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An analysis of numerical simulations of tropical low intensfication over land is
presented. The simulations are carried out using the MM5 masscale model
with initial and boundary conditions provided by ECMWF anal yses. Seven
simulations are discussed: a control simulation, five sertsrity simulations in
which the initial moisture availability is varied, and one smulation in which
the coupling between moisture availability is suppressedChanging the initial
moisture availability adds a stochastic element to the devwepment of deep
convection. The results are interpreted in terms of the clasical axisymmetric
paradigm for tropical cyclone intensification with recent modifications.

Spin up over land is favoured by the development of deep conegon near
the centre of the low circulation. As for tropical cyclones w@er sea, this
convection leads to an overturning circulation that draws dsolute angular
momentum surfaces inwards in the lower troposphere leadingo spin up
of the tangential winds above the boundary layer. The inten§ication takes
place within a moist monsoonal environment, which appearsa be sufficient to
support sporadic deep convection. A moisture budget for twanesoscale columns
of air encompassing the storm shows that the horizontal imp of moisture is
roughly equal to the moisture lost by precipitation. Overal, surface moisture
fluxes make a small quantitative contribution to the budget,although near the
circulation centre, these fluxes appear to play an importantole in generating
local conditional instability. Suppressing the effect of minfall on the moisture
availability has little effect on the evolution of the low, presumably because, at
any one time, deep convection is not sufficiently widespread
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1. Introduction temperatures to the north of Australia can be up t6C30
some of the lows that develop over the ocean develop into

Early in the Australian wet season, the monsoon trOug‘gpical cyclones. Lows that form over land are sqmetimes
generally lies over the seas to the north of the Australiffierred to as monsoon lows or monsoon depressions.
continent, but as the season advances, it often moves south general, tropical cyclones normally weaken after
over the continent. It is typical for low pressure systems l@andfall as the supply of latent heat from the ocean surface
develop at spatial intervals along the trough and sincerwate cut off and the surface friction increases. However,
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there have been recorded cases of storms re-intensifyintnterestingly,Evans et al(2011) did speculate that “...
over land after initially weakeningEmanuel et al. 2008 the development and organization of deep moist convection
Arndt et al. 2009Brennan et al. 20Q%vans et al. 201)1 near the center of the vortex is necessary - and perhaps
Moreover, some tropical cyclones around the northern cosgsfficient - for vortex re-intensification to occur”. While

of Australia originate from tropical lows that first form avethey did not show details of the convection, they did show
land before moving over the sea and intensifying furthgp increase in “the temporally and area-integrated vértica
(e.g. Tory et al. 2007 Smith et al. 2015a Even if they mass flux” within a columri00 x 100 km? centered on the

remain over land, tropical lows often give rise to prodigiolimulated vortex in all their simulations (their Fig. 18).
amounts of rainfall and can cause serious flooding over

a wide area. Since comparatively little has been knownD!“'.rlng thg last decade,. advances in understanqllng
in detail about their formation pathways and structurdid/itime tropical cyclogenesis have emerged from seminal
these lows pose significant challenges to forecasters. GH&lies byHendricks et al.(2004, Monigomery et al.
question is to what extent the formation, structure af@°09, andDunkerton et al(2009. A review of this and
intensification of these lows over land are similar to tho§&her research on the topic was givenMgntgomery and
of tropical cyclones over sea? Smith (2017). Hendrlck_s et aI.(2_OO4) and Montgomery

An ear|y pioneering and |ns|ghtfu| ana]ysis of tropic&t aI(ZOO@ drew attention to the |mp0rtant role of rotatlng
cyclogenesis in the Australian region is provided beep convection during genesis, whilinkerton et al.
McBride and Keena(i1982 and since then there have beet?009 examined the nurturing role of a tropical wave
one or two early case studies of lows that initially formea@nd presented a new framework for understanding how
over land Foster and Lyons 1984avidson and Holland such hybrid wave-vortex structures develop into tropical
1987). depressions. Rotating deep convection has been shown

Emanuel et al(2008 pointed out that even in the absenc® be a feature also of the subsequent intensification of
of appreciable extratropical interactions, and although ttropical cyclonesNguyen et al. 2008Montgomery et al.
underlying soil is desert sand, some cyclones makiaQ09 Smith et al. 2009Bui et al. 2009 Fang and Zhang
landfall over northern Australia may re-intensify to thémio 201Q Persing et al. 2003 In this paper we examine an
of reacquiring the classical inner-core structure of a@yel alternative hypothesis t&manuel et al(2009: namely
including an eye. They presented a case study of suchti@ the formation and intensification or re-intensificatio
event (Tropical Cyclone Abigail 2001). They hypothesizest tropical lows over land in a monsoonal environment is a

that the intensification or re-intensification of thesesy®, similar process to that which occurs over the sea and is not

large vertical heat fluxes from a deep layer of very hot, .
sandy soil that has been wetted by the first rains of t ¢ relatively well observed ex?‘mp'e. .Of a IOW that
approaching systems, significantly increasing its th(_:,”.rlaﬁveloped near the coast and intensified as it drifted
diffusivity. In support of this hypothesis, they presented@land is the one that formed near the north coast of
results simulations with a simple axisymmetric tropicAustralia during the Tropical Warm Pool International
cyclone model coupled to a one-dimensional soil modéiloud Experiment (TWP-ICE) in January 20084y et al.
These axisymmetric simulations indicated that warm-cot808. This low passed over Darwin, the focal point for
cyclones could intensify when the underlying soil i#1e experiment, before moving inland and intensifying as
sufficiently warm and wet and are maintained by latent héanoved southwards over several days. In its early stages,
transfer from the soil. The simulations suggested also tha@ low was well sampled by a network of radiosonde
when the storms are sufficiently isolated from their ocearsieundings in the Darwin region, data which should have
source of moisture, the rainfall they produce is insuffitiehenefited global analyses of the low at these stages.
to keep the soil wet enough to transfer significant quastitidowever, the subsequent intensification took place over
of latent heat, and the storms then decay rapidly. a relatively data sparse region of the Northern Territory
Evans et al.(2011) carried out numerical simulationswhere reliance on analyses of the global models for storm
of Tropical Storm Erin (2007), which made landfall as behaviour is required. In this paper we present a series of
tropical depression from the Gulf of Mexico and underwentimerical simulations of this low, which captured the imlan
re-intensification as it moved northeastwards over tlgensification as seen in the European Centre for Medium
central United StatesA{ndt et al. (2009, Brennan et al. Range Weather Forecasts analyses (ECMWF) for the event.
(2009). They found that thé&manuel et al(2008 along- Analyses of these simulations indicate that, indeed, the
track tropical cyclone rainfall feedback mechanism to be pftensification does conform with the new paradigm for the
minimal importance to the evolution of the vortex. Theyensification of maritime storms summarized recently by

concluded that “ ... the final intensity of the Sim“|atef<hontgomery and Smitt2014 andSmith and Montgomery
(and presumably observed) vortex appears to be CIOS@MSD.
v

linked to the maintenance of boundary layer moisture ov ) .

preexisting near-climatological soil moisture conteiorgg _ 1he remainder of the paper is structured as follows.
the track of the vortex and well above climatological sogection 2 gives an overview of the tropical low and
moisture content”. CitingVlontgomery et al(2009 they Section3 gives a brief description of the numerlcal modgl.
noted that tropical cyclone development over water reguire€ctiorn4 describes the vortex developmentin the numerical
only a modest elevation of surface latent heat fluxes beydaulations. Sectiorb examines the basic dynamics of
those of nominal trade-wind values on the order of 150 V@rtex spin up in an axissymmetric framework. Sectfon
m~2: it does not require these fluxes to continue to increagxamines the reasons for the differences in behaviour for
with increasing wind speed (see als@ontgomery et al. all sensitivity simulations on the second day and secfion
2015, which would appear to be an essential feature of thwestigates aspects of the thermodynamic support for spin
axisymmetric model used dymanuel et al(2008). up. The conclusions are given in secti@n
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Figure 2. Time series of the minimum sea-level pressufg,;,, and
| -"" maximum horizontal total wind speed at the height of 850 hikg., Of
NT2006 as seen in the ECWMF analyses.

Figure 1. Best-track position of NT2006 with place names mentioned in
the text. (Image courtesy of lan Shepherd, Northern Teyrif®egional
Office, Australian Bureau of Meteorology) 3. The model configuration

0:00 1/2

The numerical experiments are performed using the
Pennsylvania State University/National Center for Atmos-
ric Research fifth-generation Mesoscale Model (MM5
sion 3.6.1). MM5 is a non-hydrostatic sigma-coordinate
odel designed to simulate or predict mesoscale atmos-

2. Overview of the tropical low

The case chosen for investigation herein is an unnan?h
low (subsequently referred to as “NT2006") that forme
off the north coast of the Northern Territory around 00: eric circulations Dudhia 1993 Grell et al. 1995. The

UTC* 22 Jan during the TWP-ICE. During the followin odel is configured here with two domains: a one-way

two_days I moveq westwards and stren_gthened N0, Bsted outer domain of 9 km grid spacing, and a two-way
tropical storm, making landfall in the Darwin area arou

! i sted inner domain of 3 km grid spacing with the centre
18:00 UTC 24 Jan, before drifting down the western bord Lated atl6°S 132.5°E. The domains are rectangular and

of the Northern Territory. After landfall, the low move ; ;
southwards and weakened, but around 00:00 UTC 26 Ja aye 201203 and 493505 grid points for the outer

b 1o track theastward d re-intensified ““domain and inner domain, respectively. There ares23
€gan fo track southéastwards and re-intensine ’ac@ewgbels in the vertical direction Ten of these levels cover the

its maximum strength at 00:00 UTC 28 Jan. Thereafterg : :
) region from the surface to 850 mb to provide an adequate
gradually weakened over land and from 00:00 UTC 29 .Jar\1/ rtical resolution for representing the planetary boupda

began to move slowly southwestwards. The low initiated er. The pressure of the model tgp,,, is set to 100 mb.
active monsoon onset over the Top End and brought hea ) :
he planetary boundary-layer is modelled using the

rainfall to many parts of the western Northern Territor .
including some areas of the Tanami Desert, which excee odﬁg—Pan sphemeH@ng and Paf‘ _1996and deep. moist
convection is represented explicitly using a simple-ice

their annual average rainfall in a few days. There was hea\@ﬁeme Dudhia 1993, No cumulus parameterization is
rainfall in the Darwin region also, with many 24 houf - P lzation 1S
totals exceeding 100 mm. Figuteshows the best-track'S¢d: The cloud-radiation scheme is used as a radiative
position of NT2006 from 00:00 UTC 22 Jan to 00:00 UT(EOO"”Q scheme and the five-layer soil model is used as a
1 February. The only observational data on the intensityso'“*rfalce scheme. .

the low came from the Bureau of Meteorology's automatic " MM>5. the surface evaporation depends on a parameter

weather station at Rabbit Flat, where near surface su:;ltalﬁglled moisture availability A, Wh'Ch is used to .
winds of 15 m s! and 16 m s were recorded at 08:00"€Present the effects of stomatal resistance, aerodynamic

UTC and 11:00 UTC on 31 Jan, respectively. resistance and soil moistur&ckel 2003. In the control

Figure2 shows the time series of the minimum sea-lev, {p&;riment., the initial value o/, in a certain model grid
pressurep, i, and maximum total (horizontal) wind spee ox is obtained from a look-up table based on the land type

at 850 mb,V,,... of NT2006, obtained from the ECMWFand seasormf{udhia et al. 2005Table 4.2c). The main land

analyses. Based on these time series, we can identify tr{%’é’ S for the present MMS simulation are savanna, water
stages of evolution: (1) the first stage is from 18:00 UT |esoand sohrub land (()Flgu&}, whose defauld/, values

24 Jan to 00:00 UTC 26 Jan during which time the vort&€ 15%, 10% and 100% in the northern summer.
intensity at 850 mb has a time mean value of about 19 The initial data and boundary conditions are provided by
s ! and the time mean value d¥,.;, is about 999 mb; "€ ECMWF analyses.

(2) the second stage is from 00:00 UTC 26 Jan to 00:00

UTC 28 Jan during whicl®,,,;,, begins to fall steadily and T The values ofo are: 0.9975, 0.9925, 0.985, 0.975, 0.965, 0.955, 0.94,
Vinaz iNCreases to about 31 m’; (3) the third stage is from 8'2%069'22058;@0688’72'79' 0.75,0.71, 0.67, 0.63, 0.5%,®.51, 0.47,
OO'OO.UTC 28 Jan to 06:00 UTC.29 Jan during W.hEhi”. fSpecifically, the formula for the moisture availapility 81, =
steadily increases and,.. steadily decreases. Itis duringg /jc,v; p(gz — q1)], where E is the surface evaporation rate [unit kg
the second stage that NT2006 re-intensified over land. This s~1], Cf is the moisture exchange coefficieht, is the wind speed

period will be the focus of the present paper. [unit m s~ 1] at a heighth [unit m] at which the wind speed and moisture
are measureg is the air surface density [unit kgT#], qg is the saturation

- mixing ratio at the surface ang is the mixing ratio at height, typically
*Universal Time Coordinated. 2 m, the lowest model leveEkel 2002.
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relative to the vortex centre, defined here as the location of
the minimum sea-level pressdreithin a radius of 150 km.

The MM5 calculations begins at 00:00 UTC 26 Jan,
30 hours after the storm made landfall. On 25 Jan, the
storm intensity in the ECMWF analysis was quasi-steady
with P,,;,, increasing slightly from 999 mb to 1000.6 mb,
VT nas lying around 19 ms! andV,,,q, around 9 mst.
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3.1. Sensitivity experiments
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As suggested by previous studies, it is reasonable to%
expect that the surface evaporation rate would be anf
important element in the intensification of tropical lows ~
over land since, in order to maintain deep convection,
there has to be a mechanism to replenish the moisture
that convection consumes. However, over land, the surface
evaporation depends on the surface moisture, a quanty
that is not routinely measured. For this reason, in the
calculations to be described, we examine the sensitivity
of the calculations to the initial moisture availability.
Altogether, seven calculations are presented: a control
experiment and six other experiments, which are detailed
in Table . In all experiments except C6, the bucket soil &
moisture schenies used so that/,, is allowed to vary with 7,
space and time in response to rainfall and evaporation rates
In experiment C6)/,, is held fixed: it is not allowed to vary
with time in response to rainfall and evaporation rate.

The MM5 integrations all commence at 00:00 UTC 26
Jan and run for 48 h. Data are examined at time intervals of
5 min. The results are presented in the next section. ©)

Figure 4. Vortex development in both ECMWF analyses and MM5
simulations C0-C6. Time series of: (a) minimum sea-levebpurel, ;. ;

(b) maximum total wind speed/ Tr,q, and (¢) maximum azimuthally-
averaged tangential wind compon@én, .. at 900mb.
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4. The numerical simulations
4.1. Overview of vortex development

We present first an overview of the storm’s intensification After initialization at 00:00 UTC 26 Jan. the vortex in

after Ian_dfall (stage_l_l)_ in the C°'."”°' simulation and iI31II the MM5 calculations undergoes an adjustment phase
the add[t|onal sensitivity simulations. Figuka shows in which V,,,.,. decays slightly during the first hour, before
gmﬁ SEegEASV\?; the r"n'mumdse,\‘;’ll&l/%vel.prelss.mmé%rc'ntensifying rapidly over the next two hours and then
ot analyses an M5 simulations ““~ecaying over a further six hours to a value close to that
Figures4b dand 4c show the mar:(IrlTum total \avmd SPEEGH the ECMWF analysis, about 11 nTs Following this
VTe and maximum azimuthally-average tangentig iustment phas réma'nsa roximatelv steadv in
wind component},,... at 900 mb (approximately 870 m u phasd/naz I pprox y yi
high) respectively. The azimuthal average is calculated——

9An alternative definition of the vortex centre might be thealtion of
minimum total wind speed at some low level and within someusaf

§In the MM5 model, the bucket soil moisture scheme keeps adiudly the minimum sea-level pressure centre. However, it wasdabat the

soil moisture allowing moisture availability to vary withrte, particularly
in response to rainfall and evaporation rat€sidhia et al. 2005pp8-15)

Copyright(© 2015 Royal Meteorological Society
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Symbol Description

Co Control experiment using the defaulf, values in summer

C1 As CO, except that the initial value @t is decreased by 20%

c2 As CO, except that the initial value @f, is decreased by 10%

C3 As CO, except that the initial value @f, is increased by 10%

C4 As CO, except that the initial value @f,, is increased by 20%

C5 As CO, except that the initial value @f, is increased by 50%

C6 As CO, except thad/,, is not allowed to vary with time in response to rainfall andoration rates

Table I. Control and six sensitivity simulations

both the MM5 model and in the ECMWEF analyses for the centre of circulation, a feature that is particularly
period of about 12 h before increasing gradually durirmpnducive to vortex spin up by the conventional spin
27 Jan to reach about 15 nT's The initial decay is up mechanism as discussed in the next section. The
not seen in theV'T,,,, curves, which are indicative ofupdraught cores are approximately colocated with regions
local rather than azimuthally-averaged conditions. Atfter of significantly enhanced vertical vorticity indicative of
initial adjustment phase, the agreement of ifg,, values the stretching of system-scale cyclonic vorticity by the
between the MM5 simulations and the ECMWF analysepdraughtsiiendricks et al. 2004Vlontgomery et al. 2006
is remarkably good. As would be expected, the agreemgiiitoy and Smith 2013Kilroy et al. 2014 Kilroy and Smith
is not so good when judged in terms Bfl}, ..., a result 2015. Hendricks et al.(2004) referred to these vortical
that is expected because of the higher horizontal resolutighdraughts as “Vortical Hot Towers”.
of the MM5 calculations. The significantly higher values of Three hours later, at 06:00 UTC (15:30 d$Tdeep
VTmax inthe MM5 calculations are consistent with the idegonyection has collapsed within 50 km radius of the
that the higher resolution enables convective featuretodycylation centre (Fig5c) although a region of enhanced
better represented and less smeared out than in the ECMMMRtive vorticity remains around this centre (Figl). Soon
analyses. The grid spacing in ECMWF analyse8.125° after 08:00 UTC 27 Jan, the vortex undergoes two brief
(approximately 13 km) while in the MM5 model itis only 3periods of intensification each lasting 1-2 hours (see blue
km for the inner domain. _ curve in Fig.4c). As on the previous day, the existence
A significant finding is that there is no systemaligf these periods coincides with the reappearance of deep
difference in the behaviour df Ty, and V. between conyective cells near the centre of circulation as exengpllifi
experiments CO and C6, indicating that the along-tragk the vertical motion field at 08:00 UTC shown in Fig.
rainfall has a minimal positive impact in terms ok The two cells closest to the storm centre of circulation
vortex intensity. This result is presumably because g, accompanied by regions of enhanced vertical vorticity
rainfall across the vortex is patchy and doesn’t contribulg seen in Figsf. These cells of deep convection do not
appreciably to surface moisture fluxes (see sectioThe  g1ive over a diurnal cycle: indeed by 18:00 UTC 27 Jan

finding is inline with that oEvans etal(2011) for Tropical 3.39 ST 28 Jan), when the vortex intensity has reached
Storm Erin (2007), but does not support the hypothe Socal maximum Uaw ~ 15 m s°1), there are no strong

of Emanuel et al.(2008, who suggest that the alongy,,q,4,ghts within a radius of some 90 km of the circulation
track rainfall is a significant factor in the overland re

. e . . centre. Six hours after this time the vortex begins a period
intensification of tropical cyclones over Australia. Thergf decay

is little sensitivity of theV'T,,., andV,,., values to the '

initial value of M, in the MM5 simulations on the first

day of integration, but the differences become larger (By Dynamics of spin up

10% to 30%) on the second day. These differences may

be attributed to a stochastic element in the patterns of deefthe spin up described in the previous subsection involves
convection as examined later in secpﬁ.nln .genelral, the dynamical processes that are intrinsically asymmetric,
yalues 0fPpir, and V.. for all MM5 simulations fit those although one can examine the dynamics of spin up from
in the ECMWF analyses well. an axisymmetric perspective by azimuthally averaging the
flow fields. In this perspective, departures from axial
symmetry in the mean momentum equations appear as

The left panels of Figh show patterns of the verticaluEddy term_s” bersing et al. 2013Sr.““h et al_. 2015p
velocity at 500 mb in the control experiment CO e{ .thIS section we examine the basic dynamics of vortex

f . \ ; i
selected times. The right panels show the correspondﬁp up in an axisymmetric framework and in sectiowe

patterns of the vertical component of relative vorticity dfvestigate aspects of the thermodynamic support for spin

850 mb with the storm-relative wind vectors at this levétP: The primary fOClIJIS herr(]a will be on the Lang?entlal er|1d
superimposed. The system translation velocity is basedd@Ponenty, as well as the surfaces of absolute angular

the movement of the vortex centre as defined in sectiBpmentum,M, henceforth referred to as the-surfaces,
4.1 The top two panels show the situation at 03:00 UT{hich are derived from this component. The quantityis

26 Jan during the initial period of rapid intensificatiorfi€fined as

At this time, deep convection is evident in the pattern M=r<uov> +1fr2, (1)
of vertical velocity which has several strong irregularly- 2

spaced updraught cores with vertical velocities up to 11

m s '. Significantly, one updraught complex straddléentral Standard Time = UTC + 9h 30 min

4.2. Evolution of vertical velocity and relative vorticity
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Figure 5. Vertical velocity at 500 mb (left panels) and the relativetieal vorticity at 850 mb with the storm-relative wind vecs superimposed (right
panels) at 03:00, 06:00 UTC 26 Jan and 08:00, 18:00 UTC 27nJdme icontrol experiment CO. Contour interval for verticalocity: thick curves 2.0
ms~! and thin curves 0.4 m's' with highest absolute value 1.0 nT5. Contour interval for relative vorticity: thick curves ¥10~4 s~ and thin

curves 410~ * s~ with highest absolute valuexl0~* s~!. Cyclonic (negative) values are solid curves in red anccgeitnic (positive) values are
dashed curves in blue.

wherer is the radius from the vortex centre, v > is the Inspection of Fig.5 suggests that the: v > and M-

azimuthally-averaged tangential wind speed, gni$ the fields may have a higher degree of axial symmetry than,
Coriolis parameter, assumed to be a constant.
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Figure 6. Radius-height cross-section of isotachs of azimuthalBr@ged tangential wind at (a) 00:00, (b) 03:00, (c) 06:0€CZ6 Jan and (d) 08:00,
(e) 18:00 UTC 27 Jan in the control experiment. Contour irae? m s~ 1. Cyclonic (negative) values are solid curves and antieyicl@positive) values
are dashed curves. The X symbol marks the position of thermariazimuthally-averaged tangential wind.

for example, the vertical velocity and relative vorticitye In fact, Fig. 4 shows that the intensity of the vortex is
show also the azimuthally-averaged radial wind componeaoi, the decline at this time, which is near the end of the
but caution that this may be more prone to error thamtial adjustment period. This decline continues for abou
the tangential component because any error in the cemn®ther three hours after which the intensity begins to
finding procedure can lead to aliasing of the tangential wistbwly increase. Nevertheless, at 08:00 UTC 27 Jan (Fig.
component into the radial componé&nt 6d), the vortex is still a little weaker and shallower than at
Figure 6 shows radius-height plots of v > in the 06:00 UTC on the previous day.
control experiment at the initial time and at same timesThe increase in intensity is most marked during the
as in Fig.5. At the initial time, 00:00 UTC 26 Jan (Fig.following 10 hours, the maximum< v > increasing by
5a), there is a monotonic increase<dnv > out to 150 km, about 4 m s' to 15.2 m s! (Fig. 6e). Even so, the
the maximum radius shown, and the maximgm > (9 m maximum< v > is located at a radius of 100 km from the
s~1) occurs at about = 0.8 (on the order of 2 km height).storm centre at this time. It is noteworthy that this maximum
Three hours later, at 03:00 UTC (Figh), the winds at low occurs always at low levels with values@f®xceeding 0.8,
levels have increased with two prominent local maximegrresponding with heights of approximately 2 km or less.
one at a radius of about 15 km and the other at a radius Of:igure 7 shows radius-height plots of the azimuthally-
about 80 km. both being a little over 12 m's Inspection averaged radial velocity superimposed on fiesurfaces
of Fig. 5a suggests that the low-level spin up is associatgglthe same times as those in FigValues of M less than
with the early development of deep convection near tae10° m? s! are highlighted in blue to represent some
circulation centre and that the local maximum-<ofv > is inner core region, and those larger than1D® m? s~! are
associated with the convective cell at the axis. Three hotighlighted in red in Fig.7 to represent some outer core
later, at 06:00 UTC (Figae), the vortex has strengthened iregion.
depth, but the maximur v > has increased only slightly.  prominent structural features are that, in the lower
troposphere, at least for values of exceeding 0.5M
**An estimate of error in the radial wind due to error in the cefinding increases with radius at each level at each time, implying
has been carried out by moving the centre 15 km northwardhseud, that the vortex is centrifugally (or inertially) stable de.
eastward, and westward in the control experiment. It wasdathat the Shapiro and Montgomery 1998ranklin et al. 1998 and
time-averaged error in the radial wind within a radius of I8 &f the . . : .
centre can be as large as 90%, but the error falls rapidlyswtiean 25% that the M -surfaces slope inwards with decreasing radius
beyond this radius. within the boundary layer and outwards with radius aloft.
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Figure 7. Radius-height cross-section showing contours of azinllytaseraged radial velocity and the magnitude of the alteohngular momentum
at (a) 00:00, (b) 03:00, (c) 06:00 UTC 26 Jan and (e) 08:001&M0 UTC 27 Jan in the control experiment. Contour intefgalabsolute angular
momentum: blue curvesx10° m? s~ ! with highest value %10° m? s~!; red curves 210° m? s~ !. Contour interval for radial velocity is 2 m
s~ 1, positive values are solid curves and negative values afeedacurves. The X symbol markes the position of the maximzimuthally-averaged
tangential wind.

MF 300km X 300km box

These slopes give rise to a nose-like feature near the top of 4
the boundary layer. As explained@mith et al (20150 see

their section 7.1), this structure of thd-surfaces may be
understood as follows. Above the boundary layer; >is ¢ 0.3}
close to gradient wind balance and thermal wind balance. 05
Thus, because the tropical cyclone vortex is warm cored,
the M -surfaces lean outwards there. The inward-slope of | o &
the M-surfaces near the surface is manifestation of the 0 6 12 18 24 30 36 42 48
reduction of< v > and henceVl by the frictional torque |, Time (hours)

at the surface and the corresponding turbulent diffusion of _ _ _ ' _
v > to the surface. Figure 8. Time-height cross sections of the vertical mass flux peranaia

v ] ) ) ) ~ (Unit: 1072 kg m~2 s~ 1) within a box 300 kmx 300 km centred on the
The figure shows also that during periods of intensifictaeation of the minimum sea-level pressure in the contrpeexnent. Time

tion, the M-surfaces in the low to mid troposphere mov&ro corresponds to the start of the simulation at 00:00 U@ @ad.

radially inwards so that the tangential winds are amplified

(because< v >= M /r — %fr). In the upper troposphere,

the M surfaces move radially outwards. As discussed inFigure8 shows time-height cross sections of the vertical
sectior¥.2, the periods of intensification are associated withass fluxpw, averaged over a square box 300 kn300 km

the development of deep convection near the circulatioentred on the location of the minimum sea-level pressure in
centre. The collective effects of this convection geneaatethe control experiment. Herg,is the density and is the
overturning circulation with inflow in the lower tropospleervertical velocity. Notable features of the mass flux within
that converges thé/-surfaces above the boundary layethe box are two “bursts” centred at 03:00 UTC 26 Jan (3 h
where to a first approximatiod/ is materially conserved.in the figure) and 08:00 UTC 27 Jan (32 h in the figure).
In contrast, during the period of decay between 03:00 UT@erestingly, the two bursts are each accompanied by an
and 06:00 UTC 26 Jan, the pattern of inflow and outfloincrease of the maximum tangential wind speed (BE®.

are reversed, as is the radial movement of the anguldwese bursts are not obviously related to the diurnal cycle
momentum surfaces in the upper and lower troposphere of convection over land.

o = W &
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Figure 9. Radius-height cross-section of the azimuthally-averaged
potential temperature anomaly from the areal mean (unit: tihe
averaged during the period of rapid intensification from005to 11:00 Time (hours)
UTC 27 Jan in the control simulation.
Figure 10. Time series of the area-averaged vertical mass flux within a
radius of 30 km from the centre at 500 mb for all sensitivitjmsiations.

. . Time zero corresponds to the start of each simulation aD00TC 26 Jan.
The foregoing results are similar to those found for an

idealized tropical cyclone bymith et al.(2009 and in

observations and simulations of a major hurricaeais result of the convectively-induced inflow of air towards the

et al. 2011 Montgomery et al. 20L4Smith et al. 2015k ciiculation centre. If convection develops near the ceofire

suggesting that the intensification mechanism of tropi . . . )

lows over land is similar to that of tropical cyclones. PMa?ﬁvevggcsu Izggn'stiuig\gl?;v ;g{gﬂ:ﬁ escgﬁvéfvtggstﬁgfece;]e

the main difference is the much weaker radial inflow in tr}% ’ y ’
{

low studied here suggesting that the boundary layer con r|1:gent|al wind Increases as described in seciion .
on convection Kilroy et al. 2018 is much less than in a igure.10shows time series of the area-averaged vertical
tropical cyclone. mass flux (/F) within a radius of 30 km from the

In contrast to the similarities with tropical cyclonegentre at 500 mb for all sensitivity simulations. In each

over the sea, the azimuthally averaged thermal structGASe: the variation ofi/" is, to some extent, similar
shown in Fig.9 would appear to be somewhat differenf© that of Vina, in Fig. 4c, supporting the idea that the
While the system is warm cored, the maximum potemﬁgcurrence of. convection near the centre of the'C|rcuIat|on
temperature anomaly is found in the lower troposphdre® K€Y requirement for the spin up of the azimuthally-
rather than in the middle to upper troposphere as is us§4fraged tangential winds. It may be significant that only
in tropical cyclones. It turns out, however, that becaulllf €xperiments whose/ I values become close or exceed
of weak vertical shear, the thermal anomaly in the m 2 on 27 Jan undergo a burst of rapid intensification.
to upper troposphere (pressures 500 mb and Iower)T e pe'ak values of/ F" for C1 are up to 0.6 and O..2 at
displaced by several tens of kilometres to the southw@@Proximately 05:30 and 15:00 on 27 Jan, respectively. It
relative to that at low levels and may be concealed Kyt approximately the same time thgf... shows sharp
the azimuthal averaging about a vertical axis. Even dgcreases. Similarly, the curves ... in experiments C2,
horizontal plots of potential temperature at each heigbit (r?o and C5 show sharp increases at approximately the same
shown) indicate that the maximum azimuthally-averagéf'e that theirM/ F' values are close to or greater than 0.2. In
potential temperature anomaly is still located in the low&PNtrast, in experiments C3 and C4, where itté” values
troposphere rather than mid or upper troposphere. TRI§ much smaller than 0.2, does not show any burst of
feature is consistent with the fact that the vertical shéar'@Pid intensification. _ .

the tangential wind is a maximum in the lower troposphereFigure 11 shows the vertical velocity at 500 mb

(Fig. 6). together with horizontal wind vectors at 850 mb at times
corresponding approximately with the brief times of rapid
6. Sensitivity simulations intensification in experiments C1, C2, CO and C5 on 27 Jan

(panels a-d). This figure shows also two arbitrarily chosen

Referring back to Fig4, the sensitivity simulations in Shapshots in experiments C3 and C4 (panels e-f) at the
which the initial moisture availability is varied indicate foregoing times. In experiments C1, C2, CO and C5 there
little sensitivity of Ppin, VTimes and V.. on the first are convective updraughts at and near the circulationeentr
day of integration, but significant differences in behaviofror example, in experiments C1 and C2 at 06:00 UTC 27
emerge on the second day. The reasons for these differedégs there are updraughts within a radius of 10-20 km of
are examined now. the vortex centre with a maximum speeds of approximately

The curves folt,,,, in experiments C1, C2, CO and C¥ m s " (Fig. 11a and Fig.11b, respectively). In contrast,
show sharp increases at approximately 06:00, 06:00, 08i0@xperiment C4 (Figlle) the strongest updraughts are
and 12:00 UTC 27 Jan, respectively (Fig), indicating a approximately 150 km to the northwest of the vortex centre,
brief period of rapid spin up near these times. In contraggain with vertical velocity maxima of 7 mr$. There is
there are no such periods in the other two simulatiojst one updraught with a maximum velocity a little over 1
C3 and C4. The differences in behaviour between theses ' about 50 km west-southwest of the vortex centre.
two sets of simulations are a reflection of the stochasticAt 08:00 UTC 27 Jan in experiment CO (Fityc), there
nature of deep convection and may be understoodisnan updraught extending northwards from the centre and
terms of the classical mechanism for spin Upogama another one extending 30 km to the southeast. These have
1969 see alsoMontgomery and Smith 20)4 From an vertical velocities up to 5 ms and 7 m s, respectively.
azimuthally-averaged perspective, the spin up of the mesirthe same time, in experiment C3, the nearest significant
tangential winds above the boundary layer occurs asupdraughts lie at a radius of about 40 km from the centre
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Figure 11. Vertical velocity at 500 mb together with wind vectors at 88D for (a) experiment C1, and (b) experiment C2 at 06:00 UTQ&Y, (c)
experiment CO at 08:00 UTC 27 Jan; (d) experiment C5 at 1200 B7 Jan; (e) experiment C4 at 06:00 UTC 27 Jan; (f) experir@8rat 08:00 UTC
27 Jan. Contour interval: thick curves 2.0 mlsand thin curves 0.4 m—s! with highest absolute value 1.0 i 5. Positive values are solid curves in
red and negative values are dashed curves in blue.

(Fig. 11f). In experiment C5 at 12:00 UTC 27 Jan, there is In summary, the vortices in each of the experiments
C1, C2, CO and C5 have pulses of intensification that
are accompanied by strong convective updraughts near
located 10 km to the west of the vortex centre (Hitd). the circulation centre. In experiments C3 and C4, there

an updraught with a velocity maximum of about 5 m's
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are no such pulses and at no time do significant strength > fT IOy 80

updraughts develop near the vortex centre. These results 4 F ;! -—- E i
suggest the hypothesis that only the vortices that have deep. j ! :
convection near their centre of circulation will undergo 5
pulses of rapid intensification. The results add furthery; »
support for the idea that a key requirement for the < [
intensification of storms in general is the occurrence of & 1§
deep convection near or at the existing centre of circutatio '
This result accords with the findings 8mith et al (20153
andKilroy et al. (2015. The requirement transcends earlier -1 ©
ideas invoking the increased efficiency of diabatic heatin

in the high inertial stability region of the vortex core (e.g(a
Schubert and Hack 198Hack and Schubert 198&/igh

and Schubert 20Q9or reasons articulated in a recent paper
by Smith and Montgomery20153. In essence, the most
effective spin up requires/-surfaces to be drawn inwards

to small radii. Geometrically speaking, convection lodate =
at a given radius can only draw air inwards outside thatg
radius. Inside that radius, air will be drawn outwards. Thus %
inside the convection radius\/-surfaces will be drawn g
outwards with a consequent spin down there. In spite of
the fact that the large inertial stability at small radii wil
oppose the inward displacement of thé-surfaces, only
convection located near the circulation centre is able to 6 6 12 18 24 30 36 42 48
draw the M -surfaces inwards to small radii to spin up th&?) Time (hours)

tangentlal circulation above the frictional boundary la&e Figure 12. Sources and sinks of moisture including the contributiops b

discussed in sectidh Note, the inflow in the vortices undersurface evaporation (E), precipitation (P) and the hotalotransport of

study here is sufficiently weak (Figui@ that the boundary moisture (S) in Eq.9) averaged over boxes: (a) 300 k300 km, (b) 600
layer control ideas discussed Kifroy et al. (2016 are only km x 600 km centred on the location of the minimum sea-level piress

3H M

TPW (kg/m?)

TPW (kg/m?)

[ ; in the control experiment. Shown also is the total prediéavater (TPW)
ml_?hmally oa_eratlved_ﬁ in th i . ir]Tkg m~—2. Time zero corresponds to the start of the simulation at@0:0
e significant differences in the patterns of verticgq ¢ 26 jan.

velocity fields for the different sensitivity simulations
in Fig. 11 highlight the stochastic variability of deep 300
convection resulting from the differences in the initial

moisture availability and, as shown above, this variapilit 250 F
adds a stochastic element to the intensification process :

itself, consistent with the results dfguyen et al.(2009 & =00
andShin and Smith{2008. =150
7. Thermodynamic support for spin up % 100

In the two previous sections we have presented evidence 59
in support ofEvans et al.(2011)’s speculation noted in
the Introduction that the development and organization of
deep moist convection near the centre of the vortex is
necessary for vortex intensification to occur. The question
remains, however, where does the moisture come fromrigure 13. Time series of the area-averaged surface latent heat fltsiewit
support sustained deep convection near the vortex cemtradius of 150 km from the centre in the control experimeitheTzero
over land? In particular, how important are surface moistlﬁorresponds to the start of the simulation at 00:00 UTC 26 Jan
fluxes compared to the horizontal advection of moisture in
maintaining deep convection? In a model simulation such
as ours that captures the intensification of a low over lariftj!

it should be possible to address these questions by way . . . . .
y vertically integrating the fluxes of moisture into a box

moisture budget analysis of the model output. -
gpntred on the system. These three quantities are then

We examine now the importance of surface evaporati X :
compared with the horizontal transport of moisture into tﬁ’éﬁ?ragw over the area of the box to provide units of kg m

system. A simple moisture budget for a vertical column of

6 12 18 24 30 36 42 48

Time (hours)

d S is the rate of moisture convergence through the
s of the column. Moisture convergence is calculated

unit horizontal cross-section is given by: Figure 12 shows time_series_, of terms in the moisture
budget for the control simulation, CO, for two columnar
OTPW regions extending to the model top. One column has a
— —E-PHS (2) horizontal cross section 300 km 300 km square centred

on the vortex centre and the other has a 600>ki®00 km
wheredT PW/dt is the change in total precipitable watesquare cross section. The terms include: the contributns
(T PW) with time, E is the rate of evaporation of moisturehe box-averaged moisture tendency by surface evaporation
from the surfacepP is rate of moisture loss by precipitation(F), precipitation ), and the horizontal transport of
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0.1 pr—=—————mpz T experiment. The curve mimics closely the behaviour of the

curve for E in Fig. 12, but is multiplied by the coefficient

of latent heat to give units of W ni?. Again the diurnal

6 0.3 W“' signal is a prominent feature with peak values at about 03:00
0.5 T/‘ UTC on the order of 300 W 2. However, the mean value

350 — 3 averaged over a day is appreciably smaller, 103 W na

e = value close to that found b¥(ans et al. 201,Jp. 3860) for
0 50 100 150  |arge areas of Tropical Storm Erin. Despite the smallness of
() r (km) the surface moisture fluxes in the overall moisture budget,
0.1 = one should not conclude that these fluxes are unimportant.
555 ] Figure 14a shows a radius-height cross section of

pseudo-equivalent potential temperatuig,in the control

s 0.3 354 . ; . X .
I T experiment, time averaged during the period of rapid
0.5 350 1 intensification from 05:00 to 11:00 UTC 27 Jan.
\ng — The Emanuel theory for vortex intensification predicts
Lo & = 42 substantially elevated values &f in the vortex core (e.g.
0 50 100 150 Emanuel 1989 In the theory, these are tied to an increase
(b) 1 (km) in the surface enthalpy fluxes accompanying an increase

Figure 14. (a) Radius-height cross-section of the azimuthally-ayeda in the surface wind speed with depreasmg radius. There

pseudo-equivalent potential temperature (unit: K), tinseraged during @'€, indeed, elevated values 6f in a ShaHOW. layer .

the period of rapid intensification from 05:00 to 11:00 UTCXn in the near the surface, but the corresponding (negative) radial

control experiment. (b) A similar cross-section for Exp6 Guring the gradient is weak in the middle troposphere, unlike that

same time period. envisaged in the Emanuel theory for vortex intensification
in an axisymmetric model (see e.g. Fig. 9.15bHnlton

. . . 2004). However, the elevated values &f near the surface
moisture through the sides of the column (i%). Shown contribute to the conditional instability of air in the irme

also is the total precipitable watel"PW) averaged over region of the vortex. The need for such elevated values of

the column. Figurel2 shows that, at most times, the flu ; ; : : ;
of moisture into the sides of these two columnar regio[\\};ﬁ(ruast;?]g%ﬁt?gggg tointensify was first pointed out by

is approximately equal to the amount of moisture lost by Figure 14b shows a similar cross section @ in

precipitat'ion,'while thg contributi_on from thg mean ?ue‘acexperiment C6 in which the coupling between rainfall and
evaporation is small in comparison. Notwithstanding thrﬁ ; ;

fact that the budget does not close because water subst
is not strictly a conserved quantity in MMB(aun 2006, a
similar result has been found also for tropical cycloneg. (e
Kurihara 1975Braun 2006 Trenberth et al. 2007
Focussing first on the 300 km 300 km square column
(Fig. 12a), there is a steady decline in me&@#®W from
an initial value of 68 kg m? to about 62 kg m?

as in the control experiment. Thus, even in this case, seirfac
fluxes act to support local conditional instability near the
vortex centre.

In summary, we have shown that the horizontal transport
of moisture into a mesoscale box following the low is
: ; . essentially equal to the moisture lost by precipitation.
at the end of the 48 h simulation. These are relativepq contr)i/but?on to the moisture budget b?// sItDJrfacF()—:‘ fluxes
large values, but typical of the Australian monsoon regime gma| in comparison. Nevertheless, the small moisture
(see e.gKilroy et al. 2013. For comparison, observeqyyes play an important role in generating convective
values found in the “pouch” regions of pre-genesis Atlantifsiapility in a monsoon environment that already has
and Carribean wave disturbances during the PRED'QJIativer high values ofPW so that deep convective

experiment Montggomery et al. 2012 were generally p,rsts can continue to occur even when the system is located
around 60 kg m* near the sweet spot of the poucky;injand.

(values for Tropical Storm Gaston are shown in Figs. 2
and 3 ofSmith and Montgomery2010). Mean values of g conclusions
T PW in monsoonal flow conditions at Darwin are typically
about 57 kg m? (Crnivec and Smith 2016 There are  We have analysed the intensification of tropical low over
large fluctuations inS and P during the early adjustmentland in numerical simulations of an event that occurred over
period (the first 8 h of the simulation), but these havrthern Australia in January 2006 during the TWP-ICE
a relatively small net effect on the medhPWW change. experiment. A control simulation together with a series of
After the adjustment phase, there are two broad peakdiie sensitivity simulations were discussed. The sengjtivi
precipitation, one centred around 19:00 UTC 26 Jan asi¢hulations were determined by varying the initial moistur
the other around 08:00 UTC 27 Jan. Not surprisingly, theseailability from that in the control calculation, a proceed
peaks coincide approximately with similar peaks in ththat addsinter alia, a stochastic element to the development
vertical mass flux shown in Fi§, but they are not obviously and evolution of deep convection. In one further simulation
related to peaks iy, which have a clear diurnal signal.  the coupling between moisture availability and model-
A similar behaviour of terms in the moisture budget fqgsroduced precipitation was suppressed. The results of the
the 600 kmx 600 km square column is seen in Figb, simulations were interpreted in terms of the classical
but the magnitude of the fluctuations is smaller, especiatlyisymmetric paradigm for tropical cyclone intensificatio
during the adjustment period. with recent modifications.
Figure13 shows time series of latent heat flux averaged The spin up of the low over land is shown to be favoured
within a radius of 150 km from the centre in the contrdly the development of deep convection near the centre of
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