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14 Summary

15 A community mesoscale model is used to simulate and un-
16 derstand processes that led to the formation and inten-
17 sification of the near-equatorial typhoon Vamei that formed
18 in the South China Sea in December, 2001. The simulated
19 typhoon resembles the observed in that it had a short life-
20 time and a small size, formed near the equator (south of
21 2� N), and reached category-one intensity. The formation
22 involved the interactions between the scales of the back-
23 ground cyclonic circulation (the Borneo Vortex of order
24 �100 km) and of mesoscale convective vortices (MCVs,
25 in the order �10 km). Before tropical cyclone formation
26 MCVs formed along a convergent, horizontal shear vortic-
27 ity line on the eastern edge of an exceptionally strong
28 monsoonal northerly wind surge.
29 The typhoon genesis is marked by three rapid inten-
30 sification periods, which are associated with the rapid
31 growth of potential vorticity (PV). A vorticity budget
32 analysis reveals that the increases in low-level vorticity
33 during the rapid intensification periods are attributed to
34 enhanced horizontal vorticity fluxes into the storm core.
35 The increase of the horizontal vorticity flux is asso-
36 ciated with the merging of areas of high PV associated
37 with MCVs into the storm core as they are advected by
38 background cyclonic flows. The increases in PV at upper
39 levels are associated with the evaporation of upper level
40 stratiform precipitation and increases of vertical poten-
41 tial temperature gradient below the maximum stratiform
42 cloud layer. It appears that two key sources of PV at up-
43 per and lower levels are crucial for the build up of high
44 PV and a deepening of a cyclonic layer throughout the
45 troposphere.

46471. Introduction

48On the 27 December 2001, the tropical cyclone
49(TC) Vamei formed at 1.5� N north of the equator
50in the South China Sea (SCS). This typhoon is the
51most near-equatorial TC reported by the Joint
52Typhoon Warning Center (JTWC, 2002), con-
53firmed by the measurement of sustained winds
54of 75 knots on a US naval ship. The ship’s radar
55indicated a distinct eye in Vamei, consistent with
56TRMM images (Padgett, 2001). Vamei kept its ty-
57phoon strength for about 12 hours, and then weak-
58ened rapidly after making landfall in Malaysia.
59The formation of Typhoon Vamei was first
60discussed by Chang et al (2003) from an obser-
61vational perspective. They noted that the forma-
62tion was associated with an exceptionally strong
63and persistent northerly cold surge that turned
64anticlockwise near the equator. This caused a
65large-scale cyclonic vorticity in the southern SCS.
66Meanwhile, the Borneo Vortex, a quasi-station-
67ary low pressure system that frequently forms on
68the lee (west) side of Borneo, drifted westward
69and towards the equatorial region. It is the com-
70plex interaction between the mesoscale vortex and
71large-scale background cyclonic flow that led to
72the typhoon formation. By calculating the prob-
73ability of the exceptional strength and longevity
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1 of the cold surge and frequency of the Borneo
2 Vortex, they concluded that such a low-latitude
3 TC genesis may only occur once every century.
4 Historically, no typhoons had been recorded
5 within 3 degrees of the equator. It was thought
6 impossible due to the negligible Coriolis force
7 at such low latitudes. Anthes (1982) argued that
8 in order to effectively generate a rotational mo-
9 tion a TC must form beyond 6� latitude. This
10 argument is consistent with the vast majority of
11 observed TC tracks. There have however been
12 notable exceptions. One example is typhoon
13 Sarah (1967), which reached typhoon strength
14 at 3.3� N, 146.8� E. Another is typhoon Kate
15 (1970) that was observed at 5� N for 72 hours
16 (Holliday and Thompson, 1986). Described as a
17 ‘‘microstorm’’, Kate had an eye diameter of 31 km
18 on 16 October. Deep convection was confined to
19 the eyewall with minor rainband activity outside
20 of the eyewall. The small eye and weak rain-
21 bands of typhoon Vamei (Padgett, 2001) exhib-
22 ited characteristics similar to Kate.
23 Typhoons that form within 10� latitude of
24 the equator often exhibit the characteristics of a
25 small size and rapid intensification. Numerical
26 experiments by DeMaria and Pickle (1988) sug-
27 gested that the size of a TC became smaller when
28 it was positioned in lower latitudes. This is
29 because a smaller Coriolis force leads to the
30 penetration of low-level moisture into the TC
31 core region. This concentrates diabatic heating
32 near the TC center in the wall of a small eye.
33 They speculated that the lack of TCs close to
34 the equator in the real atmosphere is attributed
35 to the difficulty in maintaining a convectively
36 driven vortex in the presence of vertical shear
37 when the scale of the vortex is too small. In fact,
38 typhoon Vamei rapidly intensified, developed a
39 small eye, and remained at typhoon strength for
40 only a short period of time.
41 Various theories have been proposed to under-
42 stand TC genesis. They include the conditional
43 instability of the second kind (CISK, Charney and
44 Eliasen, 1964) and wind-induced surface heat ex-
45 change (WISHE, Rotunno and Emanuel, 1987).
46 Montgomery and Enagonio (1998) suggested that
47 the intensification of a weak vortex could pro-
48 ceed through the axisymmetrization of convec-
49 tively forced low-level potential vorticity (PV)
50 anomalies. Building on this idea, Hendricks et al
51 (2004) stated that the increase in the vertical gra-

52dient of diabatic heating in the low troposphere
53(z<5 km) associated with vortical ‘‘hot towers’’
54led to an increase in lower tropospheric PV
55below the diabatic heating maximum. Bister
56and Emanuel (1997) proposed that the evapora-
57tion of mesoscale precipitation below an upper
58level stratiform cloud deck associated with a
59pre-existing mesoscale convective system (MCS)
60might create an elevated vertical diabatic heating
61gradient below the stratiform cloud base. Conse-
62quently the vertical gradient in potential tempera-
63ture increases, which in turn increases local PV,
64contributing to the formation of a cold core mid-
65level mesocyclone. Mesoscale subsidence could
66further enable the vortex to propagate downward.
67The consequent deep vortex might provide the
68ideal embryo for tropical cyclogenesis through
69the eruption of new convection and the develop-
70ment of a warm core vortex.
71Can one use the theories above to explain the
72near-equatorial TC genesis? The aim of this
73study is twofold. First we intend to simulate this
74TC genesis event using a mesoscale model. Sec-
75ondly, we intend to investigate specific processes
76that give rise to the cyclogenesis. The focus of
77this study is on the formation and intensification
78period of the simulation, with a detailed analy-
79sis of vorticity budget in a storm-following grid.
80The organization of this paper is as follows.
81In Sect. 2, the setup of the simulation is de-
82scribed. Section 3 describes the evolution of the
83simulation. Section 4 discusses the roles of the
84generation and merging of mesoscale convective
85vortices and the upper level stratiform rain
86mechanism on the intensification. Section 5 ex-
87amines the terms in the vorticity equation near
88the level of maximum vorticity during intensifi-
89cation. Section 6 summarizes our results and pre-
90sents out conclusions.

912. Model and experiment design

92The model to be used for the simulation is the
93fifth-generation National Centers for Atmospheric
94Research (NCAR)=Penn State mesoscale model
95(MM5) (see Dudhia, 1993, for model details).
96Two domains, an outer and inner one shown in
97Fig. 1, were used with horizontal resolutions of
9827 and 9 km, respectively. The physics schemes
99used in this simulation were similar to those used
100by Braun and Tao (2000), which included the
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1 Burk-Thompson PBL (Burk and Thompson, 1989)
2 scheme, the Betts–Miller cumulus scheme, and
3 the simple ice explicit moisture scheme of Dudhia
4 (1989).
5 No bogus initialization scheme is used.
6 The model was run for 96 hours, starting from
7 0000 UTC 24 December, 3 days prior to the TC
8 formation. This corresponds to a local time for
9 Malaysia 0800 LT 24 December. The model was
10 initialized using the NCEP Global Tropospheric
11 Analyses (http:==dss.ucar.edu=datasets=ds083.2).
12 This dataset is available at 6-hourly intervals,
13 has 24 levels in the vertical, and a horizontal
14 resolution of 1� � 1� (latitude, longitude).

15 3. Simulation results

16 During the first 20 hours of the simulation, the
17 atmospheric conditions in the SCS became more
18 favorable for TC genesis because of the presence
19 of an unusually strong and persistent surge of
20 northerly winds. Figure 2a shows that at hour 19,
21 strong surface northerly winds from the surge
22 protrude through the central and eastern SCS all
23 the way to the equator. Near the equator can be
24 seen a cyclonic circulation developed over the
25 eastern SCS as this surge turned westward south
26 of the equator and then northward in the east

27SCS. The model simulates a distinct convergent
28horizontal shearline with embedded smaller scale
29low pressure centers (Fig. 2b). These smaller me-
30soscale convective vortices (MCVs) developed
31along the strong convergence line on the eastern
32flank of the northerly surge (Fig. 2c). The strong
33convergence concentrates moisture in the region,
34producing a high relative humidity band. This
35helped fuel the convection that generated the
36MCVs. The role of the MCVs in the TC vortic-
37ity buildup will be discussed in the next section.
38The strong northerly winds over relatively warm
39(26–27 �C) SST produced large latent heat
40fluxes (200–350 W m�2) throughout the north-
41erly surge region at the surface (Fig. 2d). Thus
42both the surface evaporation and the conver-
43gence favor a buildup of boundary layer moist-
44ure along the shearline that, through advection
45of the background mean flow, transports the
46moisture equatorward and toward the cyclogen-
47esis region.
48Upper level winds were in general weak and
49divergent during the initial stage. The intense
50convection at hour 19 over the low-level conver-
51gence line enhanced the upper level divergence,
52leading to�20 m s�1 outflow at 200 mb that spread
53westward from the line (not shown). This en-
54abled a favorable outflow channel to the west

Fig. 1. Map showing the area covered by do-
main 1 (27 km resolution, entire map with grid
points shown along the left and bottom sides)
and domain 2 (9 km resolution, thick lined rec-
tangle). Horizontal lines are for every degree of
latitude
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Fig. 2. Domain 2 (a) surface isotachs m s�1 and streamlines, (b) sea-level pressure (mb) for hour 19 of the simulation
(1800 UTC 24 December, 2001), (c) divergence (thin contours in s�1) and relative humidity (shaded contours in %), and
(d) sea-surface temperature (thick dashed contours in �C) and latent heat flux (shaded contours in W m�2)

Fig. 3. Central surface pressure for hours
21–57
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1 of Borneo, and helped to maintain vigorous con-
2 vection along the shearline.
3 Figure 3 shows time evolution of the storm’s
4 central minimum surface pressure. It dropped
5 22 mb in the 36 hours from hours 21–57 (i.e.,
6 24=2100 UTC to 26=0900 UTC). This period
7 will be referred to as the ‘‘intensification per-
8 iod’’. At hour 21, a closed low-pressure system
9 was observed at the first time, with maximum
10 winds greater than 17 m s�1 (a tropical depression
11 intensity as defined by the National Hurricane
12 Center, Landsea, 2006). By the end of this inten-
13 sification period (at hour 57), the storm achieved
14 its lowest central pressure of 986 mb. The pres-
15 sure curve is punctuated with two obvious pe-
16 riods of rapid intensification (RI) during hours
17 27–29 and hours 40–44. These periods are here-
18 after referred to as RI1 and RI2, respectively. A
19 lesser pressure drop occurs at hour 47 and is
20 defined as RI3.
21 The model TC reached Typhoon strength
22 (33 m s�1, 64 kt) at hour 46 at 1.5� N. After that,
23 the storm weakened a little bit, and then re-
24 attained typhoon strength at hour 56 at 1.7� N and
25 remained so for 7 hours. The model simulated
26 maximum surface winds of 37 m s�1 (72 kt) dur-
27 ing the peak phase of the TC, as shown in Fig. 4b.

28A comparison with the Quickscat winds (Fig. 4a)
29shows that the modeled tropical cyclone has a
30similar size and intensity. The diameter of the
31eye, as estimated based on the model surface
32wind profile, is 30–45 km, with an oval shape of
33the eye. This size compares well to Padgett’s
34(2001) estimates from TRMM and SSMI ima-
35gery (�39 km at 27=0030 UTC and �28 km at
3627=0220 UTC, respectively). The major deficiency
37of the model simulation is that the modeled
38TC reached its maximum intensity 12 hours ear-
39lier than the actual storm. The location of the
40simulated TC was shifted slightly to the east and
41consequently it had more time to propagate north-
42westward before landfall. The significant result,
43however, is that the model successfully generated
44a small short-lived typhoon that first reached
45typhoon strength at 1.7� N.

464. Formation mechanisms

47In this section, we examine possible mecha-
48nisms responsible for the Vamei formation. In
49particular, the potential vorticity (PV) field will
50be analyzed during the formation and inten-
51sification period. Our aim is to look for evi-
52dence for the generation and merging of low

Fig. 4a. Observed Quickscat wind speeds (colors) and streamlines at 22:32 UTC on the 26 Dec. (from Chang et al, 2003).
(b) Modelled surface isotachs (m s�1) and streamlines for the time of maximum surface wind speed (hour 59 of the
simulation). Maximum wind speeds were 36 m s�1
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1 tropospheric PV in the MCVs and the effect of
2 the stratiform rain in the upper tropospheric PV
3 generation.

4 4.1 Formation and merging of mesoscale
5 convective vortices (MCVs)

6 Analysis of the PV field at �¼ 0.788 (Fig. 5) for
7 hours 25–55 shows features that correlate well
8 with the hot tower hypothesis. The generation
9 of PV in MCVs requires background vorticity.
10 Before formation this vorticity is provided by
11 the eastern edge of the surge of northerly winds
12 encountering light winds to the east (Fig. 2a).
13 The resulting horizontal shear vorticity lies in a
14 convergent flow region, triggering numerous areas
15 of deep convection.

16This high PV is related to the high relative
17vorticity combined with the large vertical gradi-
18ent in diabatic heating below the diabatic heating
19maximum. Figure 5 shows that areas of high PV
20are frequently co-located with areas of diabatic
21heating. On the large scale the SCS has cyclonic
22flows that advect the mesoscale PV anomalies
23first southward then eastward and northward. In
24this manner the large-scale flow aids in the con-
25centration of convectively generated low-level
26PV anomalies within the cyclonic circulation to
27the west of Borneo.
28The TC genesis may be well traced back to
29the development and evolution of MCVs. At hour
3020, a strong MCV (denoted as C1 in Fig. 5a).
31Advected by the large-scale cyclonic flow, this
32MCV co-located with the cyclonic circulation

Fig. 5. Potential vorticity (PVU as color shaded contours), condensational heating (red contours in K h�1) and winds(barbs) at
�¼ 0.788 for (a) hour 20, (b) hour 26, (c) hour 38, and (d) hour 44 of the simulation. The locations of the notable MCVs are
labeled where C1 is the dominant MCV that becomes the storm center
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1 center at hour 26. Meanwhile another strong MCV

2 (denoted as C2 in Fig. 5b) appeared to the north
3 of C1.
4 From this time on, the intensification of the
5 tropical cyclone proceeds as C1 absorbs positive
6 PV anomalies from either existing or former con-
7 vective areas. The axisymmetrization of the PV
8 anomalies occurs as the numerous MCVs merge
9 into the large-scale vorticity center, leading to
10 a buildup of high PV in C1 (Fig. 5c and d). As
11 the convergence line wraps around the south of
12 the circulation center, it takes the form of a domi-
13 nant rainband of the TC and provides a stream
14 of convectively generated PV anomalies that feed
15 into the developing storm core.
16 The rapid intensification periods (RI1 and RI2)
17 occur when particularly dramatic mergers occur
18 as convective anomalies (C2 and C3, respectively)
19 that spiral into the core as shown in Fig. 6. The
20 evolution of the RI1 and RI2 periods are rep-
21 resented in Fig. 7. It is evident by looking at the
22 integrated cloud water for both periods, that the
23 drop in surface pressure occurred as a deep con-
24 vective region merged with the eyewall. For
25 both periods the associated convection wrapped
26 around to the northwestern side of the storm
27 center as the rate of decrease in central pressure
28 reached its maximum. The northwest side of the
29 storm lies in the track of the storm, and for both
30 periods the storm exhibited a slowing of forward

31propagation as it digested the sibling convective
32region.
33Further insight into the RI periods can be
34gained by looking at storm-centered, area-aver-
35aged plots. Figure 8a shows that both RI1 and
36RI2 occur during times of enhanced low-level
37convergence and vertical motion. This is a signal
38of enhanced convection associated with the mer-
39ging of MCVs. Enhanced vertical motion should
40tend to increase the vorticity of the storm core
41through the stretching of the vortical column of
42air. The area-averaged vorticity in Fig. 8b shows
43a maximum in the low levels (�¼ 0.95–0.9). The
44most rapid vorticity increases are associated with
45the rapid intensification periods and upward vor-
46ticity transport throughout the troposphere as the
47intensification proceeds.
48Evidence for hot tower processes can be gained
49from Figs. 8c, b, and 9. During RI1 and RI2
50we observe a downward development of larger
51vertical gradients in potential temperature from
52�¼ 0.7 to 0.9. This downward development, on
53one hand, leads to a transition from unstable
54to stable stratification in the lower troposphere,
55and on the other hand helps increase local PV.
56Both the enhanced vorticity and vertical gradi-
57ent in potential temperature contribute to ele-
58vated PV at �� 0.9 (Fig. 9). This suggests that
59during the merger process strong diabatic heat-
60ing in intense convection is acting to increase the

Fig. 6. Track of the MCV that
later becomes the storm center
(C1) as well as the tracks of
the MCVs that merged with C1
during the RI periods
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Fig. 7. 13 by 13 grid point boxes (117 km
by 117 km) centered on the point of mini-
mum pressure showing potential vorticity
(PVU in colors) and integrated cloud water
(black contours in cm) for the first and sec-
ond rapid intensification periods RI1 (a–d)
and RI2 (e–h)
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1 PV below the heating maximum, which is con-
2 sistent with the hot tower theory (e.g., Hendricks
3 et al, 2004).

4 4.2 PV generation below the upper-level
5 stratiform anvil clouds

6 In addition to a vertical potential temperature
7 gradient maximum at low level, there is also
8 a maximum at upper level (�¼ 0.35) below
9 the cloud water maximum (Fig. 8c and d).

10 This increase in the vertical potential tempera-
11 ture gradient is caused by the contrast between
12 latent heating within the stratiform clouds and
13 evaporative cooling of stratiform precipita-
14 tion below. This enhanced temperature gradient

15leads to the increase of PV at upper levels
16(Fig. 9).
17The rain-water maxima occur during the three
18RI periods. Below the rain-water maxima the
19decrease in rain-water content is attributed to
20evaporation of rain drops. A correlation between
21the vertical potential temperature gradient max-
22ima and maximum rain-water evaporation can be
23seen from Fig. 8c and d. At the beginning of the
24period (hour 20), there are a maximum in the rain
25water and an associated maximum in the vertical
26potential temperature gradient. Yet there is low
27PV at this time (Fig. 9). This is because the rela-
28tive vorticity is low at the beginning of the period
29at upper levels (Fig. 8b). Overall, the simulation
30results suggest that the stratiform rainfall plays

Fig. 8. Area averaged plots of (a) divergence (s�1) and vertical velocity (dashed contours in m s�1), (b) vorticity
(s�1), (c) vertical potential temperature gradient (K m�1), and (d) cloud water (kg kg�1) and rain water (bold dashed
kg kg�1) for a 6 by 6 grid point box (51 km� 51 km) centered on the storm center for the intensification period (hours
20–57)

Simulation of formation of a near-equatorial typhoon Vamei (2001) 9



1 an important role in building up the upper-level
2 PV, serving as an additional factor to contribute
3 to the rapid intensification of the TC.

4 5. Vorticity budget analysis

5 The purpose of this analysis is to examine which
6 terms are most important in the vorticity growth

7near the core of the storm. Here we focus on the
8levels above and below the level of maximum vor-
9ticity that lies between �¼ 0.95 and 0.90 (see
10Fig. 8b). The vorticity tendency terms are area-
11averaged over a 6� 6 grid point box (54 km�
1254 km) centered on the minimum pressure (consis-
13tent with the analyses in previous sections). The
14vorticity equation (ignoring the solenoidal term)

Fig. 9. As Fig. 11 for potential
vorticity (PVU) where dashed
contours are for PVU less than
5 and bold contours are for
PVU greater than 9

Fig. 10. Vorticity (s�1) at sigma
level¼ 0.95 (filled dots with left
y-axis as scale) and vorticity
change (s�2), area averaged over
a 54 km by 54 km storm centered
box. Time on the x-axis covers
the intensification period
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1 may be written as (see Holton, 1992)

@�

@t
¼ �u

@�

@x
� v

@�

@y
� w

@�

@z
� �

�
@u

@x
þ @v

@y

�

vadv vwadv vdiv

�
�
@w

@x

@v

@z
� @w

@y

@u

@z

�
;

vtilt ð1Þ
3 where u, v, and w are zonal, meridional, and verti-
4 cal velocity, respectively and � is the absolute vor-
5 ticity. The first two terms on the right-hand side of
6 Eq (1) are horizontal vorticity advection denoted
7 as vadv, the third term vertical vorticity advection
8 denoted as vwadv, the fourth and fifth terms are
9 horizontal vorticity divergence denoted as vdiv,
10 and the last two terms are tilting=twisting repre-

11sented by vtilt. The planetary vorticity divergence
12term is about two orders of magnitude less than that
13of the relative vorticity divergence term due to
14the strong background vorticity in the region. This
15implies that the convergence of planetary vorticity
16plays a minor role in the vorticity development.
17The increase in area-averaged vorticity at
18�¼ 0.95 over the intensification period can be seen
19in Fig. 10. The largest rate of vorticity increase
20occurs at hour 29. This is related to the merging
21of C2 with C1 (RI1). A peak in vorticity change at
22hour 42 is associated with RI2 and a peak at hour
2347 is associated with RI3. Similar vorticity in-
24creases also occur at hours 24 and 35 when a mi-
25nor merger occurred, which led to enhanced hot
26tower activity near the core of the storm and thus
27a rise in vorticity. It is concluded that the merg-

Fig. 11. The terms of the vorticity equation for a 6 by 6 grid point box centered on the point of minimum pressure. The boxes
shown are for (a) �¼ 0.99, (b) �¼ 0.95, (c) �¼ 0.90, and (d) �¼ 0.85 where aavdiv is vorticity divergence, aavtilt is vorticity
tilting, aavadv is horizontal vorticity advection, and aawvadv is vertical vorticity advection

Simulation of formation of a near-equatorial typhoon Vamei (2001) 11



1 ing of MCVs near the core of the storm leads to
2 large increases in the vorticity of the storm.
3 Figure 11 shows the relative contribution of
4 vorticity tendency terms at different levels from
5 �¼ 0.99 to 0.85. At �¼ 0.99, 0.95, vdiv is the
6 largest source of vorticity during the 3 RI peri-
7 ods. This indicates that the vortex mergers cause
8 a convergence of vorticity into the core of the
9 storm. Figure 11 also shows that vadv acts to
10 reduce the vorticity and largely counteracts vdiv.
11 This is because the convergent flow is acting
12 up the mean TC vorticity gradient so that lower
13 vorticity is advected into the core of the storm.
14 The terms involving the vertical velocity (vwadv

15 and vtilt) are relatively small near the surface
16 (�¼ 0.99) because the vertical velocity vanishes
17 there, but become more important as height in-
18 creases. The tilting term has a similar magnitude
19 to vdiv. at levels �¼ 0.90 and 0.85. At �¼ 0.85
20 (Fig. 11d) vwadv acts to increase the vorticity
21 during non-RI periods after RI1. Since this level
22 is above the level of maximum vorticity, the posi-
23 tive vertical vorticity is acting down the vertical
24 gradient in vorticity and hence vorticity is ad-
25 vected upwards into the higher levels. Note that
26 this upward vorticity transport is essential for
27 the continuous development of the storm. At this
28 level vdiv. is in general largely negative, as the
29 divergent flow is more prevalent (Fig. 8a).

30A horizontal vorticity flux term may be intro-
31duced by combining vdiv. and vadv. terms together.

vflux ¼ � @

@x
ðu�Þ � @

@y
ðv�Þ: ð2Þ

33This flux form represents the ‘‘true’’ vorticity
34merging process, and its temporal evolution well
35reflects the three RI phases (Fig. 12). Similarly,
36the sum of the terms vwadv and vtilt leads to a new
37term named dvam:

dvam ¼ @

@y

�
w
@u

@z

�
� @

@x

�
w
@v

@z

�
: ð3Þ

39As seen from Fig. 12, the major vorticity genera-
40tion term is due to the horizontal vorticity merging,
41whereas the vertical term is a vorticity sink, pri-
42marily transporting the low-level cyclonic vorticity
43upward, leading to a deepening cyclonic system.

446. Conclusions and discussion

45This numerical experiment demonstrated that the
46model is able to simulate a near-equatorial typhoon
47with NCEP coarse-resolution atmospheric condi-
48tions as its initial input. The model started three
49days prior to actual TC genesis reported by
50JTWC, with no initial bogus vortex. The simu-
51lated TC reached typhoon strength (as judged
52by the surface wind field) at 1.7� N, close to the

Fig. 12. Area-averaged plots at
�¼ 0.95 of aadvam (vorticity ad-
vectionþvorticity divergence),
aavflux (voriticity tilting termþ
vertical vorticity advection) and
dvor (time rate of change of vor-
ticity) for a 6 by 6 grid point box
centered on the point of minimum
pressure as in previous figures
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1 observed genesis latitude, even though it formed
2 12 hours earlier and moved farther to the north
3 than the actual TC. The physical parameteriza-
4 tions used are similar to those in Braun and Tao
5 (2000).
6 The formation of this near-equatorial typhoon
7 involves the scale interaction between the large-
8 scale background flow and meso-scale vortices.
9 On the large scale, strong low-level northerly
10 winds associated with cold surges in the western
11 SCS were forced to turn cyclonically near the
12 equator due to the influence of the topographic
13 barriers of the islands of Borneo and Sumatra,
14 and the Malaysian peninsula. The resistance to
15 low-level flows by these geographic features aids
16 in the buildup of cyclonically moving air in the
17 SCS. This cold surge-topography interaction is
18 unique in the SCS, and it is unlikely that a near-
19 equatorial TC could occur anywhere else (Chang
20 et al, 2003).
21 On the mesoscale, the formation of MCVs
22 within the large-scale cyclonic circulation is cru-
23 cial. The strong low-level vorticity associated with
24 these MCVs developed rapidly along a clearly
25 defined convergent shear line on the eastern edge
26 of the northerly surge. High PV is generated by
27 convergence and stretching at low levels, fur-
28 ther magnified by the gradient in diabatic heating
29 within the convective towers. The advection of the
30 MCVs by the cyclonic convergent background
31 flow built up the PV within the core of the storm
32 genesis region. The merging of the MCVs led to
33 rapid pressure drops and vorticity growth.
34 Three rapid intensification periods occurred
35 during the TC genesis stage. They occurred when
36 MCVs wrapped into the storm core. These peri-
37 ods are associated with strong low-level conver-
38 gence and large upward vertical velocities. These
39 periods are also associated with elevated cloud
40 water contents in lower and middle troposphere
41 and high stratiform anvil precipitation rates in
42 the upper troposphere. The high cloud water con-
43 tents contributed to high latent heating rates that
44 maintained a strong vertical potential tempera-
45 ture gradient below the maximum heating level.
46 The increase in the vertical temperature gradient,
47 combined with increases in vorticity, helped to
48 build up the PV at low levels, with a maximum
49 near �¼ 0.9. The increase in vorticity at low
50 levels was primarily attributed to the horizontal
51 vorticity flux (the sum of the horizontal vorticity

52divergence and the horizontal vorticity advec-
53tion). Above the maximum vorticity level, verti-
54cal vorticity advection and the tilting=twisting
55term became of comparable importance, contri-
56buting the vertical transport of the vorticity.
57The ‘‘hot tower’’ hypothesis (e.g., Montgomery
58and Enagonio, 1998) provides a valuable frame-
59work for describing the formation of this mod-
60eled TC. Here we have referred to a general term,
61MCV, to describe mesoscale and vortical con-
62vective circulations (including hot towers) that
63develop during the genesis period. Consistent
64with Hendricks et al (2004), MCVs can be viewed
65as mesoscale areas of high PV in the lower tro-
66posphere below diabatic heating maximums. The
67increase in the PV is closely related to the in-
68crease of the vertical gradient in potential tem-
69perature below convective heating maximums in
70areas of intense convection. The numerical ex-
71periment showed that the high PV associated
72with MCVs could persist for several hours after
73the deep convection ceases.
74Three periods of rapid intensification (RI1,
75RI2, and RI3) were identified during the intensi-
76fication period. The RI periods occurred when a
77concentrated PV area wrapped around the circu-
78lation and merged into the core of the storm. It
79appears that because the storm is moving towards
80the northwest, a MCV is more readily absorbed
81by the core when it is located to the northwest
82side of the storm center. The low-level increases
83in vorticity during the RI periods are due to large
84horizontal fluxes of vorticity into the storm core.
85There are evidences of the merging of high PV
86associated with MCVs into the storm core. The
87merging process has a significant effect on the
88track of the storm, acting mainly to slow it down
89temporarily. The RI periods are often followed
90by a short period (1–3 hours) of no intensifica-
91tion or weakening.
92At upper levels below the widespread upper
93level stratiform rain, there is a large vertical po-
94tential temperature gradient. Periods of the wide-
95spread stratiform rain coincided with periods of
96increase in the vertical gradient in potential tem-
97perature at the level where the precipitation eva-
98porates. This illustrates the connection between
99the stratiform rain and increases in the static sta-
100bility and thus PV below described in Bister and
101Emanuel (1997). This stratiform rain mechanism
102could provide additional triggering process for
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1 the development of the vertical ‘‘hot towers’’, the
2 axisymmetrization, and the deepening of cyclo-
3 nic vorticity.
4 The maximum vorticity generation occurs be-
5 tween levels �¼ 0.95 and 0.90. A vorticity budget
6 analysis provides insight into how the storm core
7 vorticity is built up. The convergence of vorticity is
8 the largest contributor to vorticity increases in the
9 boundary layer. The outward advection of vorticity
10 tends to oppose the vorticity divergence term.
11 Vigorous convection and enhanced vertical veloc-
12 ities occur during the vortex mergers. This helps
13 enhance convergence within the core of the storm.
14 The tilting term and the vertical advection of vor-
15 ticity become important above the level of max-
16 imum vorticity, which primarily contributed to the
17 upward vorticity transport.
18 Compared to the other terms, the term invol-
19 ving the planetary vorticity is small during the
20 intensification period. This implies that the pla-
21 netary vorticity was unimportant in the genera-
22 tion of the near-equatorial TC. The planetary
23 vorticity is known to be important in determining
24 the storm intensification rate and the size of the
25 storm. When the Coriolis force is smaller, air in
26 the boundary layer can penetrate closer to the
27 storm center (DeMaria and Pickle, 1988). This
28 leads to the concentration of diabatic heating near
29 the center of the storm. Our model simulation
30 shows that a convectively driven vortex may be
31 developed at near equatorial latitudes for a short
32 period. The fact that both the observed and mod-
33 eled storm reached only category one intensity
34 suggests that a near-equatorial vortex is unable
35 to reach a strong intensity.
36 Without the aid of navy ships and TRMM

37 image, typhoon Vamei (2001) would have not
38 been detected. This suggests that we may have
39 missed some cyclogenesis events in the past.
40 Modeling studies similar to this may be capable
41 of determining where, and under what conditions,
42 these fascinating storms could form.
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