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Background

4

Kossin 2018, Nature (Out of print)

Anthropogenic warming

Increase in 

atmospheric water-

vapour capacity

Weakening of 

tropical circulation

Slowdown of TC

Increase in local rainfall totals
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–10%

–11%

–30%–20%

–19%

Calculations were Deficient.

Kossin 2018, 

Nature (Out 

of print)



Corrections
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Error #1: Data that are asynoptic are 

omitted.

Error #2: Data that are spurious are 

not screened.

Kossin 2018, Nature



Author Correction
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Kossin 2018, Nature
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–10%

–12%

–21%

–22%–10%

+29%

Kossin 2018, 

Nature
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–10%

Chan 2019, 

Environmental 

Research Letters
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Chan 2019, 

Environmental 

Research Letters
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Table 1. Trends of tropical-

cyclone translation speed over 

the periods 1949–2016 and 

1970–2016 by region. Trends are 

in unit of km h–1 yr–1 and values 

in squared brackets are 

percentage changes during 

corresponding periods. 

Significant trends, based on the 

two-sided 95% confidence 

interval, are shown in bold.

Chan 2019, Environmental Research Letters



Data Caveats
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IBTrACS:

“Due to the disparities 

between storm positions 

prior to 1970, some tracks 

during that period may not 

be properly merged.”
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Timelines of major Earth observation 

satellites with optical/multispectral sensors
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Table 2. Annual-mean numbers 

and percentage changes of 

tropical-cyclone position records 

by period and region. Significant 

changes, based on the one-sided 

95% confidence interval, are 

shown in bold.

Chan 2019, Environmental Research Letters

Records in pre-satellite era is likely incomplete, 

hence, they cannot well represent the reality. 

Increase in records is far beyond the natural or 

external climate variabilities.
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Table 3. Annual-mean numbers and 

percentage changes of tropical-

cyclone position records by latitude 

band, period and region. Significant 

changes, based on the one-sided 95% 

confidence interval, are shown in 

bold. The values 0 with asterisks 

indicate no records are found in the 

corresponding latitude band, period 

and region.

Chan 2019, Environmental Research Letters
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Chan 2019, 

Environmental 

Research Letters

Slowdown trend in 1949–2016:

1. High values in pre-satellite era 

(1949–1969) at high latitudes

2. More low-latitude records in 

satellite era (1970s onward)

Insignificant trend in 1970–2016



Modelling Study

17Knutson et al. 2013, Journal of Climate



Relevant Concerns
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Moon et al. 2019, Nature

Lanzante 2019, Nature

Guo et al. 2023, 

Journal of Climate



Conclusions

• No rigorous and significant observational and modelling evidences show 
that global tropical cyclones are moving slower in a warming climate.

• The local tropical-cyclone-related rainfall totals over land are more likely to 
decrease. The potential increase in local rainfall totals over land by the 
tropical cyclones in the future climate suggested by Kossin (2018a) is 
suspicious.

• The data artefacts introduced by the changes in measurement practices, 
particularly the introduction of satellite remote sensing capabilities since the 
1970s, are likely the main source of heterogeneities leading to such 
disagreement. 

• Thousands of cares must be taken when dealing with the tropical-cyclone 
best-track data in the pre-satellite era.
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Background

Li and Chakraborty 2020, Nature

𝑉(𝑡) = 𝑉(𝑡1)𝑒
−
𝑡−𝑡1
𝜏

Decay timescale τ

Slower decay of landfalling

hurricanes in 1967–2018

Slower decay of landfalling

hurricanes in a warming world

τ ∝ SSTs (June–November)
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Background
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Li and Chakraborty 2020, Nature

Dry simulations:

• Not sensitive to SST

• Decay rapidly after landfall

Moist simulations:

• Sensitive to SST

• Warmer SST, slower decay

Higher SST More Moisture Slower Decay

Role of moisture is important.



Matters Arising
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Chan et al. 2022, Nature

[based on raw data without smoothing]

• Sample size large enough?

• Landfall or not-landfall?
Sampling

• Double 3-year smoothing?

• Large-area 6-month SST 
average?

Method

• Attributed to the warming SST?Significance
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Matters Arising
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Chan et al. 2022, Nature

[based on raw data without smoothing]

• Sample size large enough?

• Landfall or not-landfall?
Sampling

• Double 3-year smoothing?

• Large-area 6-month SST 
average?

Method

• Attributed to the warming SST?Significance

τ is increasing but not significant and likely 

not primarily related to the warming SST.



Matters Arising
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Chan et al. 2022, Nature

[based on raw data without smoothing]

Effective area of moisture supply 

from ocean AO

radius ≤ 200 km

Larger the Ao, the less the land-surface friction and 

less energy dissipated, and, thus, the longer the τ.

A larger Ao implies more sea surface enthalpy flux so 

that more thermal energy is available for kinetic 

energy conversion, and the decay would slow down 

as a result.



Matters Arising
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τ = 9.17Ao′ + 1.68SSTs′ + C

τ = 10.35Ao′ + 3.86SSTm′ + C

τ = 9.13Ao′ − 3.34SSTd′ + C

r = 0.69

r = 0.71

r = 0.70

(P < 10−3)

(P < 10−3)

(P < 10−3)

(P = 0.47)

(P = 0.10)

(P = 0.14)

Ao is the primary

SSTm and SSTd are more contributory than SSTs



Matters Arising
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Landfalling Track Modes

Chan et al. 2022, Nature

[based on raw data without smoothing]

Effective area of moisture supply 

from ocean AO

radius ≤ 200 km



Matters Arising
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Chan et al. 2022, Nature

[based on raw data without smoothing]



Matters Arising
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Landfalling Track Modes

Proportion of non-hard strike TCs 

is gettering higher.

Chan et al. 2022, Nature

[based on raw data without smoothing]

Effective area of moisture supply 

from ocean AO

radius ≤ 200 km



Questions
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Basin

Data

Study Period

Landfall Intensity

Land-sea Mask

Statistical Technique

Chan et al. 2022, npj Climate and Atmospheric Science



Basin-Dependent

Given the same study period

• some trends are increasing while 
some are decreasing

• some trends are statistically 
significant whereas some are not

36Chan et al. 2022, npj Climate and Atmospheric Science



Data-Dependent

• Given the same study period, different 
sources of best-track data exhibit 
different trends even in the same basin.

• These inconsistencies are very likely 
due to the heterogeneities of 
operational procedures between the 
agencies, particularly the discrepancies 
in the estimation of TC intensity.

37Chan et al. 2022, npj Climate and Atmospheric Science



Study Period-Dependent

• Even within the same basin and from 
the same data source, the trends and 
their corresponding significances are 
not consistent with time.

38Chan et al. 2022, npj Climate and Atmospheric Science



Landfall Intensity-Dependent

• Trends are sensitive to the landfall 
events conditioned by the thresholds 
of landfall intensity.

39Chan et al. 2022, npj Climate and Atmospheric Science



Land-sea Mask-Dependent

40

Song et al. 2022, Frontiers in Earth Science

JRA-55: 1.25°×1.25°
ETOPO1: 0.1°×0.1°

Chan et al. 2022, npj Climate and Atmospheric Science



Statistical 
Technique-
Dependent

• Trends deduced 
from the season-
level τ and 
event-level τ are 
different.

41
Event-level Season-level

Chan et al. 2022, npj

Climate and 

Atmospheric Science



Landfalling Track Modes
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τ ∝ Effective area of moisture supply from ocean AO

Chan et al. 2022, npj Climate and Atmospheric Science



Subtropical High

• Subtropical high varies 
from time to time.

• Steering flow therefore 
varies correspondingly, so 
does the landfalling track 
modes.

43

1490 (solid) and 1520 (dash) 

geopotential height (unit: gpm) lines

Chan et al. 2022, npj Climate and Atmospheric Science



Conclusions

• This global study further consolidates that the trends of TC landfall 
decay are uncertain and insignificant.

• Trends are basin, data, study period, landfall intensity, land-sea mask, 
and statistical technique-dependent.

• The decay highly depends on the landfalling track modes (likely 
results from the subtropical high variability) rather than the SST, with 
the effective area of moisture supply from the ocean playing a vital 
role.
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IMPORTANT: Do not take a part for the whole, there is no consensus yet.
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Promotion of Tropical Cyclone
Size Asymmetry Index
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• Size Asymmetry

• Index
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TC Size Asymmetry
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Zhang and 

Chan 2023, 

International 

Journal of 

Climatology

Size: Radius of 10-m gale force 34-kt wind (R34)

R34EFF: Effective azimuthal-area-average radius of R34

A34EFF=A34NE+A34NW+A34SW+A34SE

πR34EFF
2=

πR34NE
2

4
+

πR34NW
2

4
+

πR34SW
2

4
+

πR34SE
2

4

R34EFF=
R34NE

2+R34NW
2+R34SW

2+R34SE
2

2

A34NW

A34SW

A34NE

A34SE

A34NW A34NE





TC Size Asymmetry
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Zhang and 

Chan 2023, 

International 

Journal of 

Climatology

Climatologically (1979–2019),

• Globe R34EFF = 90 NM

• NH R34EFF = 94 NM

• SH R34EFF = 84 NM

• WNP R34EFF = 105 NM (largest)

• ENP R34EFF = 63 NM (smallest)

Globally,

• West-small, east-large

In NH,

• R34SW is smallest

In SH,

• R34NW is smallest



Interannual Variations
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Interannual variation

• Obvious

Trend

• No significant long-term trend is found in 

a warming world except the R34NE, R34SW, 

and R34EFF in SI (5.2 NM, 3.9 NM, and 

3.6 NM per decade, respectively)

In NH,

• R34SW is smallest

In SH,

• R34NW is smallest

Zhang and 

Chan 2023, 

International 

Journal of 

Climatology



Interannual Variations
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Zhang and Chan 2023, International Journal of Climatology



Monthly Variations
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Zhang and Chan 2023, International Journal of Climatology

• In boreal early-to-mid summer (June, July, August, 

and September), the size of TC generally shows a 

west-small east-large asymmetric structure in NA and 

WNP.

• The R34NE becomes smaller and the R34NW becomes 

larger in late season (since September). Such 

asymmetry transits to south-small north-large in the 

WNP.

• It is noted that the R34 in all quadrants gradually 

increase from July to September in NA and WNP. 

This suggests that the size of TC is increasing during 

the main TC season.



Monthly Variations
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• The late-season TCs are typically larger than those in 

the early season.

• The increase in R34NW from June to December in the 

WNP is prominent. This suggests that there could be 

an existence of seasonal system (e.g., the build-up of 

the continental high) to the NW of TCs that 

contributes the expansion of R34NW.

• In the ENP, the R34SW is the smallest, while the 

R34NE is the largest in general. The size in the 

southern flank shows a bimodal seasonal variation 

such that R34SW and R34SE are large in the early and 

late seasons, but small in peak summer.

Zhang and Chan 2023, International Journal of Climatology



Monthly Variations
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• In SH, R34NW is the smallest throughout the entire TC 

season.

• In SI, the size increases gradually from early to peak 

season (November to proceeding March) and then 

decreases afterward. It is particularly apparent in the 

NE quadrant. The size in the SE quadrant is generally 

largest.

• In SP, the seasonal size variation is comparatively 

small among the basins. The size decreases slightly 

during the TC season (December to proceeding April). 

The R34NE is generally the largest.

Zhang and Chan 2023, International Journal of Climatology



Spatiotemporal 
Distributions
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Zhang and Chan 2023, International 

Journal of Climatology

In WNP,

• In July and August, the size 

asymmetry patterns are generally 

west-small east-large.

• In September, the R34NW is getting 

larger, especially in the west of 

150° E.

• When it comes to the late season 

(October), the size asymmetry 

becomes more variable within the 

basin.



Spatiotemporal 
Distributions
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Zhang and Chan 2023, International 

Journal of Climatology

In NA,

• In September, the size asymmetry 

pattern in the southern part of NA is 

generally south-small north-large.

• Meanwhile, it is inverse in the 

northern part of NA such that the size 

asymmetry pattern is north-small 

south-large in general.

• The transition appears at around 30°

N, where is the latitude about the TC 

recurvature, such that the size 

asymmetry pattern is likely west-

small east-large.



Conclusions

• A 41-year (1979–2019) ERA5 global climatology of TC size asymmetry is 
established.

• TC size asymmetry varies with space (hemispheric, basin, and intrabasin) 
and time (interannual, interseasonal, and intraseasonal).

• No apparent long-term trend is found, except in SI. This suggests that the 
relationship between the long-term variability of TC size and global 
warming needs further investigation.

• The ENSO could have influence on the interannual variations in the 
Northern Hemisphere.

• The season-variant systems (e.g., the continental high, subtropical high, 
monsoon, etc.) could contribute to the seasonal variations of TC size 
asymmetry.
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Promotion of Tropical Cyclone
Size Asymmetry Index
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• Size Asymmetry

• Index
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Review of Size Asymmetry Index in Past
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α=
R34MAX
R34MIN

or α=
R34MIN

R34MAX

α=
VMAX

VRmax
− 1

Olfateh et al. 2017, Journal of Geophysical Research: Oceans

Sun et al. 2019, Remote Sensing

Hong et al. 2020, Atmospheric Science Letters

Weaknesses:

• Many undefined values 

(missing data: R34MIN)

• Unphysical α range [1, ∞)

Weaknesses:

• We often have hard time to 

estimate VMAX and VRmax
(uncertainties in VMAX and

VRmax)

• Unphysical α range [0, ∞)

• Not truly corresponds to 

size

Not generic and incomplete (merely measure the degree of asymmetry; pattern of asymmetry is missed)



Size Asymmetry Index (SAI)
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α=
R34MAX
R34EFF

− 1

R34MAX= max R34NE,R34NW,R34SW,R34SE

R34EFF=
R34NE

2+R34NW
2+R34SW

2+R34SE
2

4

𝑆𝐴𝐼 = ด𝛼
𝐷𝑒𝑔𝑟𝑒𝑒

𝑇𝑂𝑄
𝑃𝑎𝑡𝑡𝑒𝑟𝑛

𝛼𝐶=
max

R34NE,NH+R34NE,SH
2

,
R34NW,NH+R34NW,SH

2
,
R34SW,NH+R34SW,SH

2
,
R34SE,NH+R34SE,SH

2

R34NE,NH+R34NE,SH
2

2

+
R34NW,NH+R34NW,SH

2

2

+
R34SW,NH+R34SW,SH

2

2

+
R34SE,NH+R34SE,SH

2

2

4

− 1

α ∈ 0,1
𝛼𝐶 = 0.13

Chan et al. 2023, Climate Dynamics

α and R34EFF always exists once 

any R34NE, R34NW, R34SW, and 

R34SE is well-defined/estimated.

α ranges [0, 1]

α = 0: absolutely symmetric

α ≤ αC: quasi-symmetric

αC < α < 1 : asymmetric

α = 1: absolutely asymmetric

Generic: applicable to most situations



Size Asymmetry Index (SAI)
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Degree α ≤ αC > αC

Type T     

Orientation O               

Quadrant of the 

maximum size of 

interest Q


     
   

      

     
   

𝑆𝐴𝐼 = ด𝛼
𝐷𝑒𝑔𝑟𝑒𝑒

𝑇𝑂𝑄
𝑃𝑎𝑡𝑡𝑒𝑟𝑛 Quadrant in black: R34 > R34EFF

Chan et al. 2023, Climate Dynamics Degree and Pattern are synthetically considered.



Constitutions of SAI
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Chan et al. 2023, Climate Dynamics

𝑆𝐴𝐼 = ด𝛼
𝐷𝑒𝑔𝑟𝑒𝑒

𝑇𝑂𝑄
𝑃𝑎𝑡𝑡𝑒𝑟𝑛

α T O Q

SAI

Code form

SAI

Symbolic form

0.11 O O O 0.11OOO 0.11

0.56 H d 4 0.56Hd4 0.56

0.18 X b 4 0.18Xb4 0.18

0.37 C d 2 0.37Cd2 0.37

1.00 L a 1 1.00La1 1.00

Generic, complete, and intuitive



Overall Statistics

65Chan et al. 2023, Climate Dynamics

• α

1st: NA (0.49)

2nd: ENP (0.48)

3rd: SP (0.47)

4th: SI (0.44)

5th: WNP (0.41)

• T

1st: Type H

2nd: Type L

3rd: Type O

• Q

1: WNP, ENP, NA, and SP

4: SI

First

Second

Third



PDF of α and T
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Chan et al. 2023, Climate Dynamics

• α exhibits trimodal distribution.

• By definition,

Low end is Type O exclusive;

High end is Type L exclusive.



Interannual Variations and Trends
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Chan et al. 2023, Climate Dynamics



Monthly Variations

68

• α generally decreases from the early summer, 

reaches the minimum in fall, and then rebounds, 

whereas VMAX exhibits inversely.

• It is partly because

(1) more Type H and Type L TCs are in early and 

late TC season; and

(2) the intensity of TCs is generally stronger in 

mid-to-late TC season such that more Type O TCs 

appear in the late summer and early fall.

• Monthly TC translation speed is weakly correlated 

with the monthly α (not shown). 

Chan et al. 2023, Climate Dynamics



Intensity and Translation Speed

69

• About half of the tropical storms are Type L.

• The proportion of Type L TCs decreases 

significantly with TC intensity, while that of 

Type O TCs increases considerably. The 

corresponding mean α decreases with TC 

intensity.

• The correlation coefficient between α and TC 

intensity is statistically significant at 0.39.

• Results imply that both the pattern and degree 

of TC asymmetry are TC intensity dependent.

• Climatologically, weak TCs are more 

asymmetric, whereas strong TCs are less 

asymmetric.

• A weaker TC possesses lower inertial stability 

to resist perturbations from the environment 

contributing to the size asymmetry, and vice 

versa.

Chan et al. 2023, Climate Dynamics



Intensity and Translation Speed

70

• Among the fast-moving TCs, the Type H and 

Type L TCs dominate. The sizes of fast-

moving TCs are therefore more asymmetric in 

general.

• Among the slow-moving TCs, the proportions 

of Type O, Type H, and Type L TCs are 

comparable.

• The slow-moving TCs are thus not solely 

prevailed by the less asymmetric TCs. They 

can be highly asymmetric either.

• This implies that when the movement of TC is 

slow, the factors other than the TC translation 

speed contributing to the size asymmetry 

become effective. Chan et al. 2023, Climate Dynamics



Spatiotemporal Distributions
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Chan et al. 2023, Climate Dynamics

Global climatological spatiotemporal distributions of TOQ in NH July and SH January. In each T, the most corresponding prominent TOQ in each 5° latitude ×5°

longitude grid is shown by the corresponding symbol. The colour of symbol depicts the proportion (unit: %) of the corresponding T within the grid. Note that when 

there are two or more TOQ sharing the same maximum proportion in the same grid, only the corresponding T symbol is shown.



Spatiotemporal Variations

• In the ENP,  and  prevail in early TC season ( and  in particular), and 
more  and  appear at higher latitudes ( and  in particular) from mid 
to late season gradually. Type X TCs are rare throughout the TC season. 

• In the WNP and NA, the main orientation of Type H TCs transits from  at 
low latitudes to  and  at higher latitudes, while that of Type L TCs 
transits from  to  correspondingly. These could be probably attributed to 
the TC track or movement, that is, the superposition of the large scale 
subtropical high-driven steering and the TC circulation itself. The west-
northwestward steering at low latitudes and the northward-to-northeastward 
steering under TC recurvature at higher latitudes could lead to these 
asymmetries.
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Spatiotemporal Variations

• Comparing to those in the NH, the spatiotemporal distributions of size asymmetry 
patterns are more diverse in the SH, especially in SP. Type X TCs are slightly 
more in the SH. The main orientations of asymmetry are  and , which are 
north-south flipped from those in the NH.

• The proportions of Type O TCs are found to increase broadly along the TC season. 
This suggests that the seasonal increases in Type O TCs are not featured by the 
small regional scale increases in Type O TCs, but the basin-wide or worldwide 
increases. This could be related to the large scale seasonal variability. The 
occurrence of Type O TCs becomes more scattered along the TC season over NA.

• R34MAX generally appears in quadrants 1 and 4 globally. More than 60% of Q are 
found in these two quadrants. In particular, for Type L, the majority of Q does not 
change from July to September in some regions (e.g., 15–30° N, 135–150° E) 
where  is the commonest. These could be related to the intrinsic properties of TC 
itself, self-rotating earth, or regional environmental factor(s).
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Conclusions

• SAI is proposed to specify the degree and pattern of TC size asymmetry 
synthetically.

• The distribution of the degree of TC size asymmetry is trimodal.

• The size asymmetry of TC is found to be TC intensity, TC movement, time, 
and space dependent.

• In general, the weak or fast-moving TCs are more asymmetric.

• The interannual variations and long-term trends of α could be a compound 
of various factors.

• The seasonal variation of α generally decreases from the early summer, 
reaches the minimum in the fall, and then rebounds.

• The proportions of asymmetric types are not evenly distributed along the 
TC season, within the basin, and across basins.
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