1),
NA  (32.43  ±  19.98  m·decade−1),  NIO  (63.65  ±  25.75  m·decade−1),  and  SIO
(55.56 ± 15.75 m·decade−1). The increase in TC outflow height is thus a global
trend, and is still  significant in all  basins after removing the effect of latitude
variations (Figure S9).

TC activity is influenced by natural variability, and the main influential natural
variabilities vary among the basins. After the main influential natural variabili-

th
e-

 n
no

va
t o

n-
ge

os
c 

en
ce

 

H
ei

gh
t (

km
)

Radius (km)

Historical carbon emission (Historical) Medium carbon emission (SSP245) High carbon emission (SSP585)
18

14

16

10

6

12

8

2

4

0
0 25

Height: 13.3 km, Temperature: 212.5 K

SST: 299.4 K, PI: 39.3 m.s-1

75 150 200125 17550 100
H

ei
gh

t (
km

)
Radius (km)

18

14

16

10

6

12

8

2

4

0
0 25

Height: 14.1 km, Temperature: 211.9 K

SST: 301.8 K, PI: 42.7 m.s-1

75 150 200125 17550 100

H
ei

gh
t (

km
)

Ra
di

al
 v

el
oc

ity
 (m

 s
-1

)

Radius (km)

18

14

16

10

6

12

8

2

4

0
0

3.6

1.2

-2.4

-4.8

-7.2

-6.0

2.4

-1.2

-3.6

0.0

25

Height: 15.0 km, Temperature: 209.6 K

SST: 303.2 K, PI: 44.6 m.s-1

75 150 200125 17550 100
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ties in each basin eliminated (detail  in the MATERIALS AND METHODS),  the
trend varied with different degrees among basins; e.g., decreased by ~50% in
the NA and SIO, while increased by ~14% in the NIO, with little change in the
NEP and SP (< 5%) (Figure 4). The trends of annual mean TC outflow height
changed after removing the effect of natural  variability,  but were still  signifi-
cant in  all  basins.  This  indicates  that,  rather  than  natural  variability,  anthro-
pogenic  forcing  is  likely  the  main  cause  of  the  TC  outflow  height  upward
trends in the basins.

 Relationship among TC outflow height,  outflow temperature and poten-
tial intensity

Air  temperature  decreases  with  increasing  height,  so  the  TC  outflow
temperature  decreases  with  increasing  TC  outflow  height.  Similar  to  TC
outflow height,  we  investigated  the  observed  trend  in  TC  outflow  tempera-
ture  over  the  decades from 1950 to  2023,  and found a  significant  decrease
trend  in  TC  outflow  temperature  based  on  both  All  records  (-0.21  ±  0.09
K·decade−1)  and  LMI  records  (-0.39  ±  0.17  K·decade−1)  (Figure  2B).  We  also
investigated regional  differences in  TC outflow temperature changes across
basins (Figure S10) and found that these temperature changes are generally
consistent  with  the  trend in  TC outflow height,  all  of  which passed the  95%
significance  test,  except  for  NEP.  This  may  be  due  to  the  warming  of  the

tropospheric  temperature  in  NEP,  which  is  greatly  influenced  by  SST.49

Generally,  the upper-atmosphere temperature changes consistently with the
underlying SST.50 We removed the effect of TC underlying SST to TC outflow
temperature,  with  the  downtrend  decreased  to  0.15  K·decade−1 for  the  All
records and 0.26 K·decade−1 for the LMI records (Figure 2G). Like geopoten-
tial  height,  the  upper-atmosphere  temperature  in  the  six  basins  also  varies
with  latitude  (Figure  S6B).  Elimination  of  the  effects  of  latitude  variations
moderated the decrease in temperature in both records, with the downtrend
decreasing to 0.17 K·decade−1 for the All  records,  and to 0.27 K·decade−1 for
the LMI records (Figure 2H). This indicates that, similar to the important role
of  underlying  SST  and  latitude  to  TC  outflow  height,  they  also  contribute
strongly to the trend in TC outflow temperature.

Notably, the increase in TC outflow height is not the only factor influencing
TC  outflow  temperature,  and  the  impact  of  upper-atmosphere  temperature
changes  with  global  warming  cannot  be  ignored.  Generally,  global  warming
causes  upper-tropospheric  temperatures  (300–200  hPa)  to  increase,  and
lower-stratospheric temperatures (around 100 hPa) to decrease (Figure S4).
The  climatic  warming  effect  is  likely  to  have  an  impact  on  TC  outflow
temperature and should be considered for trends in TC outflow temperature.
To further  explore  the  reason for  the  downtrend in  outflow temperature,  we
quantified  the  contribution  of  TC  outflow  height  and  upper-atmosphere

G
eo

science

 

Table 1.  Contribution of TC outflow height and upper-atmosphere temperature change to the reduction in TC outflow temperature.

Category ΔHheight (m) ΔTheight (°C) ΔTupperatm (°C) ΔTcombine (°C) ΔToutflow (°C) EPct (%)

All records 267.23 -1.14 0.07 -1.08 -1.23 87%

LMI records 370.76 -1.58 0.10 -1.48 -1.98 75%

NWP 412.12 -1.81 0.07 -1.73 -2.11 82%

NEP 265.80 -1.09 0.39 -0.71 -0.48 69%

SP 738.74 -2.95 -0.02 -2.97 -4.30 69%

NA 154.09 -0.64 0.20 -0.44 -0.36 82%

NIO 493.35 -3.29 0.27 -3.02 -2.80 93%

SIO 414.53 -1.70 -0.26 -1.96 -2.18 90%

ΔHheight ΔTheight

ΔTupper_atm ΔTcombine ΔTheight

ΔTupper_atm ΔToutflow EP

All records and LMI records were calculated using the mean vertical temperature gradient in all six basins, with specific basin calculations based on the

vertical temperature gradient in that basin. , TC outflow height change; , TC outflow temperature change caused by the change of outflow

height; , TC outflow temperature change caused by the change of upper-atmosphere temperature; , combined effects of  and

; , TC outflow temperature change; , explainable percentage.
 

Table 2.  Contribution of TC outflow temperature and TC underlying SST change to TC PI change.

Category ΔPI(m·s−1)
ΔPI

ΔTo

 caused by

 (m·s−1)
ConT0  (%)

ΔPI

ΔTs

 caused by

 (m·s−1)
ConTs (%)

ΔPI

Δ (lnθ∗e− lnθe)

 caused by

 (m·s−1)
Conθe (%)

All records 1.71 0.89 52% 0.22 13% 0.60 35%

LMI records 3.80 1.66 44% 0.36 9% 1.78 47%

NWP 3.80 1.11 29% 0.31 8% 2.38 63%

NEP 0.80 0.21 26% 0.32 41% 0.27 33%

SP 1.80 2.48 73% 0.11 3% -0.79 24%

NA 1.99 0.60 30% 0.47 24% 0.92 46%

NIO 9.43 2.31 25% 0.45 5% 6.67 70%

SIO -1.88 1.20 28% 0.01 1% -3.09 71%

ΔPI ΔTo Δ (lnθ∗e− lnθe) θ∗e

θe ConT0

ConTs Conθe

, TC potential intensity change; , TC outflow temperature change; , the change of the humidity effect in TC PI calculation,  the

saturation equivalent potential temperature at the ocean surface, and  the boundary layer equivalent potential temperature; , contribution of TC

outflow temperature change to TC PI increase; , contribution of TC underlying SST change to TC PI increase; , contribution of humidity effect

change to TC PI increase.
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temperature  change  to  the  reduction  in  TC  outflow  temperature  (Table  1;
calculation details in the MATERIALS AND METHODS section). The reduction
in TC outflow temperature is primarily due to the combined effects of these
two factors (explainable percentage > 69% in all categories, Table 1). Change
of TC outflow height is likely the main control on the downtrend of TC outflow
temperature,  as  the  temperature  change  caused  by  the  height  change  is
similar  to  the  total  temperature  change and much greater  than that  caused
by the upper-atmosphere temperature change in all basins and records. The
above  results  clearly  indicate  that  TC  outflow  temperature  decreases  with
increasing TC outflow height.

TC outflow  temperature  plays  an  important  role  in  determining  TC  inten-
sity.16,17 Therefore,  we  consider  TC  outflow  temperature  as  a “key  bridge”
connecting  TC  outflow  height  and  TC  intensity.  Following  the  calculation
method  proposed  by  Emanuel  et  al.,39-41 we  evaluated  the  trends  in  TC  PI
under  global  warming,  both  globally  and  across  basins  (Figure  S11).  TC  PI
shows  an  overall  increasing  trend  in  most  basins,  with  pronounced  rises  in
the NWP and NIO, although some of these trends are not significant.

According to PI  theory,  both TC underlying SST and TC outflow tempera-
ture are important in determining TC PI (details in the Materials and Methods
section).  Generally,  a more pronounced decrease in TC outflow temperature
results  in  a  higher  TC  PI.51 We  quantified  the  contributions  of  TC  outflow
temperature and underlying SST to the increase of PI, respectively (Table 2).
On a global scale,  the contribution of TC outflow temperature cooling to the
increase in PI exceeds the direct contribution from TC underlying SST warming.
Specifically, the  SP  exhibits  the  highest  contribution  from  outflow  tempera-
ture  variations  (73%),  whereas  the  NIO  records  the  lowest  (25%).  Note  that,
the contribution of SST warming to PI enhancement is likely underestimated,
as SST also modulates PI via the humidity factor (thermodynamic disequilib-
rium),  which  is  hard  to  quantify.  This  result  indicates  that  the  decrease  in
outflow  temperature  associated  with  the  uptrend  of  TC  outflow  height
substantially facilitates the intensification of TC PI.

To  further  clarify  the  causal  relationship  between  TC  outflow  height  and
intensity,  which  can  be  compared  to  a  chicken-and-egg  problem,  we
performed a lead-lag correlation analysis. This approach allows us to exam-
ine  both  antecedent  variations  (outflow  height  changes  preceding  intensity)

and consequent variations (intensity changes preceding outflow height). The
results  indicate  that  the  maximum  correlation  occurs  when  the  TC  outflow
height leads intensity by approximately 24 hours, which suggests that struc-
tural  adjustments  in  the  outflow  layer  likely  act  as  a  precursor  to  intensity
variations  (Figure  5).  Such  results  are  consistent  with  our  finding  that  an
increased  outflow  height  induces  a  cooling  of  the  outflow  environment,
thereby facilitating TC intensification. However, owing to the limited horizon-
tal resolution of the data (0.25°), we were unable to clearly resolve the causal
relationship  from  a  dynamical  perspective.  To  address  this  issue,  we  will
involve the inversion of TC outflow height based on high-resolution observa-
tions  (e.g.  satellite,  manned  aircraft,  dropsondes)  to  explore  the  relationship
between TC outflow height and TC intensity more deeply from the perspective
of dynamics in the future.

In  summary,  the  significant  upward  trend  of  TC  outflow  height  over  the
past few decades lead to a decrease in outflow temperature, and could indi-
rectly benefit TC intensity.

 DISCUSSION AND CONCLUSION
We  quantified  long-term  historical  global  changes  in  TC  outflow  height

using  ERA5  reanalysis  data  and  the  IBTrACS  dataset,  and  further  validated
this trend based on idealized numerical simulations. Our results indicate that
over  the  past  74  years  (1950–2023),  the  global  TC  outflow  height  has
increased  by  40.29  ±  8.28  m·decade−1,  with  this  upward  trend  being  more
pronounced  in  LMI  records  (66.98  ±  18.80  m·decade−1; Figure  2A).  The
uptrend of TC outflow height is also statistically significant across all basins
(Figure 4A). The strongest uptrend was observed in the SP,  while the weak-
est was observed in the NEP. Uptrends in TC outflow height were still signifi-
cant  after  removing  the  effects  of  natural  variability,  indicating  that,  rather
than natural  variability,  anthropogenic forcing is likely the main cause of the
outflow trends.

We attribute the increase in TC outflow height primarily to global warming,
for  the  following  reasons.  (1)  The  geopotential  height  of  the  upper-atmo-
sphere (300–100 hPa) has increased under global warming by 40–60 m over
the past 74 years. This contributes to the increase in TC outflow height but is
not  the  main  cause,  given  that  the  total  increase  is  ~300  m.  (2)  The  TC
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underlying SST has increased significantly under global warming, enhancing
vertical  TC  convection  and  further  promoting  an  increase  in  TC  outflow
height. (3) We found that changes in TC latitude, which is proved to be asso-
ciated  with  the  global  warming,  also  impact  TC  outflow  height.  When  the
effect of latitude variation is removed, the uptrend in TC outflow height for the
LMI records decreases by almost 26%. The impacts of global warming differ
across basins, potentially leading to regional difference in TC underlying SST,
geopotential height, TC latitude, and so on. These factors further contribute to
the  spatial  differences  in  TC  outflow  height  trends.  Owing  to  constraints  in
scope and manuscript length, a comprehensive investigation into the causes
of these basin differences will be pursued in our future work.

Relative  to  TC  air–sea interactions,  changes  in  the  TC  outflow  environ-
ment  have  received  little  attention.  However,  TC  outflow  environment  has
important  influences  on  TC  intensity,  which  is  of  great  public  concern.  This
study has found that, consistent with the uptrend in TC outflow height, there
has  been  a  concurrent  downtrend  in  TC  outflow  temperature  over  recent
decades.  We  consider  that  this  reduction  in  temperature  has  been  driven
primarily by the increase in TC outflow height (93% in All records and 80% in
LMI records). According to the Carnot cycle, a lower TC outflow temperature
enhances the thermal gradient near TC, increasing TC PI. Globally, variations
in TC outflow temperature account for 52% of the TC PI increase across the
All records and 44% in LMI records. The effect of changes in TC outflow envi-
ronment on TC intensity may be obscured by natural variability in short-term
observations, but it could lead to a significant increase of TC intensity in the
long-term future under global warming.

Our  results  suggest  that  the  significant  upward  trend  in  outflow  height
under  global  warming  leads  to  a  decrease  in  outflow  temperature,  thereby
exerting an indirect benefit on TC intensity. This trend, consistently identified
in  both  historical  observations  and  numerical  experiments,  highlights  the
robustness of the TC outflow environment's response to warming. While our
simulations utilized the EC-Earth3 model to construct warming backgrounds,
we  acknowledge  the  potential  for  inter-model  inconsistency  among  CMIP6
models.52 Future research involving multi-model ensembles will  be essential
to further quantify these uncertainties and explore the mechanisms. Further-
more,  due  to  current  limitations  in  data  resolution,  the  detailed  dynamic
causal  relationship  between  TC  outflow  height  and  intensity  remains  a
subject  of  ongoing  investigation.  Incorporating  modern  observational  data
(e.g.,  satellite,  manned aircraft,  and dropsondes) will  help to describe the TC
structure more clearly and resolve these uncertainties in the future.
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