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A case study is presented of a tropical low that formed near Davin, Australia,
during the monsoon and subsequently intensified over land. fle study is
based on European Centre for Medium Range Weather ForecastHCMWF)
analyses. Interpretations of the formation over the sea aregyiven in terms
of vorticity dynamics. The thermodynamic support for the intensification
and maintenance of the low over land is investigated also. Th analyses
indicate that the intensification of the low depends on repead bursts of
deep convection occurring near the centre of the circulatin that promote
the further concentration of vorticity near the centre. This concentration of
vorticity increases the local circulation about the centre which amounts to
increasing the local tangential wind speed and, through appximate gradient
wind balance above the boundary layer, to a lowering of the a#ral pressure.
It is found that the horizontal transport of moisture into a m esoscale column
centred on the low is approximately equal to the moisture losby precipitation so
that total precipitable water levels are not rapidly depleted over land. While the
contribution to the overall moisture budget by surface fluxes is comparatively
small, these fluxes are necessary to maintain conditionallynstable conditions
near the vortex centre so that deep convective bursts can cbnue to occur there,
even when the system is located far inland.
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1. Introduction lie over the continent. It is typical for low pressure system
to develop at spatial intervals along the trough. Since wate

During the Australian ‘Wet Season’ (November-April) @emperatures to the north of Australia can be as high as

trough of low pressure lies south of the equator with thggrC, lows that form over the ocean frequently develop

trough axis coinciding approximately with the “monsoopq tropical cyclones. However, sometimes lows may form
shear line”. The latter separates westerly flow to the notrth

from easterly flow to the south (McBride and Keenan 198 r.]d intensify while remaining over land and like tropical
Early in the wet season, the trough and shear line figclones, these systems pose a challenge to forecasters
over the seas to the north of Australia, but later they m#y the region. A pioneering and insightful analysis of
move southwards. The latitude of the trough axis may vafppical cyclogenesis in the Australian region is provided
considerably with longitude at any one time and parts mbhy McBride and Keenan (1982).
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While much is now known about the stucture ahe vortex (Rozoffet al. 2006, Montgomenet al. 2012).
tropical cyclones and the mechanisms by which théjowever, a more complete answer to the latter question
intensify (e.g. Montgomery and Smith 2014, Smith anzhlls for an investigation of the supply of moisture to simsta
Montgomery 2015), rather less is known about the structuteep convection, particularly in the case of lows that form
of intensifying tropical lows over land as well as the roland/or intensify over land.
of deep convection in their maintenance. Even though the
lows form over a region with relatively sparse convention@ly - Thermodynamic support for intensification over land
data coverage, current numerical forecast models such as
that of the European Centre for Medium range Weathggp|an and DeMaria (1995) found that when a tropical low
Forecasts (ECMWF) sometimes show considerable sidibyes inland and is cut off from the large heat fluxes from
in predicting both their formation and evolution. For thige ynderlying ocean, it rapidly decays with an exponential
reason it is instructive to analyze such forecasts, or befigne constant of around 10 h. There are some exceptions
still the analyses that are based in part on the previQysihis hehaviour with certain types of terrain being less
forecast and in part on available observations. _detrimental to storm decay than others. Skeal. (2002)

As a step in this direction, Smitét al. (2015) examined onq that large heat fluxes over swampy terrain leads to
three lows that formed in the Australian monsoon duringgeyelopment over land, and this terrain provides also
Jan 2013 on the basis of ECMWF analyses. All thregqer surface fluxes of moisture when compared to the arid
lows formed on the monsoon shear line and two of thefasert terrain of Northern Australia.
became tropical cyclones. Interpretations of genesis werg- - elet al. (2008) sought to explain the redevelop-
given in terms of vorticity dynamics and applied equally t\ent of warm-core cyclones over land in Northern Aus-
one initial development over land as well as two over they iy ysing an axisymmetric atmospheric model coupled
sea. It was found that the intensification of a low requirgs 5 simple model of the upper ocean. The basis of the
repeated bursts of deep convection near the centre of el is presented by Emanuel (1995) and is designed

gyre to promote the further concentration of vorticity negf, ;nq the assumption of slantwise convective neutrality
the centre. This vorticity concentration increases thallo%bng surfaces of constant absolute angular momentum.
circulation about.the centre, which amounts to incregsiﬁ»gey found that warm-core cyclones can indeed intensify
the Ipcal ta_ngent|al wind speed and, through approxXiMglBen the underlying soil is sufficiently warm and wet and
gradient wind balance above the boundary layer, 10yf, system is maintained by sensible heat and moisture
lowering of the central pressure. (latent heat) transfer from the soil. In this model, lankifal
simulated by setting the surface enthalpy flux coefficient to
a value that diminishes with land elevation (Emanetedl.

Two important scientific questions concerning the form§904)' They conqlude thqt when the storms are sufnc[ently
tion and intensification of tropical lows over land wer olated from their oceanic source of moisture, the ralinfal

raised by Smittet al. (2015). One question is whether theif '€Y prod_ucg _is insufficie_n.t to keep the soil wet enough to
intensification is fundamentally different from that of pro ransfer S|gn|f|cant quantities of héaand the storms then
ical cyclones over the sea? Another question is whether fifg2Y rapidly.

marsupial paradigm proposed by Dunkerétral. (2009)is 1 he strong focus on surface fluxes over land has
useful in understanding the formation of tropical cyclon&® doubt been influenced by the WISHE paradigm for
in the monsoon regime of northern Australia, and inde§@Pic@l cyclone intensification, which invokes a multi-
for monsoon depressions over land. step feedback process between surface enthalpy fluxes

The marsupial paradigm refers to the nurturing role 87d & spin up of the tangential winds. This widely-
a tropical wave in the formation of tropical depression&ccepted feedback mechanism has been shown to be
The hybrid wave-vortex structure was likened to tHeon-essential in explaining the intensification of tropica
development of a marsupial infant in its mothers poucf/clones (Montgomergt al. 2009, 2014). .

By analogy, a juvenile proto-vortex is carried along by its Evanset al. (2011) performed numerical simulations of
parent wave until the proto-vortex is strengthened intotf@Pical cyclone Erin (2007), a storm that made landfall
self-sustaining entity. For tropical storms developingi from the Gulf of Mexico and underwent re-intensification
tropical waves, the recirculating flow in the wave’s critic?Ver the central United States. They found that the Emanuel
layer corresponds to the “pouch” where the wave afial-(2008) along-track tropical cyclone rainfall feedback
mean-flow speeds are similar. The centre of the pouchf§chanism to be “of minimal importance to the evolution
defined as the intersection of the trough axis and the critic@f the vortex”. They concluded that “the final intensity of
latitude*, which is oriented parallel to the easterly jet. Storffie simulated (and presumably observed) vortex appears
formation occurs near this so-called sweet spot. to be closely linked to the maintenance of boundary

Support for the relevance of the marsupial paradigm'ﬁy?r moisture over pre-existing near-climatologicall soi
tropical low formation in the monsoon regime was founfoisture content along the track of the vortex and well
in the three lows investigated by Smigh al. (2015). They above climatological soil moisture content.” They noted
showed that for these cases, low formation occurred onlyiftat “variations in soil moisture content result in impacts
regions where the Okubo-Weiss parameter was large &#@n the boundary layer thermodynamic environment via
positive near the centre of the nascent vortex indicatiR§undary layer mixing. Greater soil moisture content rtssul

a minimal detrimental effect of shearing deformation di Weaker mixing, a shallower boundary layer, and greater
moisture and instability. Differences in the intensity of

1.1. Two scientific questions

IThe critical latitude on a particular pressure surface findd by thelocus
of points satisfying/ = c¢,,;, Wherecpz denotes the zonal phase speed ofEmanuelet al. (2008) do not make a distinction between sensible and
the wave andJ denotes the local zonal wind. latent heat.
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Figure 1. Track of the tropical low from 11-23 Jan 2014. Positions @ th
minimum geopotential at 850 mb indicated by cyclone symbuoésy 6 h.
Positions at 00 UTC shown by date. Figure 2. Visible satellite image on the 15 Jan 2014 at 12:40 UTC.

convection that develops and its accompanying latent httet Equator to 305, and have a horizontal grid spacing
release aloft result in greater warm-core developmaft0.125 deg. The case study is based largely on selected
and surface vortex intensification within the simulatiodgnematic and thermodynamical fields extracted from these
featuring greater soil moisture content.” analyses, supplemented by geostationary satellite irgager
Sharkovet al. (2012) sought to determine the necessaifpm the Japanese Meteorological Satellite (MTSAT). The
amount total precipitable water (TPW) for genesis in tranalyses, which are obtained from a global 4ADVAR analysis
surrounding atmosphere over the ocean. They found that prediction system, are considered by forecasters te be a
there is a critical value (60 kg n?) of TPW over a region good as any available.
surrounding the tropical cyclone so that it persists longer
than 24 h. Interestingly, Emanuet al. (2008) did not 3. Low evolution from a forecaster’s perspective
consider the horizontal transport of moisture into theexyrt ) ) o
a potentially large source of moisture that may help sust&#ring the early hours of 11 Jan 2014, convection within a
the system, even though some degree of surface fluxesdg@Pening monsoon trough was strongest over the Arafura
indeed necessary for a vortex to be able to deepen (€§2 to the north of the Northern Territory’s “Top End”
Malkus and Riehl 1960). For one thing, such moisture flux@8d west of a previously identified weak circulation near
are required maintain conditional instability and theréiy Cape York Peninsula, south of New Guinea. This region

sustain deep convection within the vortex circulation. ~ Of strong convection was identified also as the region of
strongest local vertical vorticity. Scatteromeétigter in the

day indicated that a new low had formed in this region. This
new low is the focus of our study. The track of this low,

i determined by the minimum geopotential at 850 mb, is
ﬁown in Fig. 1.

1.3. The present study

In this paper we examine a further case of the format
and structure of a tropical low in the Australian monso ; .
regime. As in Smitret al. (2015), the study is based largel The environment was broadly favourable with a deep
on ECMWF analyses. Unlike in the cases studied by Smigyér of moist air and a deep (up to 500 mb) and aimost
et al. (2015), the low intensified as it moved southward{ght system (some overlap of the 850 mb and 500 mb

over the land. Here we study the life cycle of the disturbangémres)' Deep vertical shear was moderate (about 10m s
prior to its extratropical transition. The objective is t om the east), but not huggly.detrlmental. From 00 YTC

provide a vorticity perspective of genesis and an analyS§i 11 Jan. pressure falis within the monsoon trough were
of the moisture supply necessary to support intensificatidl] 1€ order of 3 mb per day, although some locations were

The paper is organized as follows. First, in section rgeasuring 4-6 mb per day. The low remained poorly defined

we present details of the data sets on which our analyg‘@@.'r.‘ the monsoon trough with a large uncertainty in its
are based. A description of the evolution of the syste‘ﬁ?s't'on until on 12 Jan when persistent convection began to

from a forecasters perspective is given in the section d:gvelop. LIJp unttll this p_0|tnt, tpe(z)rsste.nth(t:or;vlezcgon ne:fr.ﬂ:
In section 4 we introduce the necessary diagnostic to Jwgstﬁ nrovs\,/ tronk'eg'\‘j‘vent;[ rYerrtrr]:g f CO b rag ar?in mlo
which we use to explain the formation and intensificati an, e low tracked west 1o north of ~.obourg Feninsula,

of the low. In section 5 we examine the genesis of the | ”c.)rl:t ggl?) kTor(])%rmga%OLdDe?;Vtvgr]r'nvsv:‘t'?]a(ifnsttr::tg(rﬁ?;ﬁ:es

and its evolution after landfall. In section 6 we present t @!ing below 0L - 'hunae ms finally Ing

conclusions néar the circulation centre during this time and at 06 UTC on
' 13 Jan a Dvorak initial classification (Current Intensity)(C

2. Datasets PO - i
3Scatterometry is a method for determining near surface wpebd and

. . djrection over oceans and consists of a satellite borneomire radar
The ECMWEF analyses used for this study are ava”ables sor used to measure reflection or scattering effectsigeddby wind

the surface and at 25 pressure levels between 1000 mb gids.
1 mb. They cover the domain from 1@ to 160E, from “Universal Time Coordinated. Note that local timeli$ ahead of UTC.
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uv, z 850 mb 09 Jan 18 UTC heaviest 24 h rainfall during this event was 205.6 mm

30 NI NANS § recorded at Elizabeth Valley (40 km southeast of Darwin)
; : / a2 n) | )\,\ = "éi in the 24 h period to 23:30 UTC on 14 Jan. Figure 2

-~

. > shows a satellite image of the system on 15 Jan at 12:40
UTC. The widespread rainfall continued as the low tracked
across the western Top End and moved south on 15 Jan.
Despite being over land the system continued to deepen as it
moved southward over the Tanami Desert and it was located
favourably beneath the upper level ridge.

On 17 Jan the system had a central pressure of 992
mb and headed in a westerly direction across the interior
. of Western Australia and into the Pilbara region, passing
L.+ Southeast of Marble Bar on 20 Jan. The system reached
its lowest central pressure of 989 mb on 21 Jan and then
rapidly weakened as it recurved to the southeast before

1 H1s10

- 1480

y (lat)

Q‘ ; being captured in the mid-latitude westerly airstream. The
AN RN\ i . . . .
_30 LA . [ ARSI EN low maintained remarkable structure while over land until i
100 110 120 130 140 150 180 was captured by this westerly airstream.
x (lon) 0.200E 02 . . . .
Meximuea 4. Vorticity and Okuba-Weiss diagnostics

Figure 3. Isopleths of 850 mb geopotential height for an extended dom - - - - . .
showing also the northern hemisphere on 9 Jan 2014 at 18 Uiy %n this section we first introduce the necessary diagnostic

indicates weak low pressure systems either side of the eqgoear 146E.  t00ls  which we use to explain the formation and

Contour interval for geopotential height 10 m, values foadgd regions intensification of the low. Smitlet al. (2015) showed that

given in label bar. Shown also are wind vectors at 850 mb. insight into the monsoon and the low pressure systems that
form within could be obtained by an analysis of the vorticity

. . . .field and its time evolution. In pressure coordinates, the

(1:'0) was assigned by the Darwin Tropical Cyclone Wam'%rticity tendency equation has a particularly conciserfor
entre. in which the local tendency of absolute vorticify can

Model guidance had been mixed up to this point. T written as the horizontal diver :
. i . ) gence of a horizontal flux
ACCESS suite (Australian Community Climate and Eart Haynes and Mcintyre 1987, Raymond and Lopez Carillo
System Simulator) was predicting the most intense stor. 11, Toryet al. 2012 Raymo'ndat al.2014), i.e

whereas other models including the ECMWF model were
not indicating intensification. ECMWF was also indicating dCa
a monsoon low structure with the strongest winds away o =V - Fe,, (1)
from the low centre. ECMWF ensemble probabilities
for a tropical storm barely exceeded 20%. All modelghere F;, = Fat + Frar, Far = unl, and Fp.r =
were indicating a south-westward movement towards the, . + k A Fg;. Here uy is the horizontal velocity
Kimberley region of Western Australia, but it was a fingector, ¢, is the horizontal component of vorticity is
line between a track that moved over the Timor Sea versug@ material derivative of pressure and plays the role of
track that moved over the western Top End south of Darwijertical velocity” in pressure coordinate®g; is the
Over time the consensus track was shifting further east afgtizontal force per unit mass due to molecular effects
eventually over land. and sub-grid-scale eddy momentum fluxes, krid a unit
The Darwin Tropical Cyclone Warning Centre begagector in the vertical. More details about the benefits of
issuing advice to the community on 13 Jan, with a Tropicahalysing vertical vorticity in this form is given in Smit
Cyclone Watch issued at 01:30 UTC for the possibility. (2015).
of the low developing into a tropical cyclone in 24-48 h. While useful in characterizing local rotation, vertical
However, overnighton 13 Jan the low took a southerly traglrticity may be associated with regions of strong
and based on an analysis of surface observations, crogsstzontal shear deformation, which is detrimental to the
the coast just after 00 UTC on 14 Jan, about 100 km east@imation of concentrated vortices. Favourable regioms fo
Darwin, with a Cl of 1.0. The mid-level centre, as trackegbrtex formation are those where the vorticity is dominated
on radar, was now displaced west of the low level cents§ pure rotation. Dunkertoet al. (2009) used depictions of
indicating the effects of easterly vertical shear. the Okubo-Weiss (OW) parameter (see appendix in Satith
Although the consensus track was over land, tl& 2015)to highlight regions within the broadscale flow that
uncertainty still allowed for movement into the Timor Segend to be most immune to horizontal shear deformation,
and subsequent intensification. At 04:30 UTC on 14 Jae. regions where the flow is rotationally dominant. These
the Tropical Cyclone Watch was upgraded to a Tropicale regions where convectively generated patches of gértic
Cyclone Warning, for the possibility of a tropical cyclongorticity are most capable of congealing to form a monopole
forming in the southern Timor Sea within 24 h. Howevestructure. We examine such diagnostics here also.
as the low continued to track south-westward over land, the
time available to move over water and intensify diminish&gl Low development as seen in the ECMWF analyses
and at 22:30 UTC on 14 Jan the Tropical Cyclone Warning
was cancelled. We divide our analysis of the low into two time periods:
Heavy rain developed in the Darwin region followinghe early period of formation over the sea, where we
the passage of the low with reports of flash flooding. Tlexamine the initial intensification of the low from a vortici
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Figure 4. Wind vectors at 850 mb together with contours of the zonablvdomponent and geopotential height at 00 UTC on (a) 9 JarL,0lan, (c)

11 Jan, (d) 12 Jan, (e) 13 Jan and (f) 14 Jan, 2014 illustréti@dormation and intensification of the low. Westerly wirahgonent greater than 5 m
s~ ! shaded pink, that greater than 10 m'sshaded red. Easterly winds greater than 5Th & magnitude shaded light blue, those greater than 10 m
s~ ! in magnitude shaded blue. Contour interval for geopotehgight 10 m (blue contours). Solid contours positive, @éasbontours negative. Wind
vectors should be compared to the reference vector (20 at the bottom right of each panel.

perspective, and the period of subsequent intensificatiorThe southern hemisphere low of the ER wave appears to
over land, where we focus on the moisture supply needsalthe precursor disturbance leading to the low of interest
to support the intensification process. We take landfall kere and presumably provided a favourable “pouch” in
be at 06 UTC 14 Jan, when in the ECMWF analyses (sehich the low was able to intensify. Tropical cyclogenesis
Fig. 1) the minimum geopotential of the system crossed tw&hin ER waves is described in detail by Molinagi al.

coast. (2007).
Figure 4 shows the wind structure at 850 mb together
5.1. Formation with wind vectors and contours of the zonal wind

component and geopotential height at 00 UTC from 9 Jan
Figure 3 shows geopotential heights at 850 mb at 18 UT€14 Jan 2014. On 9 Jan there is a region of locally strong
9 Jan for a region north and south of the equator. A notabtesterlies near Papua New Guinea and a weak cyclonic
feature is a region of low geopotential straddling the equagyre south of Papua New Guinea within a larger area of
with local minima in each hemisphere. This structure igw geopotential heights, but the easterly winds to thefsout
characteristic of an equatorially-trapped n = 1 Rossby wawkthe island in the belt from 13& to 160E are relatively
(ER wave). In animations of these fields (not shown), thight. In the days that follow, the easterlies strengtheonss
two lows move polewards and westwards over 10 day®rthern Australia as an anticyclone moves eastwards to
with the northern hemisphere low remaining weaker th#iee south of the continent. The synoptic situation is very
the southern hemisphere one. Consistent also with an &milar to that for tropical cyclone Narelle (2013) desexb
wave structure is a band of strong westerlies at the equdiprSmith et al. 2015. There is a large expansion also in
known as a westerly wind burst. the area of the stronger monsoon westerlies( m s1)
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30 pr T 60 5.2. A vorticity perspective of formation and evolution

25 J 50
] A vorticity perspective of the foregoing development is
illustrated in the left panels of Fig. 6, which shows the
vertical component of absolute vorticity together with
the corresponding wind vectors and the contours of
geopotential height at 850 mb. At 00 UTC on 9 Jan, the
110 most prominent feature in the absolute vorticity is the
broad region of elevated positive valfiesver and south
0 of Papua New Guinea. There is a weak circulation centred
over the ocean south of Papua New Guinea at latitude
Jan 10°S, although the centre of the circulation has only sparse
Figure 5. Mean vertical wind shear, characterized by the magnitude B?—tCheS of enhanced vertical vorticity (values above'10
the vector velocity difference between 850 mb and 200 mbrageel S ') at this time. The broad circulation encompasses also a
over boxe2?lon x2¢lat, 4°lon x4°lat, and6°lon x6°lat centred on the region of low 850 mb geopotential heights. By 00 UTC on
location of the minimum geopotential at 850 mb and maximumiepeed 11 °jan, the clump of absolute vorticity near the circulation
at 850 mb within the°lon x 2¢lat box. . Lo .
has increased significantly in strength and areal extent,
the recirculating winds show a commensurate increase in
strength and the geopotential has lowered further. The
between the equator and 8 Moreover, the circulationvortex has moved to the west by this time, but has remained
within the gyre increases and there is an accompanyhigatitude 10S. By 00 UTC on 13 Jan, the circulation has
lowering of the 850 mb geopotential heights near the censtéengthened and geopotential heights have dropped furthe
of the gyre. It was at 01:30 UTC 13 Jan (shortly aftéht this stage the system is relatively large in size with
the time shown in panel (e)) when a Tropical Cyc|orféo§ed contours of geopotentlal hglghts aboutlbagitude
Watch was issued for the possibility of the low developin§ d|ameter7. The size of this low is huge when compared
into a tropical cyclone in 24-48 h. In Australia, bursts dP tropical cyclone Tracy (1974), which devastated Darwin
monsoon activity are often associated with the Madde?? Christmas Day (Davidson 2010 and refs). The radius of

; ot : les in the case of Tracy was merely 50 km.
Julian Oscillation (MJO), although the Australian Bureagf‘_l_he fight panels of Fig. 6 shows the distribution of the
o
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of Meteorology announced on 7 Jan that the “MJO sign
has been weak or indiscernible since late December. As parameter at the 850 mb level from 00 UTC on 11 Jan

sianal has been weak it is unlikely to have had a sianific 0 UTC on on 13 Jan. The major feature of the OW-field
SI9 W LIS unfikely \ve ha Ignificgty o coherent region of positive values within the nascent
influence on tropical weather during this period. Foreca

- . . . tex circulation centred near 48, while elsewhere in this
of the MJO indicate that it is most likely to remain weak G,y positive OW-values are relatively small in scale. This
indiscernible for at least another week. major OW-feature is coherent up to 700 mb (not shown),
Figure 5 shows the magnitude of the mean vertical wigdd is one factor, at least, indicating that the vortex has
shea? between 850 mb and 200 mb averaged over bosg€ potential for further development. Athough, as shown
2°latx 2°lon, 4°latx 4°lon, and6°latx 6°lon centred on the iN Fig. 5, there was moderate vertical shear during these
location of the minimum geopotential at 850 mb togeth&fMes, a factor that may have prohibited development. On
with the maximum wind speed at 850 mb within thdat L1 Jan the strongest patch of positive OW is located west of
x2°lon box. The latter serves as a measure of the syst vortex centre. During the next two days the areal extent

intensity. Until about 00 UTC 13 Jan, there was moderdlePOSitive OW increases around this strong patch and the
vertical shear4 10 m s—1) and the |O\,N did not intensify emergent vortex itself centres on this patch. The strength o

Thereafter the vertical shear decreased in magnitude endﬂﬂwe patch increases also during the three day time period.

low intensified. The maximum wind speed nearly trebled %As a step towards understanding the role of deep
: tionin th i f low-level vorticit i
strength from about 10 m~* on 00 UTC 13 Jan to nearly vectionin e Spn p of lowrieve” Vor ety we examine

ext areas of strong upward velocity (vertical p-velocity

30 ms—! on 16 Jan. Note that the average values of tlae< —0.5 Pa s': a proxy for deep convection in the

shear over the three different sized boxes is very Sim”ﬂ{odel) at 500 mb as the vortex evolves. These areas are
From 06 14 Jan, the system was over land. Itis not possiBigyyn in Fig. 7 with the horizontal wind fields at 850 mb
to COﬂC|ude from the ana|yseS that the decrease n Vert%erimposed_ Figure 8 ShOWS the Corresponding f|e|ds Of
shear led to the intensification or whether the intensificati apsolute vorticity at 850 mb with the advective flux vectors
itself, led to the reduction in shear. Compared to tropicgf absolute vorticity F.¢) superimposed.

cyclone Narelle described in Smit#it al. (2015), the low  From 00 UTC 9 Jan until 00 UTC 11 Jan there are
here suffered larger magnitudes of vertical shear durigliroadscale regions of disorganized vertical motion in the
genesis (the shear in the Narelle case was unders5'h vicinity of the vortex centre. During this time the vectors
for most of the genesis period). F.r indicate a flux of absolute vorticity around, and with a

5The shear is characterized here by the magnitude of therveelocity ®The sign of the vertical vorticity is reversed for similgrito Northern
difference between the two levels, averaged over the boxcatvpute first Hemisphere cases.

the local vector velocity difference and then compute treraye over the 7Typically, forecasters describe storm size in terms of thterccore radius
box. Because of the linearity of the shear vector calculatibe method of gales (radius of the 17 m—¢ total winds) at a height of 10 m. In
is equivalent to computing the vector shear from the diffeeein the this case it is difficult to describe size in the conventiomay as the
areal average velocity at the two levels. This is equivaterthe method system is embedded in a large region of background gale Yairas near
adopted by DeMaria and Kaplan (1994, p213) as a basis faorS$tegistical the surface, with the region of gales extending from? 8D 140°E (not
Hurricane Intensity Prediction Scheme (SHIPS). shown).
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Figure 6. Left panels: Wind vectors at 850 mb together with contourthefabsolute vorticity (shaded) and geopotential heidtitKtblue contours)
at 00 UTC on (a) 9 Jan, (c) 11 Jan, and (e) 13 Jan 2014 illuggratie formation of the low. Contour interval for geopotehtieight 10 m. Absolute
vorticity shading as shown on the label bar multiplied by 86~!. Cyclonic values of vorticity are positive (red/pink shag), anticyclonic values
are negative (light blue shading). Right panels: Contofith® Okubo-Weiss (OW) parameter (shaded) at 00 UTC on (bp9(da 11 Jan, and (f) 13
Jan 2014 illustrating environment during the formationhaf tow. OW shading as shown on the label bar multiplied by®.6-2. Positive values have
pink/red shading; negative values light blue shading. Wiectors should be compared to the reference vector (20 that the bottom right of each
panel.

component towards, the centre of circulation of the nascaisolute vorticity and material stretching of vortex tubes
vortex. In particular, on 9 and 10 Jan there is a large flux @fuivalent to minus the divergence of the advective flux in
absolute vorticity around from southern Papua New Guinée flux form of the vorticity equation, Eq. (1). Recalling
into the circulation centre. the material form of the vorticity equation, it follows thext

By 12 Jan the regions of strong ascent have reorganigedortex tube is stretched by an updraught, there will be a
and now form an encircling band around the nascent vortégal amplification of both the vorticity and wind speed.
with little convective activity in the inner core of the sgst. Figure 9 shows time-height cross sections of various
The cyclonic absolute vorticity has become consolidatgdantities averaged over square boxe2dflon x2° lat
around the developing vortex circulation. On 13 and ®hd10° lon x10° lat centred on the minimum geopotential
Jan, regions of strong vertical velocity occur closer to tleé 850 mb. Highlighted also is the time at which landfall
circulation centre. It is during these two days that theccurs. These quantities include the vertical mass flux
maximum wind begins to increase notably within &iféon  (approximated here byw/g), the temperature, the relative
x2°lat box (see Fig. 5). Below the level of non-divergencbpumidity, and the pseudo-equivalent potential tempeeatur
typically in the mid-troposphere, the upward motion leadls. Shown also is a time-height cross section of the
to the low-level convergence of air, and therefore from tlegrculation around the box. Notable features of the veltica
flux form of the vorticity equation to low-level convergencenass flux in the° box are the two “bursts” apparent at 18
of absolute vorticity. In turn, this convergence leads to &hTC 13 Jan and 12 UTC 14 Jan. During the two day period
amplification of the tangential wind field of the nasceritom 00 UTC 13 Jan to 00 UTC 15 Jan, there is a notable
vortex about the centre of circulation. increase in the maximum wind speed (from 8.7 m %o

On the sub-vortex scale, there is a number of loca®8.0 m s ') in the2° box (shown in Fig. 5).
strong updraught cells in the mofelincluding one Early in the evolution of the low, up to 18 UTC 13
particularly intense cell near the centre of circulation d&n, the main convective activity occurs outside e
defined by the minimum of geopotential height at 850 mbox, but inside al0° box. The circulation around the
These cells must be contributing to the convergence 25f box is weak until landfall occurs and the equivalent

potential temperature averaged over the square box is

80f course, the cells in the model do not represent indivichzderved genera".y low in t.he mld-tmpOSphere before 'a”df"?‘"- The
updraughts. The ECMWF model uses a convective paramateriza CONVective burst just before landfall leads to a moistening
scheme. of the mid- to upper-troposphere as seen in the relative
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Figure 7. Wind vectors, contours of geopotential height togethehwiintours of the vertical velocity at 500 mb at 00 UTC on saiveays in Jan 2014,
illustrating the formation. Contour interval for geopdiehheight 10 m (green contours). Vertical p-velocity) (shading as shown on the label bar in
units Pa s'. Upward vertical velocities (negative valueswf are plotted as positive (red/pink shading); negative eglof vertical velocity (positive
values ofw) are plotted negative (light blue/blue shading). Wind sezishould be compared to the reference vector (20°h) at the bottom right of
each panel.

humidity averaged over the square box. These convecliseels (pressures above 850 mb in Figure 9(c)). The mid-
bursts are accompanied by a temperature increase at upie@ospheric minimum i, continues to be progressively
levels. However, there are periods of slightly reduce&doded through much of this period (Figure 9(e)) and
temperature, mostly below 900 mb and mostly less thH}® low-level circulation is maintained also (Figure 9(f))
0.5°C in magnitude. These are presumably associated vigspite the system being over land since 06 UTC 14 Jan.
convectively-induced mesoscale downdraughts. In summary, the system formed in an environment with
) moderately high background vertical vorticity, but alsatwi
During the mature stage of the low and beyond, frofoderate vertical wind shear. It intensified following two
00 UTC 15 Jan to 00 UTC 21 Jan (Fig. 5), bursts @fays of sustained deep convective bursts that occurred
deep convective activity continue to occur in both #fe close to the circulation centre. During this time, the
and 10° boxes (Figures 9(a) and (b)). These bursts asertical shear declined. The convective bursts generate lo
interspersed with periods of mean subsidence, which tendgieel convergence of absolute vorticity, which leads to an
be accompanied by negative temperature anomalies at Ewplification of the tangential wind field of the nascent
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Figure 8. Vectors of the advective flux of absolute vorticifif (¢) with contours of geopotential height and shading of akisolorticity at 850 mb at 00

UTC on several days in Jan 2014, illustrating the format@ontour interval for geopotential height 10 m (green corghuAbsolute vorticity shading

as shown on the label bar multiplied by 19s~!. Cyclonic values of absolute vorticity are plotted as pesitred/pink shading); anticyclonic values
of vorticity are plotted negative (light blue/blue shadingectors of the advective flux of absolute vorticity (mplied by 10-3) should be compared to
the reference vector (2 nT$ ) at the bottom right of each panel.

vortex about the centre of circulation. The convective tsurgontinued reduction of the vertical wind shear. Figure 9
moisten the mid- to upper-troposphere also, increasing behows that after landfall the relative humidity and equevsl

the relative humidity and equivalent potential tempemtupotential temperature averaged ovel’abox were higher.

at these levels (shown in the next section). The aggregafidrere was a large burst of convective avtivity within the
of regions of enhanced cyclonic vorticity overlapping witB® box just after landfall and some smaller bursts at later
coherent regions of positive values of OW within thémes, the most notable being apparent at 12 UTC 15 Jan.
nascent vortex circulation are important elements of tiiée average vertical mass flux ovet@ box suggests that

marsupial paradigm. convection was still occurring in the low, but not always
near to the circulation centre. After landfall the circidat
5.3. Moisture supply over land increased in strength around tfebox, increasing in depth

to around 400 mb until 17 Jan.

The focus of this section is to gain insight into how the W& &xamine now the moisture budget for a mesoscale
low was able to intensify and persist over land in tHePlumn of air. The budget may be written as:
absence of strong moisture fluxes from the ocean. Emanuel 80
et al. (2008) suggested that the intensification of warm- T E—-P+ MC, (2)
core cyclones over land in Northern Australia can occur ’
when the underlying soil is sufficiently warm and welvhere 9Q /0t is the change in TPW with timeZ is the
and the system is maintained by latent heat transfer freae of evaporation of moisture from the surfaéeis rate
the soil. They state that “when the storms are sufficiently moisture loss by precipitation ant/C' is the rate of
isolated from their oceanic source of moisture, the rainfahoisture convergence. Precipitation and evaporation are
they produce is insufficient to keep the soil wet enough variables available in the ECMWF forecast data, while
transfer significant quantities of heat, and the storms thewisture convergence is calculated by vertically intégeat
decay rapidly”. The argument presented by Emamtell. the fluxes of moisture into a box centred on the system.
(2008) is presumably influenced by the need for significaftese three quantities are then avereged over the area of
surface fluxes of moisture to give intensification in theihe box to provide units of kgs' m=2.
model. Figure 11 shows sources and sinks of moisture obtained

Recall from Fig. 5 that following landfall (at 06 UTCfrom Eq. 2 averaged over box2%onx 2°lat, 4°lonx4°lat,
14 Jan) the maximum wind speed increased followingaad 6°lonx6°lat centred on the location of the minimum
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Figure 9. Time-height cross sections of system averaged quantitigsnwa box 2lon x 2°lat and10° lon x10°, centred on the location of the

minimum geopotential at 850 mb. These include (a,b) theéoaémass flux per unit area (units kg s~ 1), (c) the temperature deviation from that at
the start of the time series, (d) the relative humidity (ingeat), and (e) pseudo-equivalent potential temperaton€)( Panel (f) shows the normalized
circulation around the box (units nT$).

geopotential at 850 mb from 8 to 22 Jan. Shown also is tliem the oceah Panel (e) of Figure 9 does shawter alia,
TPW averaged over the corresponding box. A key featureais increase in low-level, averaged over thg® box as the

that at most times the fluxes of moisture into the sides of thigstem develops, even while it is over land, suggesting that
2° box are equal to or larger than the amount of moistusgrface moisture fluxes are playing a role in the increase.
lost by precipitation, the surface moisture fluxes make orf\g expected, after the low moves over land, the magnitude
a small contribution to the overall budget. A similar resutf the surface moisture flux decreases and a marked diurnal
has been found also for tropical cyclones (e.g. Kurihag¥cle becomes evident. This diurnal cycle is presumably a
1975; Braun 2006; Trenberth et al. 2007). consequence of the daytime insolation over land.

By itself, the availability of substantial column moisture A comparison of surfape moisture ﬂuxes over both land
: . and sea is provided by Figure 10, which shows the patterns
does not mean that deep convection will

occur Qk
be sustained. Deep convection requires the presen

ofﬁéhe fluxes at 00 UTC on 14, 16, 18 and 20 Jan. On
of conditional instability and sustained deep convecti 0 Jan the moisture fluxes are largest over the sea north
requires that this instability be maintained. Thus, whi

Darwin, while fluxes over the continental Australia are
surface moisture fluxes are a small component of

all (typically less than 100 W n?). Two days later
) , ! .-~ when the low s further inland there are somewhat enhanced
overa}l! mmstyre bu_qget’, they are important n maintainifgyisture fluxes over land behind the low (there are regions
conditional instability in the central region of th&yit, values between 300 and 400 WR) where there had
vortex. This maintenance is important in supporting degen copious amounts of precipitation on the previous days
convection there, which is necessary for the intensificatio
process. Indeed, Malkus and Riehl (1960) pointed out t@g’tr

isite for hurri b bl f ed on hydrostatic considerations alone, Malkus andl R&tmated
a prer.eqwsne. or hurrnicanes -tO e able to Or_m Was @3 for typical conditions in a hurricane, a fall in surfamessure of 1 mb
elevation off.. in the central region by surface moisture fluxould require an elevation @ by 0.4 K.
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Figure 11. Sources and sinks of moisture including the contributiopssirface evaporation, precipitation and the horizontahgport of moisture
averaged over boxes (@ylon x2°lat, (b)4°lon x4°lat, and (c)6°lon x6°lat centred on the location of the minimum geopotential 4 Bth. The
horizontal transport of moisture is calculated by summhe\ertically integrated fluxes of moisture into the box amehtdividing the sum by the area
of the box so that all terms have the units kg7ths ~!. The values shown here have been multiplied by. Bhown also is the total precipitable water
in kg m —2. A discussion of how the moisture budget is calculated antesissues about closure are found in section 5.3.

(see section 3). Over the next four days there are enhandesv Guinea indicating that significant moisture fluxes can
. . occur over land if there is sufficient rainfall.
fluxes over land behind the low. It is notable that large . . )
Returning to Figure 11, another feature worth noting

values of surface moisture fluxes occur regularly over Papsahat the peak precipitation occurs between 14 and 16
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Figure 12. Visible satellite imagery from the MTSAT geostationaryedlite half an hour after 00 UTC on (a) 12 Jan, (b) 13 Jan, (cJddand (d) 15
Jan 2014 with contours of vertical motio@)(at 500 mb from the ECMWF analyses at the 00 UTC times. Shosmaake contours (pink) of geopotential
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Red contours denote upward motian £ 0), blue contours subsidence. Contour interval for geopiatelmeights 10 m.

Jan in the2° box, corroborating the forecasters analysis in the vortex centre. Most of modeled regions of convective
section 3. In all boxes, the TPW increases until about &6tivity are overlapping or close to observed systems.
Jan and then it remains approximately constant. Inspectitife comparison at 00 UTC 13 Jan is similar, with the
of Figure 11 indicates that there is a period when tl@tellite observations confirming the lack of convective
TPW remains approximately constant, even though thetivity near the circulation centre. In particular, theted
sum of terms on the right-hand-side of Eq. 2 is positiveloud structures wrapping around the circulation centre in
Apparently, the moisture budget is not closed, especiaji visible imagery are captured qualitatively well by the
in the 2° box. The reasons for this may lie partly inmodel. However, the analysis has ascent north of the “Top
the fact that water substance is not strictly a conservlggdn, which is not observed. At 00 UTC on 14 and 15
quantity in many models (e.g. Braun 2006), but also becaysg, ihe model produces strong convection within the inner
the data available from the ECMWF system have certqifye of the system, consistent with the observations. These
deﬂqenmeéo. . . two times (00 UTC on 14,15 Jan) encompass the rapid
Figure 12 shows the visible geostationary satellifosification phase and there is generally a very good

imagery at 0030 UTC on 12, 13, 14 and 15 Jan, half : :
hour later than the ECMWF analysis fields. To ascertajl tch between regions of deep convection captured by

the ability of the ECMWF analysis to capture the observed analyges and that observed. The foregoing comparisons
location of organized convective regions, the verticdl"© conﬂdence that the analyses hgve adequate skill in
motion from the analyses at 500 mb and the geopotenﬂ roducing the broadscale convective features that are
at 850 mb are superimposed on the satellite imagery. served.

00 UTC on 12 Jan, the analysis shows several convectivén summary, we have shown that the horizontal transport
systems near the low but there is essentially no convectisinrmoisture into a box (for all box sizes analyzed here)

following the low is essentially equal to (or greater then)

10There are many potential sources of error preventing oodurthe the moisture lost by precipitation. The contribution to the
moisture budget besides lack of conservation of total watest, the moisture budget by surface fluxes is small in comparison.

precipitation and surface fluxes are not obtained from tredyams, but Nevertheless. the small moisture fluxes play an important
constructed from a time average of a 3 hour forecast from afid time. !

These forecasts data are available only at 12 hourly irfterVae foregoing F0l€ N generating convective instability in a monsoon

precipitation and surface flux data are compared with theamaneous environment that already has relatively high values of
moisture convergence into the moving box computed from thewly 7 pyj 5o that deep convective bursts can continue to occur
analysis data. Estimation of the translation speed of thefitwon 6 hour h h is | far inl h

analyses will introduce additional errors. Finally, TPWeiculated at 6 €VEN when the system is ocated far inland. The ECMWF

hourly intervals and calculation of its time tendency isjeabto error also. analyses captured well the peak precipitation between 14
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