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ABSTRACT

This study investigates the sensitivity of tropical cyclone (TC)motion and intensity to ocean surface fluxes that, in

turn, are directly related to sea surface temperatures (SSTs). The Advanced Research version of the Weather

Research andForecast (WRF-ARW)model is usedwith an improved parameterisation of surface latent heat flux

account for ocean salinity. TheWRF-ARWsimulations compare satisfactorilywith theNCEP/NCARreanalysis

for atmospheric fields and remotely sensed precipitation fields, with the model providing details lacking in coarse

resolution observations. Among four TCs investigated, except the one re-developed from a previous TC remnant,

the stretching term dominates the relative vorticity generation, and a bottom-up propagation mechanism holds

for the three TCs. For the Tropical Rainfall Measuring Mission (TRMM) precipitation, the spatial ranges are

accurate but actual rainfall rates are significantly larger than those remotely sensed. This indicates the value of

numerical simulation in quantitative rainfall precipitation estimation (QPE) for TCs. Sensitivity experiments are

performed with altered SSTs and changes in tracks and intensity are examined. A TC-dependent threshold wind

speed is introduced in defining total kinetic energy, ameasure of TC intensity, so arbitrariness in domain setting is

avoided and inter-basin comparisons are possible. The four TCs selected fromdifferent global basin show that the

intensity increases with increasing SST. Within a domain, a power�law relationship applies. More important,

warmer SST indicates a more rapid intensification, quicker formation and reduced warning issuance time for

emergency services. The influence of SSTs on TC track is more complex and lacks a generic relationship. For the

South Pacific basin, higher SSTs favour a more northerly track. These TCs occasionally cross continental

Australia and redevelop in the southern Indian Ocean basin, affecting the resource-rich onshore and offshore

industrial developments in northwest Western Australia. In the Atlantic basin (e.g. Katrina 2005), when SSTs

increase, theTC tracks tend to curve overwarmpools but generally have a shorter ocean-residence time.When the

synthesised SST fields are raised 28C above Katrina (i.e. �328C), the possibility exists of generating two TCs in

close proximity. That lack of unanimity of the impacts onTC tracks, in response to synthesised SSTs, partly arises

from the complicated response of subtropical highs, which may be disintegrated into several pieces and dispersed

with relatively lower pressure regions, which may become the shortcuts when a TC traces the periphery of the

subtropical high.

Keywords: tropical cyclones, sea surface temperatures, WRF-ARW simulations, ocean surface fluxes, sensitivity

experiments, quantitative precipitation estimation

1. Introduction

The formation of tropical cyclones (TCs) has long been a

major area of research and has produced hypotheses such as

Convective Instability of the Second Kind (CISK, Charney

and Eliassen, 1964; Anthes, 1982), and the more recent

and widely accepted wind-induced surface heat-flux ex-

change theory (WISHE) of Emanuel (1986). These two

theories focus on the intensification process of TCs after

they have formed and, in some cases, the warm-core struc-

ture is already established. The transition of a weak
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and unorganised disturbance into a tropical depression

(TD) is thought to be a random process. Although the

large-scale environmental conditions necessary for TC

formation are well known [e.g. the three dynamics and three

thermodynamics criteria of Gray (1998)], the mesoscale and

convective-scale mechanisms for unorganised disturbances

becoming TDs are not yet well understood (Tory and Frank,

2010). Nolan et al. (2007) discussed how asymmetric latent

heating, in levels of positive gradients of environmental

moist static energy, could contribute to the formation of

a warm core.

TC motion is primarily caused by advection of the TC by

the surrounding environmental flow (Chan and Gray, 1982;

Flatau et al., 1994; Chan, 2005; Leslie and Holland, 1995).

While other mechanisms exist that cause the TC to move

independently of this environmental ‘steering currents’

(Wu and Emanuel, 1993), the steering of the TC by its

environment generally is the dominant contribution, espe-

cially for steady TC motion (Chan, 2002). This explains

why TCs move around the subtropical highs, such as the

Bermuda high. However, at any moment, a TC is composed

of many convective cells, each with its own life cycle of

development and decline, under the modulation of the

environment. TCs are a gross manifestation of the ensemble

behaviour of those convective cells. The relationship of a TC

with a complex, dynamically evolving environment has been

a subject of modelling research formany years (e.g. Holland,

1984; Shapiro, 1996; Shapiro and Franklin, 1999; Chan

et al., 2002; Wu and Wang, 2004). By providing high-

resolution, four dimensional, dynamically consistent atmos-

pheric parameters, numerical weather prediction (NWP)

model simulations provide insights into the relative im-

portance of various synoptic-scale features in the TC envi-

ronment. In this study, the sensitivity of TC tracks to

surface latent heat flux (evaporation) is investigated, using

Advanced Research version of the Weather Research and

Forecast (WRF-ARW) (hereafter, simply WRF). The TC

track is determined from the time evolution of the WRF

simulated atmospheric fields. To determine the location of a

TC, a tracker scheme is employed (e.g. Bengtsson et al.,

1995; Walsh et al., 2007). Tracker schemes are numerical

representations of the dynamic and thermodynamic criteria

of a developed TC. As described by Walsh et al. (2007)

typical tracker starts by finding a localised minimum in

surface pressure or maximum in cyclonic vorticity, to iden-

tify a potential cyclone. Once identified, the system is then

filtered by pre-set values of maximum wind speed, vorticity,

duration and some measure of the presence of a warm core.

In addition, some studies, based on high-resolution models,

have utilised criteria based on genesis location, surface

pressure anomaly, and a measure of structure in terms of

vertical variation of tangential maximum wind speed and/or

horizontal temperature gradients. Because known historical

TCs are being simulated, the warm-core criterion of

Bengtsson et al. (1995) and the cyclone-phase-space ap-

proach (to differentiate mid-latitude cyclones from TCs) of

Hart (2003) are not required and the tracker scheme can be

simplified. The sensitivity of TC strength to sea surface tem-

perature (SST) changes also will be investigated. One well-

known measure of the strength of a TC is its total kinetic

energy. The total kinetic energy within the influence range of

a TC is insensitive to actual simulation domain size and is

directly comparable among TCs from different basins.

Here, the sensitivity of four TCs to SSTs is examined over

the globe (Fig. 1 and Table 1): Typhoon Ketsana (2003);

Hurricane Katrina (2005); severe TC Larry 2006 and TC

Glenda 2006. Using four TCs from four different basins,

the aim is to find any commonality in their formation,

maximum intensity and tracking, and responses to a warmer

ocean surface. Because of the associated natural hazards,

such as flash floods and mudslides, and their high social and

economic impacts, landfalling TCs have been at the centre of

the discussion of the impacts of global warming effects.With

global climate variability, there has been a steady increase of

SSTs over the past three decades, especially in the Indian

Ocean TC basins (Bengtsson et al., 2007; Luo et al., 2011).

This study is directed at assessing potential changes in TC

activity as the climate warms.

Over oceans, the marine surface layer is always moist and

the evaporation is directly proportional to SST. One

mechanism indicating the critical role for ocean surface

evaporation is that, after the passage of a previous dis-

turbance, the vertical stratification of atmosphere tends to be

more stable. In tropical regions (all year round), to reduce

the convective stability is to accumulate more moisture at

lower levels. By increasing the stability, a moist middle layer,

by preventing a premature release of convective available

potential energy (CAPE), is favourable for the next dis-

turbance because total latent heat release produced by deep

convection is directly proportional to the moisture content

in the deep mid-levels. That is, the enhanced environmen-

tal relative humidity is essential for full-development of

clouds and their upward transport of moist static energy

(cpT�gz�Lqs) from the boundary layer and contributes to

TC formation (Demaria et al., 2001). Diabatic heating by

latent heat release, a leading moist static energy input for

the environment, however, is counteracted immediately by

adiabatic cooling of the expanding moist air parcel, so the

net heating of an air parcel is the residual of the two large

terms. However, in this case, as diabatic heating is the

‘forcing’ and adiabatic cooling is the ‘response’, as in many

dissipative systems, the net result is heating. In a vertically

stratified atmosphere (an environment set by radiative�
convective balance), the temperature decreases within the

troposphere but with a reducing lapse rate. At the upper

troposphere, the local vertical gradient ofmoist static energy
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Fig. 1. TCs investigated in this study: (a) Katrina (21 August�2 September 2005) in Atlantic Basin; (b) Glenda (22�31, March 2006) of

Southern Indian Basin; (c) Ketsana (15�26 October, 2003) of western North Pacific Basin; and (d) Larry (13�21 March, 2006) of Southern

Pacific Basin. The IBTrACS traces are plotted as red lines. The contour lines are environmental SST, with 302�303K hatched. The regions

defined by the dashed lines (the slow advancing stage of TCs) are for vorticity tendency analysis. The black dashed lined define the 5-km

nested simulation domains (i.e. Domain 2s).
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becomes positive. If an air parcel’s condensation occurs at

this level, the latent heat release will exceed that required to

compensate for the adiabatic cooling caused by expansion

and thus a net increase in this parcel’s temperature is feasible.

In reality, deep cumulus clouds can achieve this increase and

carry the released latent heat of condensation to the upper

troposphere. That the warm core for TCs occurs in such a

deep layer clearly suggests a likely association with cumulus

towers, in both the TC formation and ensuing development.

This also explains why the viable early TC disturbance seeds

are selective: normal shallow convection does not qualify as

a TC initiation disturbance. As tropical disturbances are far

smaller than the Rossby deformation radius (Gray, 1993),

mass (pressure) fields adjust to the circulation (winds) fields

(Nolan et al., 2007; Anthes, 1982). Because deep convective

towers have strong remote sensing signatures, assimilation

of remotely sensed wind fields is critical for successful TC

simulations.

The paper will proceed with a description of the data used

in this study and theWRFmodel’s basic setting, followed by

the methods adopted to objectively diagnose TCs, including

the defining of total kinetic energy, the relative vorticity

tendency equation and an improved version of parameter-

isation of the latent heat flux. Next is a description of the

datasets employed in this study. A discussion follows of the

‘control’ runs that assimilate all possible available informa-

tion and we examine how the TCs are simulated in the

numerical model for all four global basins. Since precipita-

tion rate is a direct indicator of cloud type and the unique

role of clouds in a TC’s life cycle, independent sources of

remotely sensed precipitation rates are used to verify the

WRFmodel simulations. Experiments with altered SSTs are

performed. The effects on TC activities are evaluated and

tentative conclusions are drawn with an emphasis on shared

features of the four selected TCs. Many more TCs will need

to be examined in a similar manner to establish if our

tentative conclusions are more generally correct.

2. Data and WRF model

TCobservations are taken from the International Best Track

Archive for Climate Stewardship (IBTrACS, Kruk et al.,

2010; http://www.ncdc.noaa.gov/oa/ibtracs/), which is at

6-hour intervals. To illustrate the physics responsible for

changes in TC activity, we also use the products from the

National Centre for Environmental Prediction (NCEP)/

National Center for Atmospheric Research (NCAR) reana-

lyses (Kalnay et al., 1996). The analysis archive covers the

period 1948�2012 and can be divided into three periods,

corresponding to the evolution of the major observing

systems. These are the early years, from 1948 to 1957, where

very few upper-air observations were made; the rawinsonde

era from 1958 to 1978; and the satellite era from 1979 to the

present. The gridded NCEP reanalysis data (at 2.58lat/lon)
are used to analyse the large-scale environment associa-

ted with the formation of the four selected TCs. Hourly

images from the Geostationary Operational Environmental

Satellite-9 (GOES-9) infrared chanel-1 (IR1) with wave-

length 10.3�11.3mm and of �5 km resolution are used to

monitor deep convective clouds and mesoscale convective

systems (MCSs; Houze, 2004). The MCSs form a coherent

group of deep convection cells that are vital to the formation

of viable TC disturbances (Doswell, 2001; Ch. 9). The

satellite images used are from a data archive in CIMSS

(http://tropic.ssec.wisc.edu/) that cover the hurricane devel-

oping areas. The cloud-top height is inferred from the

infrared brightness temperature (BT). Areas with BTs cooler

than the thresholds of �32, �60 and �758Care considered

to be convection in cloud clusters, deep convection inMCSs,

and extreme convection in hot towers (VHTs), respectively.

A MCS is defined as having a BTB216K, an area larger

than 40 000 km2, and an eccentricity greater than 0.5 (Lee

et al., 2008). These criteria apply to satellite imagery as well

as to the WRF simulations.

The non-hydrostatic WRF model Version 3.4, developed

at NCAR (Skamarock et al., 2008), is used to simulate the

entire life cycles of the four selected TCs. To identify the

genesis mechanisms, or the processes leading to the forma-

tion of the TC, the simulation is initiated 2 d earlier than

the IBTrACS starting record and is run until 1 d after

landfall (e.g. 10 d for Ketsana, a life-time oceanic TC). The

simulation domains are one-way nested with horizontal

resolutions of 20/5 km, and stencil sizes of 168�100;

200�150; 150�120; and 150�124 for the coarse domains,

respectively for Katrina, Glenda, Ketsana and Larry.

The stencil sizes of the nested 5-km domains are correspond-

ingly 332�100 (covering 90�758W; 23�278N, the black

dashed line confined area in Fig. 1a); 384�240 (113�1308E;

Table 1. Life cycles and attributes of the TCs investigated

TC name Identified TD-TS TC Diminish Basin Simulation period

Ketsana 2003 Oct. 18 Oct. 18�19 Oct. 20�23 Oct. 26 Western North Pacific Oct. 15�26
Katrina 2005 Aug. 23 Aug. 23�24 Aug. 25�29 Aug. 31 North Atlantic Ocean Aug. 21�Sept. 2
Glenda 2006 Mar. 22 Mar. 23�26 Mar. 27�30 Mar. 31 South Indian Ocean/northwest Western Australian Mar. 22�31
Larry 2006 Mar. 15 Mar. 15�17 Mar. 18�21 Mar. 22 Southwest Pacific Mar. 13�21
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22�128S, Fig. 1b); 240�208 (129�1408E; 12�248N, Fig. 1c);

and 292�264 (150�1638E; 20�88S, Fig. 1d). There are

35 atmospheric levels with the model top set at 50 hPa.

The Kain-Fritsch cumulus parameterisation scheme (Kain,

2004) is used for the coarse domains, and explicit moisture

calculation and a microphysics scheme are used for the 5 km

inner domains. Other related packages employed include the

WRF single-moment six-class microphysics scheme with

graupel (Hong et al., 2004), and the Yonsei University

planetary boundary layer parameterisation.

During the approximately 10 d of WRF integration, with

10-second time steps, the model initial and lateral boundary

conditions are taken from the 0.58lat/lon NCEP global

forecast system final gridded analyses, with the outer lateral

boundaries updated every 6 hour. The NCEP daily 0.58 SST
field is used to update the lower boundary conditions. With-

out data assimilation steps, the simulated TC track are in

error by up to 80 km to the east of the IBTrACS observa-

tions for TC Katrina, and to the south by about 25 km

for TC Glenda. The locations of the MCSs also do not

match well with the satellite imagery. To improve the WRF

simulation of the atmospheric conditions, the National

Aeronautics and Space Administration (NASA)’s Quick

Scatterometer (QuikSCAT) oceanic winds and the Defense

Meteorological Satellite Program’s Special Sensor Micro-

wave/Imager (SSM/I) oceanic surface wind speed and total

precipitable water, for the first 3 d, are assimilated using the

WRF-Var3 with a 12 hour assimilation window. The 25 km

horizontal resolution, twice-daily swath data of QuikSCAT

and SSM/I were extracted from the Remote Sensing System

(RSS) data archive (ftp://polar.ncep.noaa.gov/pub/history/

sst/). This simulation with data assimilation is treated as the

control experiments. To verify the model simulated precipi-

tation, the Tropical Rainfall Measuring Mission (TRMM)

3B42RTgridprecipitation products are used (ftp://trmmopen.

gsfc.nasa.gov/pub/merged/3B42RT/).

3. Background and theoretical issues

To objectively compare the strength of TCs in different

basins, a measure of total TC kinetic energy is calculated.

Similarly, as TCs move in the direction of fastest increase

in cyclonic vorticity, a vorticity tendency equation is used

to establish the basis for discussion of TC genesis and the

two related working hypotheses. The parameterisation of

evaporation (latent heat flux at air/sea interface) in WRF is

improved by including salinity effects.

3.1. Wind energy

The majority of disasters from TCs are directly linked to

their wind strength (Powell et al., 2005; Holland et al.,

2010). TCs in different basins, and in the same basin with

different background environmental conditions, can be

diverse in size and intensity. In model simulations, the

domain sizes may also be set arbitrarily irrespective of

the locations of TCs. An objective measure for the wind

energy associated with TCs thus is critical for evaluation

of TCs’ potential destructiveness. In this study, the total

energy at the inner portion of domain 1 (20 grids inside

the boundary in each direction) is summed, avoiding

boundary effects. Further, a threshold wind speed is set

at one tenth of the maximum wind speed at any given time

within the simulation domain. The entire kinetic energy

(0:5 ~V
�� ��2) is:

K ¼
ZZ

X

Z Pt¼50mb

P0

~V
�� ��2
2g

dp dA (1)

where V is the horizontal sub-domain which exceeds the

threshold wind speed criteron (at least one grid in this

column exceeds the threshold speed), ~V
�� ��is the magnitude

of the vector wind, dA and dp are areal and pressure

integration variables, and g is gravitational acceleration

(9.81m s�2). In the corresponding plots, the energy unit is

terajoule (1012 J).

3.2. Vorticity tendency equation

Not only do TCs move toward the direction with the

largest gradient in increasing cyclonic vorticity, the forma-

tion of A TC primarily starts from a cyclonic perturbation

in the flow field that initiates the convergence of low level

moisture to form convective perturbations (Holland et al.,

1991). At the initial stage, these may be unorganised TDs.

A TD might die but can leave a more favourable circula-

tion environment for the next TD, although the effects

on sea surface evaporation are negative (cold trace effect).

If the SST is sufficiently high, the favourable cyclonic

vortices heritage outweighs the cold trace effects and the

following TD generally will grow larger. After several TDs,

typically 3�7 in the western North Pacific basin and less in

the south Pacific basin, there will be a viable vortex that

eventually exceeds the self-sustaining criterion (highly

organised) and becomes a TC (Montgomery et al., 2006).

To investigate the low-level vortex intensification (e.g.

TC Glaenda’s rapid burst of intense deep convection),

the following vorticity tendency equation is used:

@1

@t
¼ � u

@g

@x
þ v

@g

@y

� �
� w

@1

@z
� g

@u

@x
þ @v
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� �
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� @w
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þ 1
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@q
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@p

@y
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@x

� �

þ
@Fy

@x
� @Fx

@y

� �
(2)
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where w is the relative vorticity, f is the inertial frequency

of earth rotation, g ¼ f þ 1 is absolute vorticity, u, v, and w

are the wind components; p the pressure, and r the air

density. The right-hand-side terms represent horizontal

advection, vertical advection, stretching, tilting, solenoi-

dal effects and sub-grid-scale flux derivatives, respectively.

The stretching term indicates that the absolute vorticity

is required to be non-zero for low-level convergence to

generate relative vorticity. This explains why TCs rarely

form within 958 of the Equator (Gray, 1968). The baro-

clinic term also explains why higher-than-average relative

vorticity (e.g. synoptic precursor disturbances) is required

for TC cyclogenesis, because this term works more effi-

ciently when the temperature stratification and lower wind

field harness the energy released in condensation to

strengthen the local cyclonic vorticity, through generation

of potential vorticity.

3.3. Salinity dependence of surface latent heat flux

Evaporation at the air�sea interface results in an upward

transport of energy in the formof latent heat, and thus injects

water vapour into the atmosphere. This is a major energy

source for atmospheric circulation (Schulz et al., 1997).

The exchanges of water vapour and heat at the surface take

place simultaneously and connect the energy cycle to the

hydrologic cycle. As the evaporated moisture reaches

the lifting condensation level, condensation occurs and the

released latent heat warms the environment and is critical

for tropical disturbances, such as easterly waves, reverse

troughs and monsoonal troughs, that become TCs (Yanai

et al., 1973). In particular, the fluxes are pivotal in the

creation of warm-core structure and the maintenance of

cyclonic vorticity (Nolan et al., 2007). The warm core is a

deep layer (700�200 hPa) of air with lower pressure than

surrounding environment, and the upper levels (100 hPa and

above) having higher pressure than its surroundings. Thus,

low-mid level convergence and upper level divergence, act

like a ‘chimney’. Cyclonic vorticity is generated as a result of

attempting to maintain hydrostatic and gradient wind

balance. Lower level moisture input is the fuel for TC, if it

is regarded as a Carnot engine (Emanuel, 1986). The surface

latent heat flux is estimated from the bulk formula that

includes near surface wind speed, air humidity, and SST:

LE ¼ qlw
0
q
0
v � �qlCD

~V0

�� �� @qv

@z
(3)

where LE is latent heat flux (W/m2), r is air density, l is the

latent heat of evaporation (J/kg), w
0
q
0
v is turbulent covar-

iance of near surface specific humidity (qv) with vertical

component of velocity (w) which, according to mixing length

theory, can be parameterised by a turbulent diffusion

coefficient and the vertical gradient of the mean state of

qv. CD is the Dalton drag coefficient, ~V0

�� �� is the near surface
wind speed, and the over-bar indicates a temporal mean

state. Once measurement height is decided, eq. (3) can be

further written as

LE ¼ �qlCE
~V0

�� �� qv � qvsðTsÞð Þ (4)

where qvs is specific saturation humidity at the SST Ts, and

CE now is the Dalton coefficient (unitless, �2�10�3). The

latent heat flux causes a cooling of the upper layer of the

ocean and, through the loss of water, an increase of the sa-

linity in the oceanic mixed layer. For TC research, the changes

in salinity can safely be neglected. However, the effects of

ocean salinity on evaporation cannot be omitted. Salinity

can significantly (up to 70�, e.g. southern Indian Ocean)

lower the saturation vapour pressure at the water surface

(Ren and Leslie, 2011). Based on the molar Gibbs free

energy criteria, the salinity dependent parameterisation is:

LE ¼ �qlCE
~V0

�� �� qv � qvsðTsÞð1� aSÞð Þ ¼ FðT ;SÞu� (5)

where S is salinity in practical salinity units (PSU), and

specific humidity takes the value at the lowest model level

(�10m above sea level, asl henceforth). The ultimate

energy source for TCs is the lower surface evaporation. In

this study, the WRF scheme is modified to include salinity

effects in the bulk formulae. Also, the scheme is applied to

the entire simulation domain, not locally to the TC region.

It is clear from eqs. (3�5) that the SST is vital for the

magnitude of the surface evaporation, the most important

moisture and energy source for TC development and

maintenance over the entire TC lifecycle. Prediction of

the TC lifecycle thus depends ultimately on how latent heat

fluxes are represented in WRF.

An upright chimney is not as effective in maintaining the

warm-core structure because, as precipitation occurs, the

released water drops out (e.g. as hails, snowflakes and

super cooled raindrops) and evaporates (absorbing heat) as

it falls, causing downdrafts. The downdrafts apparently are

negative feedbacks that need to be minimised to guarantee

further development of the warm-core structure. Weak

vertical wind shear can provide a favourable ‘slanted

chimney’ structure that takes advantage of the condensa-

tion latent heat release to warm the air and minimise the

cooling of air directly downward of the warm core region.

The vertical shear of horizontal winds should be moderate

to allow cyclones to develop vertical coherence. The

persistent presence of strong shear with thermal winds

over the south Atlantic largely accounts for its lack of

TCs. The longevity of the disturbance depends on whether

this favourable moisture-providing setting can be main-

tained. Clearly, this stage is critical and a slight change

in the environmental conditions (e.g. a perturbing from

the subtropical high or an intrusion of a higher latitude
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disturbance) causes a pinch-cut of the moisture source for

this tropical disturbance. Likely, the very first such dis-

turbance following a previous TC is not viable. However,

it leaves more favourable conditions for the following

disturbances: a cyclonic circulation remnant in the mid-/

upper-level and a relative moist mid-/low-level atmosphere.

Not only does initiating these conditions from the outset

require a significant amount of energy, the moist mid-/low-

level atmosphere also guarantees weaker downdrafts com-

pared to the previous diminished disturbance, all else being

equal, because the evaporation of the droplets in the moist

environment will be less than in a drier environment. Pre-

vious disturbances leave a cold tongue of SST through

evaporation and churning the ocean mixed layer waters.

Thus, sufficiently high SSTs are critical for a tropical

disturbance eventually to become a viable TC (Gray, 1968,

1979; Anthes, 1982). Ideally, for TC development, the

genesis region should be a certain distance from the pole-

ward turning point, depending on the strength of the

westward steering current (e.g. the peripheral winds of sub-

tropical highs), and require at least 2 d for the disturbance

to derive enough latent heat from the warm ocean surface.

3.4. Design of sensitivity experiments

Initialisation problems would arise if SSTs are directly

altered and WRF then was run with otherwise identical

(unchanged) initial and boundary conditions. To examine

the sensitivity of TC tracks and intensities to ocean surface

fluxes, several sensitivity experiments with WRF are per-

formed with SSTs for the entire simulation domain altered

uniformly by 0.5,1, 1.5, 2, 2.5 and 38C (all are not present).

In practice, the WRF variational data assimilation system is

used to assimilate the altered SST fields. In this way, other

atmospheric components still behave appropriately based

on the same physics implemented in the WRF forward

model.

4. Results of WRF simulations

The genesis positions of the selected TCs are shown in

Fig. 2. The general life cycle is summarised in Table 1. They

either formed in the eastern wave trough (Katrina) or in a

reverse-oriented monsoon trough (ITCZ, Ketsana and

Larry), a large-scale environment with high humidity and

abundant low-level cyclonic vorticity that favours TC

formation. For example, Ketsana was identified as a dis-

turbance in a reverse-oriented monsoon trough �1300 km

east of Luzon Island on 15 Oct, 2003. Glenda is a char-

acteristic re-development after a cyclonic remnant passing

over warm ocean surface. For Ketsana, during mid-October

when it was in a developing stage, the integrated amplitude

of the first two real-time multivariate Madden-Julian

Oscillation (MJO) indices (Wheeler and Hendon, 2004;

RMM1 and RMM2 in Fig. 7) both exceed unity and the

phase of MJO was five in the western Pacific. Therefore,

the MJO was in the active (or wet) phase and is considered

favourable for TC formation (Maloney and Hartmann,

2000). The track re-curvature of Ketsana is steered by amid-

latitude trough just upstream and a weak subtropical high to

the east during its entire sea-living period.

In the western North Pacific basin, about 70% of TC

formations occur in the monsoonal trough (McBride, 1995;

Lander, 1996). This is because the monsoon trough is often

associated with a favourable background environment with

high relative humidity throughout the entire lower to middle

tropospheric vertical column, cyclonic relative vorticity,

convective instability, strong low-level convergence, and

persistent cloud clusters. Thus, it is not surprising that

variability of the monsoonal trough substantially impacts

the spatial and temporal variations in TC frequency of

formation (Chen et al., 2004). The occurrence of MCSs at

multiple times was identified during the 2 d prior to the

formation of most TCs in monsoonal confluence and

monsoonal shear (Ritchie and Holland, 1999). Coexistence

of MCSs is common in the monsoon-related synoptic

patterns. A middle-level mesoscale convective vortex

(MCV, Bartels and Maddox, 1991; Davis and Galarneau,

2009) is often generated in active MCSs with severe

convection. Once formed, the MCVs often outlive their

parent MCSs. Recent observational and modelling studies

provide mounting evidence of the importance of long-lived

MCVs during TC formations (e.g. Bosart and Sanders,

1981; Harr and Elsberry, 1996; Ritchie and Holland, 1997).

Therefore, attention should be paid to the occurrences of

MCSs to find viable TC genesis conditions. There is still

uncertainty about the mechanisms through which MCSs

influence TC formation. Long-lasting MCSs developing

under substantial low-level vertical wind shear also can have

a MCV in the stratiform rainfall region (Chen and Frank,

1993). Over the US Great Plains, a downward extension of

MCVs, through vertical advection (Rogers and Fritsch,

2001), is critical for the formation of tornadoes (Maddox,

1980; Fritsch andMaddox 1981a, 1981b;Miller and Fritsch,

1991). Similar mechanisms likely are involved in TC

formation. Another working hypothesis, the so-called

bottom-up hypothesis, is based on the observations of

Zehr (1992) that low-level vortex intensification sometimes

follows bursts of intense deep convections. Montgomery

et al. (2006) suggest that this deep convective, low-level

vortex enhancement is taking place withinMCSs well before

the formation of a self-sustainable system-scale vortex. The

system-scale vortex then further intensifies through me-

chanisms such as CISK and WISHE (e.g. Craig and Gray,

1996). Hendricks andMontgomery (2006) further suggested

that VHTs with spatial scales of 10�20 km play a critical role
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during the process. Based on the observational and model-

ling evidence of VHTs, several recent studies (Reasor et al.,

2005; Sippel et al., 2006; Fang and Zhang, 2010, 2011) in-

dicate that the bottom-up process is a viable pathway to

the enhancement of a surface vortex during TC forma-

tion. Using high-resolution WRF simulations, this study

investigates the role of MCSs in the formation of weak

disturbances leading to hurricanes under basin-specific

environmental conditions. A budget analysis of the area-

average relative vorticity is performed according to the

vorticity tendency equation [eq. (2)].

A budget analysis is made for area-averaged relative

vorticity for the TCs of interest here. The regions where

averages are taken are shown in Fig. 1: 22.5�258N; 77�728W
for Katrina, 17�128S; 156�1628E for Larry, 16�128S; 126�
1338E for Glenda, and 13�188N; 129�1348E for Ketsana.

For Ketsana and Larry, at mid-level (5000m asl)

the vertical advection of vorticity has a positive contribution

to vorticity tendency throughout the entire time period

of 2 d leading to the TC formation, whereas the average

tendency of low- to mid-level tilting is always negative

(Fig. 3b and d), and the two almost cancel each other.

Horizontal advection and stretching are the two largest

terms in vorticity generation. There is strong cancellation of

the positive tendency from stretching (convergence) and low

level horizontal advection. However, the two terms work

in synergy at higher levels (above 6000m asl). The stretching

term has a good timing match with MCS development,

as observed from satellite imagery. The episodes of strong

stretching with apparent daily cycle characteristics (Fig. 3c)

all correspond to sizable MCSs development, which

has clear footprints in visible imagery. This supports the

33N
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Fig. 2. NCEP/NCAR reanalyses of the lower level (600 hPa for Katrina and 850 hPa for Ketsana and Larry) streamlines, wind speeds

(dashed lines, m/s) and relative vorticities (colour shades, 10�5Hz) at 1 d lead time of the TC formation alert (TCFA). The formation

environments are shown for Katrina, Ketsana and Larry. Katrina forms as a perturbation in the eastern waves, while Ketsana and Larry

are formed inside ITCZ. Larry formed at the maxima in the southern extension of the ITCZ (red dashed lines). The red dashed lines are the

approximate locations of ITCZ (also called monsoon shear line).
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Fig. 3. Time-height diagram of the area-average (a sector leading the IBTrACS observed TC location at the formation stage, �5 by 58
region defined by the dashed line boxes in Fig. 1) vorticity tendencies (10�11s�2) for Ketsana 2003. The panels (from top to bottom) are
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The TC moves toward the direction of fastest increase in cyclonic vorticity. Stretching always is the most important term for positive

vorticity production. In the vertical advection (b) term, from 18z 17 October to 0 z 19 October 2003, there is apparent bottom-up tendency

in vorticity generation. In (f), the bottom-up extension also is apparent from 0z 17 October to 12z 18 October (when it becomes a tropical

depression).
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bottom-up hypothesis. Atlantic hurricane Dolly (2008) also

has a similar development mechanism. However, the situa-

tion for Katrina is quite different. For Katrina, the hori-

zontal convergence, or the stretching term, is the dominant

vorticity contribution. The frictional term, which always

acts to reduce the vorticity (both cyclonic and anti-cyclonic),

counteracts the stretching production of vorticity. Thus, the

vorticity is produced in the convergence mid-/lower-layer

and dissipated in the bottom frictional layer. There is no

apparent downward propagation of positive vorticity at the

initial stage. TC Larry resembles Ketsana in its genesis,

except that a local circulation feature between Australia and

Indonesia is an input source of anticyclonic vorticity in the

outer region (108 away to the northwest), helping to con-

centrate the cyclonic vorticity regions and better organising

the deep convection (e.g. the VHTs).

Whereas Katrina still shares similarity with Ketsana 2003

in its accumulation of positive vorticity at the generation

stage, Glenda’s genesis is totally different (Fig. 4a�f). Top-
down advection is more significant in relative vorticity

production for Glenda (Fig. 4a, b and d). The initial centres

of large negative (cyclonic in the Southern Hemisphere)

vorticities are located at �10 km asl and are gradually

advected downward, agreeing with the fact that Glenda is a

re-development of a remnant of Larry, as indicated in the

reanalysis data (not shown). In this case, tilting also works

in synergy with vertical advection. After landfall, Larry

dissipated in its lower levels because the moisture input

was greatly diminished when it travelled over northern

Australia. The mid-level/high-level vortex remained and

journeyed quiescently westward until reaching the Hollway

Current, where SSTs are as high as 318C (Fig. 1b) and

provide significant moisture for evaporation to the low

pressure system. The explosive re-development of this vortex

into a sizable TC took only one and half days. The case of

Glenda also demonstrates the important role of oceanic

surface fluxes in the intensification of cyclonic vortices.

Throughout the inter-comparison, it is also clear that the

relative vorticity production is directly proportional to

absolute vorticity, hence, the magnitude of each term cannot

be compared between TCs from different basins. More

importantly, the bottom-up and top-downmechanisms may

only differ rhetorically. In each case, no matter how the

cyclonic vorticity is entrained, all are accompanied by

convective bursts ofMCSs (identifiable clearly from satellite

images) and the latent heat release from precipitation is

the energy source for the system’s development into a

self-sustaining mode.

4.1. Model verification with NCEP/NCAR reanalysis

Comparison between WRF simulations in coarsest domain

(Domain 1; �0.18 deg. lat/lon) and the corresponding

NCEP/NCAR reanalyses (reanalyses figures are not shown

for clarity) indicate that the large scale circulations have

been simulated satisfactorily, with WRF providing more

details (Figs. 5�8), such as the downdrafts and asymmetric

rain bands near the storm centre. Assimilation of QuikSCAT

and SSM/I wind information improved the simulation

of the low-level cross-equatorial flow between 1108 E and

1408 E, and the location and intensity of the ITCZ. For

Ketsana, the strong southwesterlies (jet’s core was at �78N,

Fig. 2b) south of the ITCZ are essential for reproducing the

orientation and strength of the monsoonal trough, and

enhancing the low-level convergence that is critical for

generating MCSs. At 200 hPa, the simulated location

and evolution of the South Asia high, which was northeast

of the location where Ketsana developed, also agrees

well with the NCEP/NCAR reanalysis. This is the simu-

lated outflow channel for the pre-Ketsana unorganised

convective disturbances.

The situation for TC Larry is very similar to TC Ketsana

in that it forms inside the ITCZ, when the ITCZ is at its

southernmost location (red dashed line in Fig. 2). The

strong westerlies (reaching 10m/s steadily at 68S and

1558E) are vital for the creation of cyclonic vorticity during

the early stages of Larry’s formation. It differs from the

environment of Ketsana in the following aspects: (1) the

subtropical high is at its peak strength (ridge line at �258S)
and the steering current advects Larry westward; (2) there

is a saddle structure (the box defined in Fig. 2c) that exists

for all of Larry’s ocean period. At different stages, the role

of this saddle structure is different. It affects Larry’s track,

as it is a negative vorticity source (repelling Larry and

deflecting its track southward) and reinforces the beta-

effect in the southward deflection. The saddle structure also

is a moisture source for Larry, as there are strong, along-

flow specific humidity gradients. Larry’s development

further confirms that low-level moisture convergence is

the fuel for the CISK and WASHE positive feedback

mechanisms that reinforce the warm core and makes the

TC self-sustainable against dissipation.

At the mature stage, the differences among TCs are also

apparent. Only Katrina has a more axisymmetric eye

wall structure. The eye region has strong downward motion

(Fig. 5d) while the strongest upward motion is found inside

the eye-wall. Radially outward, there are thermally-indirect,

interlaced upward and downward motions. There are clear

features evident on the humidity (blue dashed lines inFig. 5c)

andwind fields (axis-symmetricmaximumwind speeds cores

in Fig. 5b at �850 hPa). The other three TCs all are less

symmetric. The sectors with strongest convective instability

(e.g. the sectors with oceanic winds blowing poleward or on-

shore) also tend to have the strongest upward motion and

associated strongest downward drafts, organising theMCSs

into rain bands. For Ketsana, a maritime TC for its entire
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58 latitudinal distance. Outside the �120 km inner region, where upward motion dominates, there are complex alternating patterns of

upward and downward (blue) regions (d).

12 D. REN ET AL.



lifetime, the sector (Fig. 6a, quadrant I) with southerly winds

(from the equatorial warmer ocean surface) has the strongest

precipitation. For Glenda and Larry, the land�ocean
contrast is the main reason for a lack of symmetry in the

convective rain bands (Fig. 7a). The moisture content over

land masses is much smaller than over the oceans, especially

for Glenda (not shown). Measured by the area confined by

the 1000 hPa contour line (Fig. 5a), or from a kinetic energy

viewpoint, Katrina is not outstanding as Ketsana triples

Katrina’s peak kinetic energy (c.f. Fig. 11a, c). Katrina is

so strongly organised that it creates an environment

with the smallest Rossby radius of deformation (RRD)

and the secondary circulation associated with it (to the east),

if the SSTwas 28Cwarmer in the Atlantic warm pool, would

also be a sizable TC.

4.2. Model verification with TRMM precipitation

measurements

Precipitation magnitude and structure is a manifestation of

TC intensity (Nolan et al., 2007; Houze, 2010). Thus, a

realistic simulation of the precipitation and its spatial

distribution are particularly important aspects of WRF’s

ability to predict TC track and intensity forecasts accura-

tely, and for the correct physical and dynamical reasons.

The mesoscale forcing of vertical motion (and precipitation
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Fig. 6. Same as Fig. 5 but for TC Glenda (at 12z 28 March 2006). Unlike the other three TCs, it has a higher level maximum velocity core

at 450 hPa, an indication that it is a re-development of an upper level cyclonic vortex of Larry. A top-down vorticity generation mechanism

also accounts for its initial stage intensification, as expected.
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intensity) over different sectors of a TC are explainable

by the quasi-geostrophic v-equation and the Q-vectors

perpendicular to the isentropes. The following discussion

focuses on differences due primarily to the higher resolution

configuration of the WRF runs compared with TRMM

measurements.

Figure 9 is a comparison between TRMM-measured and

WRF-simulated Katrina precipitation rates (mm/hr) at

three different times; at 18 z on August 27, 15 z 28 August

and 03 z 29 August 2005. Precipitation is asymmetrically

distributed around the eye and areas with strongest pre-

cipitation, located in clusters, can be up to 200 km away

from the TC centre. Patterns derived from the radar

observations are accurately captured by model simulations.

However, quantitative precipitations from the TRMM

radar observations are weaker than model simulated and

kind of smeared out. While TRMM precipitation provides

a good sense of the horizontal distribution of precipitation,

it lacks realistic variations in precipitation intensity. In

contrast, WRF predictions yield more details, and strong

convective precipitation regions are captured. Upon land-

fall (August 29), the total precipitation and geographical/

spatial distribution are vital for accurately predicting

storm-triggered landslides and flash flooding (Ren et al.,

2011). In this sense, as a high-resolution full-physics model,

WRF can play an important role in quantitative precipita-

tion estimation (QPE), forecasting heavy precipitation at

specific times and locations, and for quantitative precipita-

tion forecasts (QPFs) for the case of landfalling cyclones.

More generally, combining numerical model predictions

with precipitation patterns derived from observations by

radars, satellites and in situ gauges is a viable approach for

obtaining better estimates of rainfall-related natural ha-

zards (Ren, 2014a, 2014b). For a grid point trailed by

the eyewall, TRMM precipitation concentrates on the

5�20mm/hr bin level, whereas the WRF simulated pre-

cipitation is much higher, at 60�200mm/hr bin level (80%

of the precipitation is in this bin for Katrina).
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Fig. 7. Same as Fig. 5 but for TC Ketsana. Among the four TCs, Ketsana (a non-landfalling TC) produced the most (cumulative until

00z 24 October, as labelled) precipitation. Its kinetic energy also is the largest among the four TCs studied here. The energy conversion
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The above statements are generically applicable for the

other three TCs (parallel figures are not shown). Precipita-

tion amounts are good indicators of released latent heat

(Doswell, 2001). Ketsana (Fig. 7a) produced the most

precipitation amongst the four TCs (�2.79�1013 kg in

the simulation domain) and also produced the strongest

winds and hence had the largest kinetic energy among

the four. This is primarily due to its longer time over the

ocean. Also, the transfer efficiency from the associated

latent heat into kinetic energy is very low (�10%) for all

four TCs, with Katrina being the highest. Thus, only a

small fraction of the released latent heat is required to

maintain the symmetric vortices and warm core structure by

transformation into kinetic energy and available potential

energy. Only with a warm core structure can the cyclonic

wind simultaneously satisfy the gradient wind balance and

hydrostatic requirements.

4.3. Tracking the simulated TC centres

An automated TC detection scheme (TC-tracker) was

applied to objectively locate the TC centres and build up

the complete tracks. In this study, the criteria used are similar

to those employed byOokuchi et al. (2006). The same tracker

scheme is applied to all four TCs and all sensitivity

experiments to exclude uncertainties from the somehow

arbitrarily set tracker parameters. The modelled tracks for

Ketsana and Larry are very close to those from the

IBTrACS. For Katrina, the simulated track errors are

largest among the four TCs, primarily in its westward

moving period, persistently reaching 0.58 to the north at

82�878W,during the first 2 d of its ocean period aftermoving

away fromFlorida, while the northwardmoving stage is free

from such large errors. Further research is needed to correct

this problem. However, this systematic bias does not affect

the SST sensitivity studies carried out here.
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4.4. Sensitivity of TC tracks to SSTs

TCs move toward the direction of increasing cyclonic

vorticity. Thus, the relative vorticity equation [eq. (2)] is

equally useful in explaining the TC tracks. For example, the

so-called beta effect is one part of the horizontal advection of

absolute vorticity. Advanced numerical model simulations

are the most accurate means of track projection and for

investigating the mechanisms causing that track. Here, the

focus is on how the TC tracks change with SSTs. Unlike the

total kinetic energy measure there is no unanimous conclu-

sion concerning TC track sensitivity to varying SSTs. For

Katrina, the simulated control track is to the east of

IBTrACS observations by 0.48 at most (Fig. 10a). It seems

that increasing SSTs by 18C will push the track more

southward. The case of a 28C increase in SST indicates

that the TC will wander in the warm pool. Once turning

north, it makes a rapid landfall. In general, increasing SSTs

do not push the track more westward. However, reducing

the SST gives a more continuous pattern of retracting more

east and more than 28C reduction in SST may not result

in a significant hurricane (e.g. the minus 38C case rapidly

decayed over the ocean). A point needing attention is that

the case with 28C SST warming, there is a second hurricane

to the east (red dashed line in Fig. 10a) of the primary

hurricane track, which is heading north along the Florida

coast and reaches Category 1 at the peak stage. This case

may have climate warming implications and needs further

investigation in future work.

Figure 10b is the parallel case for TC Larry. Higher SSTs

force Larry-like TCs to follow a more northerly path and

lower SSTs leads Larry-like TCs to a more southerly path.

This is because the beta effect competes with the negative

vorticity input from the saddle structure in the circulation

fields which pushes TCs south. Raising SSTs indicates the

weakening of the saddle structure (spreading of the sub-

tropical high in the Southern Hemisphere, SH). More TCs

take a northerly track. Unfortunately, this type of TC also

tends to be trans-Australian ones that redevelop off the

western coast. Thus the effects of SST on the environmental

factors are the primary reasons for the changes in TC tracks.

The cases with reduced SSTs tend to take a more southerly

path and bring more precipitation to the east coast of

Australia. Actually, the vegetation pattern has a strong
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correlationwith the TC tracks (after landfalls). The situation

for Glenda is different. The cases with higher SSTs tend to

land more southerly. The cases with reduced SSTs tend to

meander along the coasts.

WRF control experiments (without altering SSTs) simu-

lated track for Ketsana, the one from western North Pacific

basin and the only life-long sea-dwelling one, has the least

error and the track is also least sensitive to SST warming

(Fig. 10d). The lack of consistency (among different TCs) in

the response of TC tracks to changes in SSTs is partially due

to the complicated changes of subtropical highs in response

to altered SSTs. For example, an expanded (e.g.measured by
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Fig. 10. Sensitivity of TC tracks to SST. (a) for Katrina, (b) for Larry, (c) for Glenda and (d) for Ketsana. For all cases, TCs cannot form

if SST were 28 lower than reality. In fact, TCs will not form for a 18 colder SST over the southern Indian Ocean basin. If temperatures are

higher, the tracks tend to recurve over the sea but spend less overall time before making landfall. Also, as temperature increases, the

secondary circulation also tends to form a ‘weaker’ hurricane, for the case of Katrina [there will be another smaller scale TC tracing along

the eastern coast of Florida, blue dashed curve in (a)]. For Larry, stronger TCs tend to take a more northerly track, because the saddle

atmospheric circulation (the box in Fig. 2c) usually provides anticyclonic vorticity that sends the TCs southward (working in synergy with

the beta effect). This TC behaviour is due primarily to stronger steering currents.
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the area confined by the 500 hPa 588 dm isolines) subtropical

high does not mean that a TC must be pushed further away

(westward in the western North Pacific basin). As there are

relatively lower pressure regions dispersed inside the sub-

tropical high, a TC can cut through these regions while

tracing the periphery of the subtropical high. Ketsana’s

primarily northerly track (almost no westward traveling

component in its evolution), especially after 12 z on Oct. 23,

is due to the severely weakened subtropical high caused by

another co-existing super Typhoon Parma (to the east of

Ketsana). If SST is set warmer than the control, the

circulation of Parma becomes stronger and the subtropical

high is further weakened. This explains the tracks corre-

sponding to warmer SSTs (brown lines in Fig. 10d) are to the

east of the control, especially for the later stage of motion

(i.e. north of 238N). Similarly, if SST is set cooler than the

control, the subtropical high is less weakened by Parma and

remains stronger than for the control case and this gives a

westward component of themotion ofKetsana-like TCs (the

two green lines on Fig. 10d).
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These also agree with the well-known SST criteria for TC formation (�26.58C).
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Examining the WRF simulations indicates that the

convective cells within a TC have their own life cycles of

development and decline. The TC sector that have larger

diabatic heating or have cyclonic vorticity input from the

environment favours convective development and the

sector with opposite conditions dampens the convective

activities. The gross effect would be motion of a TC in the

preferred direction. This explains why a TC moves toward

the area of maximum potential vorticity tendency. Poten-

tial vorticity is a quantity that combines the dynamics and

thermodynamics of an air parcel and the potential vorticity

tendency has a direct linkage to TC motion (Chan et al.,

2002). The WRF simulations indicate that the SST per-

turbations, through the contribution to potential vorticity,

affect the TC motion.

4.5. Sensitivity of TC kinetic energy to SST

At the mature stage, the maximum wind speed cores are

located very close to 850 hPa (Fig. 5b�8b), whether or not
the TC is axisymmetric about the eye. TC Glenda is

unusual in that it has another maximum speed core aloft

at �500 hPa. This is another indication that Glenda is

formed from an upper level remnant vortex.

The method outlined in Section 3.1 is an objective

approach for estimating the intensity of a TC because the

arbitrariness in selecting the domain size is minimised. The

total kinetic energy is summarised in an influence domain

(ID) that moves with the TC as it evolves. The ID increases

as the TC develops and reaches its maximum volume

around the time of landfalling or, for non-landfalling TCs

(e.g. Ketsana), at the peak stage of ocean surface moisture

providence (before the loss of its moisture source by

various factors such as passage of upper level meso-lows

or intrusion of mid-latitude systems). For the control

simulations, the kinetic energy peaks at 4.6, 12.7, 4.4 and

5�106 TJ for Katrina, Ketsana, Larry and Glenda respec-

tively. So, the drastic differences in absolute amount of

kinetic energy cannot be accounted for by SST alone. For

all four selected TCs (Fig. 11), the total kinetic energy

continues to increase as SST increases. The environmental

factors work in a complex manner in determining the

size and strength of individual TCs. It is a general feature

that the higher the SST, the shorter the time a TC stays at

sea. However, this attributes mainly to the increases in

steering currents. Another feature of interest, ascribes

primarily to increased rotation rate, is that the beta effects

are more salient and interfere with the steering currents

and many turn-arounds (e.g. figure ‘8’ motion) over the

ocean. The sensitivity experiments also indicate that when

the SST is lower than �26.58C, a TC might not form.

This is consistent with many previous studies (Gray, 1968;

Bengtsson, 2001; Webster et al., 2005).

Ketsana accumulated the most kinetic energy primarily

due to its longer sea-dwelling period and completed more

evaporation�condensation cycles. The wind energy curve

falls slower than the landfalling TCs because the surface

roughness over ocean is smaller than over land. One

primary reason that Katrina did not accumulate high

kinetic energy is that its first landfall over Florida wasted

most of its kinetic energy up to 24 August 2005 to surface

friction. There remained only 3 d before its poleward

turning for it to re-build its kinetic energy. A warm ocean

temperature assisted (see Fig. 1a�d, hatched region of

higher SSTs). The westward moving section is the primary

kinetic energy accumulation period. TC Katrina, because it

made landfall in populous region of New Orleans, caused

the largest societal impacts, but from the more objective

measure of total kinetic energy accumulated during its life

cycle, it is only slightly higher than TC Larry.

5. Conclusion

TCs develop as organised convective systems. The energy

source is the ocean surface evaporation. It causes dis-

turbances to the mass field through the release of latent

heat of condensation and the thermally direct way of upper

level outflow and lower level inflow. Whether or not a

disturbance can survive the uncertainties of evolution

and intensification depends on the anti-correlation of the

RRD and the strength of the flow field (specifically its

absolute vorticity as well as the horizontal range of

the disturbance in flow fields). The more concentrated the

vortices, the easier it is to initiate the positive feedback

process. Thus, cumulus towers are ideal candidates to

initiate the process. For the system to be self-sustaining, the

scale of organised latent heat release should exceed the

critical RRD. Everything else being the same, higher SSTs

assist the mass disturbance in sustaining gravity wave

dissipation and eventually reaching the scale of RRD.

Sensitivity experiments in this study indicate that higher

SSTs support more energetic TCs. Higher SSTs also

enhance the possibility of following TDs developing into

sizable TCs, reducing the so-called cold-trace effect. The

relatively shorter ocean-dwelling time of the system

may result from the fact that the steering flow (e.g. the

peripheral currents of the subtropical high) tends to be

stronger. TCs also tend to have curved tracks because the

beta effects are stronger and counteract more effectively

the environmental steering. This process has different con-

sequences for different basins. While we cannot gen-

eralise these conclusions without investigating more TC

systems, we want to draw the following conclusion from

the current research. For the resource-rich northwest

Western Australia (NWA) basin, the consequence is a more

southward landfall location. For the Atlantic basin, it
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means the possibility of twin TCs which may make landfall

separated by only a short period.

The intensity of TCs, as measured by the total kinetic

energy, tends to increase exponentially with increased SSTs.

Although direct inter-basin comparison is not yet feasible,

for the same basin and with similar environmental flow

conditions, the total energy follows a power law rooted in the

thermal�wind relationship (Ren, 2010). The modelling

reveals a strong sensitivity of the storm properties to SST.

For example, Ketsana’s energy (Fig. 11c) increases by some

36% with a 28C increase in SST. In response to this 28C
excess, the storm’s total wind energy above 107 TJ persists

for twice the duration of the reference condition. Further,

the storm achieves the reference storm’s energy peak level

some 2 d earlier. These changes in storm properties, namely

stronger storms, increase in duration of storm peak intensity

and a reduced time for issuing warnings are concerning

trends to emerge from this modelling exercise and are

generally far more significant than the impact of track and

associated location of landfall. Although TCs from all major

basins are involved, this study still is not a full representation

of all possibilities. For example, those TCs starting from

MJOor equatorial Rossbywave precursor disturbancesmay

have very different climate responses to higher SSTs.
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