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ABSTRACT

The impact of mid- and upper-level dry air, represented by low relative humidity (RH) values, on the genesis of tropical
cyclone (TC) Durian (2001) in the South China Sea was investigated by a series of numerical experiments using the Weather
Research and Forecasting model. The mid-level RH was lowered in different regions relative to TC Durian (2001)’s genesis
location. Results suggest that the location of dry air was important to Durian (2001)’s genesis and intensification. The
rapid development of the TC was accompanied by sustained near-saturated mid- and upper-level air, whereas low humidity
decelerated its development. Water vapor budget analysis showed that moisture at mid and upper levels was mainly supplied
by the vertical convergence of moisture flux and the divergence terms, and consumed by the condensation process. The
horizontal convergence of moisture flux term supplied moisture in the air moistening process but consumed moisture in
the air drying process. With a dryer mid- and upper-level environment, convective and stratiform precipitation were both
inhibited. The upward mass fluxes and the diabatic heating rates associated with these two precipitation types were also
suppressed. Generally, convection played the dominant role, since the impact of the stratiform process on vertical mass
transportation and diabatic heating was much weaker. The vorticity budget showed that the negative vorticity convergence
term, which was closely related to the inhibited convection, caused the vorticity to decrease above the lower troposphere in
a dryer environment. The negative vorticity tendency is suggested to slow down the vertical coherence and the development
rate of TCs.
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1. Introduction

Tropical cyclones (TCs) are one of the most destructive
weather systems in the world. They usually cause tremen-
dous socioeconomic loss when moving close to coastlines or
making landfall at densely populated locations. In particu-
lar, those TCs that generate very close to coastlines should
be studied more closely, owing to the element of surprise
and lack of time to prepare for landfall or to evacuate. The
South China Sea (SCS), despite being relatively small in size,
is a major TC formation region (Kim et al., 2011). Statisti-
cal analyses show that, each year, around 6 or 7 TCs form
over the SCS (Wang et al., 2013), and they usually exhibit
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the characteristics of rapid development, modest maximum
intensity, and a short life cycle (Yi et al., 2008). Although
the TCs forming in the SCS are typically weaker than oth-
ers generating over the Northwest Pacific Ocean, they tend to
develop close to land, leading to shorter warning times and
increasing the difficulty of timely and accurate forecasts (Lau
et al., 2003). Park et al. (2015) pointed out that, once a TC
generates, it may move to the west or north and make land-
fall on the Asian continent within just three days. Thus, pre-
dicting the timing and location of TC genesis over the SCS
is extremely important, but full of challenges (Nolan, 2007,
Park et al., 2015). Understanding the physical processes and
mechanisms controlling TC genesis is one of the key objec-
tives of the study reported here.

TC genesis, usually involving multiple physical processes
with different spatial and temporal scales, has been studied

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018



1506

by scientists for several decades. Gray (1968, 1977, 1979)
proposed six parameters as the large-scale climatological
conditions favorable for TC formation: displacement away
from the equator; low-level relative vorticity; weak vertical
wind shear; sufficient ocean thermal energy with sea sur-
face temperatures greater than 26°C; a deep layer of condi-
tional instability; and high relative humidity (RH) in the mid-
troposphere. Among them, environmental humidity plays in-
dispensable roles. Gray (1977) suggested that, when mid-
level RH over the ocean is less than 60%, cumulus con-
vection does not typically occur; and when RH is less than
40%, cyclonic development is not possible. Emanuel et al.
(2004) found that increased (reduced) mid-tropospheric RH
can enhance (suppress) the intensity of storms in sheared
environments. The increase of RH in the mid-troposphere
can suppress the evaporation of rain (Rotunno and Emanuel,
1987; Emanuel, 1989), further increase the sea surface fluxes,
and overcome the negative effect of downdrafts (Bister and
Emanuel, 1997), which are beneficial to TC genesis. Ob-
servational analyses show that developing tropical distur-
bances exhibit higher humidity in the mid-troposphere than
non-developing ones (Komaromi, 2013; Zawislak and Zipser,
2014). Raymond et al. (1998), based on observations from
the Tropical Experiment in Mexico also found that an in-
crease in mid-level RH appears to suppress the develop-
ment of convective downdrafts, eventually leading to low-
level convergence. Bister (2001) revealed that a mid-level
mesoscale vortex will intensify when the RH in the mid-
troposphere reaches a value of 90%. When the RH in the
core exceeds 80% over most of the depth of the troposphere,
a mid-level mesoscale convective vortex (MCV) forms, and
the intensified MCV causes a more efficient conversion rate
from latent heat to kinetic energy in the cyclonic circulation
(Nolan, 2007).

On the other hand, dry-air intrusion has been investigated
as a potential factor inhibiting TC formation. Many previ-
ous studies have examined the suppression of Atlantic hurri-
cane formation and intensification by the intrusion of a Sa-
haran air layer, which is an elevated mixed layer of warm
and dry air (Dunion and Velden, 2004; Wu, 2007; Braun et
al., 2010; Braun et al., 2012). Emanuel et al. (2008) pointed
out that greater sub-saturation of the mid-levels would lead
to a longer incubation period for TC formation, as convec-
tive episodes moisten the mid-troposphere. Davis and Ahi-
jevych (2012) and Fritz and Wang (2013) found that dry-air
intrusion to the lower-to-middle tropospheric wave pouch in
a TC suppresseddeep convection and redevelopment of the
TC. Yoshida et al. (2017) conducted a sensitivity experiment
and found that, despite the existence of mid- and low-level
vortices, the disturbance did not develop into a TC, because
of low water vapor content. When the water vapor content
was increased, continuous convection supported persistent
upright vortices. Ge et al. (2013) further pointed out that the
position of dry air relative to vertical shear determines the
impact on TC development. Besides, the latent heating as-
sociated with water vapor condensation is a major source of
potential energy, which can further convert to kinetic energy
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in the tangential wind of the initial TC vortex (Wang et al.,
2016a).

During TC formation, convective and stratiform cloud
usually develop and exhibit different vertical motions, dy-
namical and thermodynamic structures, which play impor-
tant roles in building or maintaining secondary circulations
(Fritz et al., 2016). The low-level inflow of the transverse cir-
culation that spins up the near-surface circulation is usually
associated with convection, while the mid- to upper-level in-
flow and the cyclonic circulation are associated with the strat-
iform process (Wang et al., 2010; Wang, 2012). Also, sev-
eral studies have emphasized the moistening by convective
episodes in the low-to-mid-level environment (Montgomery
et al., 2006; Nolan, 2007; Emanuel et al., 2008) or suppres-
sion of deep convection by saturation deficit (Rappin et al.,
2010; Fritz and Wang, 2013) during TC formation, but the
stratiform process has been paid less attention.

The purpose of this study is to explore the genesis process
of TC Durian (2001) in the monsoon trough of the SCS under
conditions of different mid- or upper-level RH. Two questions
are to be answered in this study: Will a TC form with differ-
ent initial low RH (dry air) regimes in specific storm-relative
locations? And how will the convective and stratiform pre-
cipitation respond to dry air, and impact TC formation and
further intensification? Following this introduction, section 2
presents a brief introduction of TC Durian (2001), including
its genesis process. The model configuration and design of
the sensitivity experiments are described in section 3, and the
results of the experiments are presented in section 4. Section
5 describes the respective characteristics of convective and
stratiform cloud in environments with different moisture, and
their contributions to the development of the TC. A summary
and conclusions are provided in the final section.

2. TC Durian (2001) and its formation process

TC Durian (2001) initially formed as a tropical depres-
sion at 0600 UTC 29 June 2001 in the monsoon trough over
the SCS. It then moved northwestwards and gradually inten-
sified into a typhoon within 54 hours before its landfall at
Guangdong, China, causing considerable damage to South
China with heavy rainfall and strong winds (Zhang et al.,
2008). Durian’s genesis location was rather close to the coast-
line, and made landfall within three days after its formation.

The origin of Durian (2001) was closely related to the
monsoon trough. At 1800 UTC 28 June 2001 (Fig. 1a), the
monsoon trough dominated the low-level circulation, and
weak positive relative vorticity located at its southern portion.
Then, an elongated vortex gradually formed at the southern
end of the monsoon trough in the following six hours (Fig.
1b). From 0600 UTC 29 June, the elongated vortex developed
into a relatively axisymmetric vortex, with more independent
circulation from the monsoon trough and stronger positive
relative vorticity (Figs. 1c and d). Based on geostationary
meteorological satellite cloud imagery, Zhang et al. (2008)
and Wang et al. (2016b) pointed out that the incipient cloud
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Fig. 1. The 850-hPa horizontal streamlines and relative vorticity (color-shaded; units: 1075 s71) obtained from
the FNL 1° x 1° analysis during the formation of TC Durian (2001), six-hourly, from 1800 UTC 28 June 2001

to 1200 UTC 29 June.

system of Durian could be tracked back to a cloud cluster iso-
lated from pre-existing mature mesoscale convective systems
(MCSs).

3. Model configuration and experimental de-
sign

The formation process of Durian (2001) in the SCS was
successfully simulated by the Weather Research and Fore-
casting (WRF) model using four nested domains, with the
highest resolution being 1.2 km (Wang et al., 2016b). Only
the outermost domains, with horizontal resolutions of 54, 18
and 6 km [mesh grids of 112 x 145, 235 %223 and 373 x 289
km (Wang et al., 2016b, Fig. 1a)] were used in this study
as the control (CTL) experiment, because the 1.2-km reso-
lution domain was not big enough. The outer two domains,
with horizontal resolutions of 54 and 18 km, were two-way-
interactive-nested. The innermost domain, with a horizon-

tal resolution of 6 km, was one-way nested in the 18-km-
resolution domain, which meant that the third domain and
second domain ran separately. The Goddard microphysics
scheme (Tao et al., 1989) and Yonsei University boundary
layer scheme (Hong et al., 2006) were used in each domain,
while the Kain—Fritsch cumulus parameterization scheme
(Kain, 2004) was only used in the outermost two domains.
The model integrated from 0000 UTC 28 June to 1200 UTC
01 July 2001 (84 hours) without a bogus vortex, driven by
National Centers for Environmental Prediction (NCEP) re-
analysis data on 2.5° X 2.5° grids. The integration covered
almost the whole lifetime of Durian before its landfall. Af-
ter about 30 hours’ integration, the initial vortex of Durian
(2001) generated. The third domain started integration 12
hours after the initial time, for the purpose of saving com-
puting resources and allowing the environment to develop in
the outer domains before looking at the highest-resolution do-
main.

In order to investigate the impact of dry-air intrusion on
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TC genesis, a series of sensitivity experiments were con-
ducted, by modifying the initial (at 0000 UTC 28 June 2001)
value of RH in the outermost two domains in the mid- and
upper troposphere (Table 1). Figure 2 shows the RH distri-
butions at the initial time in all experiments. When we con-
ducted the high-resolution numerical simulation of the CTL
experiment (Wang et al., 2016b), high RH greater than 90% at
about (10°N, 116°E) in the initial condition (Fig. 2a) was one
of the major determinant factors in successfully reproducing
Durian’s genesis timing and location. Thus, the location of
the high RH area was denoted as the key area hereafter. In
RH-M, the initial mid-level (750-450 hPa) RH was reduced
(Fig. 2b). Additionally, the other four experiments were con-
ducted to investigate the impacts of dry air from the upper
level (RH-H; 450-150 hPa; Fig. 2¢) of the key area, and from
surrounding mid-level areas: in the upstream southwest flow
of the monsoon trough (RH-SW), in the upstream west flow
of the monsoon trough (RH-W), and to the east of the mon-
soon trough (RH-E), respectively (Figs. 2d—f and Table 1).
The RH modification was based on the original distribu-
tion of RH in order to avoid boundary problems. Firstly, we
select an elliptical area denoted by
[PF1|+|PF2| =L, (1)
where PF1 and PF2 are the distances between the points on
the edge of the ellipse and the two focal points of the ellipse,
respectively. In RH-SW, RH-W and RH-E, the focal points
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Table 1. Initial RH in the sensitivity experiments.

Experiment

name Description

RH-M Modified RH value in the central SCS to less than
10% between 750-450 hPa

RH-H Modified RH value in the central SCS to less than
10% between 450-150 hPa

RH-SW Modified RH values in the southwesterly flow of the
key area, with RH less than 10% in the center and
gradually increased with increasing distance to the
center between 750-450 hPa

RH-W Similar to RH-SW but the dry air region is in the
westerly flow

RH-E Similar to RH-W but the dry air region is in the east

of the key area

of the ellipse area are [(6°N, 110°E), (6°N, 104°E)], [(15°N,
108°E), (15°N, 102°E)] and [(15°N, 125°E), (8°N, 130°E)],
respectively, which are on the three major water vapor trans-
portation pathways to the key area: the southwesterly wind,
the westerly wind, and the southeasterly wind. L is a con-
stant (1800 km) in RH-SW, RH-W and RH-E. The RH values

within the ellipse are modified as
RHpew = RH[(D - D12)/(L-Di2)], (2)

where D is the sum of distances from each grid point in do-
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Fig. 2. The 500-hPa RH (color-shaded; units: %) in (a) CTL (NCEP), (b) RH-M, (d) RH-SW, (¢) RH-W and (f) RH-S,
and (c) the 400-hPa RH in RH-H at 0000 UTC 28 June 2001. Contours: 500-hPa geopotential height (units: gpm). The

triangle denotes Durian’s genesis location.



DECEMBER 2018

main 1 or 2 to the two focal points, and D13 is the distance
between the two focal points. In RH-M and RH-H, L is var-
ied, which is three times Di;. In order to clarify the effects
of mid- and upper-level humidity in the key area on TC gen-
esis and make the results of the sensitivity experiments more
distinct, the RH values within the ellipse in RH-M and RH-H
experiments were modified as

RH _ {O, D12<D<2D12
new = RH[(D—-2Di5)/(L—-2D13)], 2Dip<D<L ’
3
in which the focal points of RH-M and RH-H were both lo-
cated at [(10°N, 115°E), (10°N, 120°E)]. All the sensitivity
experiments were conducted using the same model and con-
figuration as the CTL experiment, except the initial RH. As
reported in the following sections, Durian (2001)’s genesis
process was evaluated by using the simulation data of the
third domain (6-km grid spacing) in the aforementioned six
numerical experiments from 1200 UTC 28 June to 1200 UTC
1 July 2001, identified as ¢ = 12 to 84 hours hereafter.

4. Results

4.1. Vortex formations in the CTL and sensitivity experi-

ments

The CTL experiment reproduced the large-scale circula-
tion background well (Fig. 3), including the position and in-
tensity of the subtropical high and the trough in the west-
erly wind in the north, albeit the simulated subtropical high
was a little stronger than observed. The simulation also pre-
sented the upper-level westerly and easterly jets, as well as
three low-level jets around the monsoon trough: the westerly
wind across over the Indo-China Peninsula, the southwesterly
wind over the SCS, and the southeasterly wind at the southern
edge of the subtropical high. The simulated Durian formed at
about ¢ = 32 h (0800 UTC 29 June 2001), about two hours
later than observed, when a low-pressure center and a closed
cyclonic circulation both appeared near the surface [Wang et
al. (2016b, Figs. 1b—d and Fig. 2)].

Compared with the observed six-hourly track and inten-
sity, CTL basically reproduced Durian (2001)’s moving track
and development successfully (Fig. 4). Figure 4b presents the
hourly evolution of minimum sea level pressure (MSLP) in
the CTL and five sensitivity experiments. The MSLP in CTL
remained nearly constant for about 20 hours and then started
to decrease, corresponding with the genesis time of the near-
surface vortex. Of interest were the MSLPs in the three sen-
sitivity experiments: RH-SW, RH-W and RH-E. The forma-
tion times of TC vortices were similar to that in CTL, in-
dicating that the initial surrounding dry air outside the key
area had little impact on the genesis time. However, after
about = 48 h, the TC vortex in RH-W showed a lower inten-
sification rate, while those in RH-SW and RH-E intensified
faster than that in CTL. The initial mid-level dry air in the
key area (RH-M) delayed the genesis of the TC vortex for 34
hours, which was not surprising. Rappin et al. (2010) pointed
out that the mid-level saturation deficit appears to cause mid-
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level convective downdraughts and lead to a longer incuba-
tion period for convection to moisten the middle troposphere,
further postponing TC formation. The TC vortex eventually
generated at = 66 h in RH-M, which was very weak and de-
veloped rather slowly. Due to the impact of upper-level dry
air (RH-H), the TC vortex did not form until r = 52 h, about
20 hours later than that in CTL, but developed faster than RH-
M. The above results show that different distributions of the
initial RH fields exerted different impacts on the TC genesis
or subsequent development. The evolution of RH fields in the
six experiments will be discussed in the next section.

4.2. Characteristics of RH distributions

Time-height cross sections of the RH field averaged in
a 200-km-radius domain moving with the vortex circulation
center are presented in Fig. 5. The mid-level vortex centers
before TC formation and the TC centers after formation were
selected as the circulation centers. Since the 200-km-radius
area moved out of the third domain after r = 64 h, only the
evolutions from 7 = 12 to 64 are presented. Figure 5 shows
that the RH below z = 7 km in CTL exceeded 85% in the
initial 36 hours, and then the RH between z = 3 and 9 km de-
creased slightly (Fig. 5a). The horizontal RH distribution at
z=5km in CTL (Fig. 6al) showed that an elongated mid-
level vortex emerged within the high RH region (>80%) at
t =20 h. With the expansion of the high RH region, the vortex
became more axisymmetric at = 36 h (not shown). However,
possibly influenced by the establishment of the TC eye area
and the dry air from the northeast at around ¢ = 42 to 54 h, the
RH near the circulation center and in the northeast phase of
the vortex decreased (Figs. 6a2 and a3), corresponding to the
RH reduction in Fig. 5a.

The RH above z = 3 km in RH-M and RH-H were sig-
nificantly low in the first six hours (Figs. 5b and c), because
of the reduction in mid- and upper-level RH in their initial
conditions. However, the RH at z =4 to 8 km in RH-H recov-
ered to 85% more rapidly than that in RH-M. The mid-level
dry air in the key area in RH-M stretched, while the moist
westerly flow continued to humidify the west periphery of
the dry-air belt (Figs. 6b1-b3). Eventually, a mid-level vor-
tex formed in the high RH region at # = 48 h. Unlike the dry
belt in RH-M, the mid-level high RH regions were sporadic
at the beginning and then enhanced by the moist westerly and
southeasterly flow (Figs. 6¢1 and c2). The mid-level vortex
did not form until # = 48 h in RH-H.

The RH constantly remained above 85% below z = 7 km
in RH-SW and RH-E (Figs. 5d and f). The initial dry air to
the southwest and to the east of the key area generally stayed
away from the vortices rather than intruding into the inner
cores (Figs. 6d1-d3 and 6f1-f3). Besides, the RH in RH-SW
and RH-E distributed more symmetrically around the vor-
tex centers than that in CTL. Backward trajectory analysis of
mid-level parcels in the 200-km-radius area at # = 60 h in RH-
SW was conducted using the Air Resources Laboratory’s Hy-
brid Single-Particle Lagrangian Integrated Trajectory model
(Stein et al., 2015; Rolph et al., 2017). Results showed that
the potential moisture source region excluded the moisture



1510

40N

30N

20N

10N

40N

30N

20N

10N

40N

30N

20N

10N

40N

30N

20N

10N

=3
{

R

R

P

IMPACT OF DRY AIR ON TROPICAL CYCLONE GENESIS AND INTENSIFICATION

ey

>
“ N
X PALA

18

90E 100E 110E 120E 130E 140E 90E 100E 110E 120E 130E 140E

40N

30N

20N

10N

40N

30N

20N

10N

40N

30N

20N

10N

40N

30N

20N

10N

Fig. 3. The 500-hPa geopotential height (contours; units: gpm), 850-hPa wind field (red vectors; >10 m s~!;
units: m s~!) and 250-hPa wind field (blue wind barbs; >20 m s~1; units: m s~!) from (a, c, e, g) NCEP analysis
data on a 2.5° x2.5° grid, and (b, d, f, h) numerical simulation data with grid spacing of 54 km (domain 1) at
(a,b)t=18h,(c,d)t=24h,(e,f)t=48 hand (g, h) r=72 h.

VOLUME 35



DECEMBER 2018 WANG ET AL. 1511
22N ' ' ' ! LA L S e s s s s s e m e m
—e—O0bs % B i
12201 ——CTL = 1
20N - 12201 | g 1000 ]
17 C .
L I i
& 99 -
18N = g E
s 980 =
087229 ) 1
16N 06229 @ 1
| - § 970 -
(a) E 1
= ]
14N L e L B E— S ggo Lt 111y

108E 110E 112E 114E 116E 118E 1218 24 30 36 42 48 54 60 66 72 78 84

Time (h)

Fig. 4. (a) Storm tracks from observation (six-hourly) and CTL (hourly). (b) Temporal evolution of MSLP in
the six experiments (lines) and observation (black dots). The vortex center in RH-E, RH-W and RH-SW moved

out of the domain in the late stage of the simulation.

15.0 15.0
12.0 12.0
€ 90 9.0
<
S 60 6.0
T
3.0 3.0
12 18 24 30 36 42 48 54 60 12 18 24 30 36 42 48 54 60 12 18 24 30 36 42 48 54 60
Time (h) Time (h) Time (h)
15.0 15.0
12.0 12.0
€ 90 9.0
<
S 60 6.0
T
3.0 3.0

12 18 24 30 36 42 48 54 60
Time (h)

12 18 24 30 36 42 48 54 60
Time (h)

12 18 24 30 36 42 48 54 60
Time (h)

30 35 40 45 50 55 60 65 70 75 80 85 90

Fig. 5. Time-height cross sections of RH averaged within a radius of 200 km from the circulation center from
t = 12-64 h in the six experiments. The vertical line denotes the formation time of the TC vortex, and the horizon-

tal dashed line denotes 0°C altitude.

above the 800-hPa level (Fig. 7a), suggesting that the initial
mid-level dry air in the southwest of the key area made lit-
tle impact. Similar to RH-SW and RH-E, the dry air to the
west of the key area (RH-W) also stayed away from the in-
ner core (Figs. 6el—e3). Although the dry air was still unable
to intrude into the inner vortex, the high RH region in the

southwest periphery was reduced by eastward dry flow and
southward moist flow (Figs. 6el and e2). Then, the RH in
RH-W from z = 4 to 9 km significantly reduced after t =48 h
(Fig. 5e). Even so, a weak TC still developed. An analogous
phenomenon was found by Braun et al. (2012): if dry air is
only partially entrained and does not reach the center, devel-
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opment may still occur, albeit the intensification rate may be
reduced. Backward trajectory analysis in RH-W showed that
there were a few trajectories that originated from the Indo-
China Peninsula between 700 and 450 hPa (Fig. 7b), indi-
cating that the initial mid-level dry air in RH-W might have
influenced a fraction of the northeast phase of TC circula-
tion at # = 60 h. Dunkerton et al. (2009) suggested that the
kinematic—dynamic barrier or pouch containing the incipient
TC provide a laterally permeable barrier to prevent the dry
air from intruding into the TC inner core. In this study, we
speculate that the dynamics and kinematics of the initial dis-
turbance and the incipient TC might change due to the mod-
ification of RH, resulting in stronger pouches in RH-SW and
RH-E, in which high RH sustained, and vulnerable pouches
in RH-W and CTL. Freismuth et al. (2016) found that a com-
promised pouch may allow intrusion of dry air and hinder TC
intensification. Besides, since the pattern of southwest/west
flow encountering east flow (the left column of Fig. 6) still ex-
isted over the SCS and a low-level vortex eventually formed
in every experiment, one can infer that the modification of
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RH did not eliminate the typical structure of the monsoon
trough, which was critical for TC formation. Thus, the differ-
ent results among experiments were mainly associated with
the moisture changes.

4.3. Water vapor budget analysis

The foregoing analysis implies that the distribution and
variation of the RH field could impact TC formation and its
subsequent intensification. Of interest was that, although dry
air existed outside the key area in the initial conditions, the
TCs in RH-SW and RW-E still intensified faster than that in
CTL. This phenomenon could have been due to the decrease
inRH at z =5 to 9 km after =42 h in CTL but sustained near-
saturated inner-core environments in RH-SW and RW-E. Dif-
ferent from RH-SW and RH-E, the vortex in RH-W, with the
initial dry air to the west of the key area, eventually devel-
oped more slowly, caused by the RH reduction after TC for-
mation as well. The other two sensitivity experiments showed
that initial mid-level (RH-M) or upper-level (RH-H) dry air
in the key area could significantly slow down the formation
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of the TC vortex, especially in RH-M. Although it took sev-
eral hours for the mid-level humidity to recover, a mid-level
vortex and TC eventually formed in the high-humidity area in
RH-M and RH-H. In summary, the mid-level humidity may
not only affect the occurrence of the mid-level vortex and TC
vortex during TC formation (Nolan, 2007), but also influence
further development of the TC after its formation. In this sec-
tion, water vapor budgets were examined to further investi-
gate how the recovery of mid-level water vapor in RH-M and
RH-H occurred, and how the mid-level moisture preserved
after TC formation in RH-SW and RH-E, but decreased in
CTL and RH-W.

Water vapor budget analysis has been used in previous
studies (Fritz and Wang, 2013, 2014). The water budget
equation in cylindrical coordinates is as follows, according
to Fritz and Wang (2014):

dqy _ _l [8(761v”)

B(CIVV):| _ d(gyw) "

ot r or oA 0z
19(ru) 10v ow
- ——+—|-NC+B,+R 4
V[r or +r(9/l+(9z] C+Bv+R, &

where ¢y is the water vapor mixing ratio; u and v are the
storm-relative radial and tangential winds; w is the vertical
velocity; r is the radius with respect to the circulation center;
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the term on the left-hand side of Eq. (4) is the water vapor
tendency (WVT); the first two terms on the right-hand side
(RHS) are the horizontal flux convergence (HFC) term, and
the vertical flux convergence (VFC) term, respectively; the
third term on the RHS is the divergence (DIV) term; NC is the
net condensation; and By represents the contributions from
the planetary boundary layer parameterization to the water
vapor budget. Except terms HFC and VFC, terms WVT, NC
and By are directly output from the model. R represents the
residual term, including the numerical modeling and calcula-
tion errors, the effects of turbulent mixing and diffusion.
Figure 8 shows the time series of the water vapor budget
terms after vertically mass integrating from z = 3 to 9 km,
and area averaging in a 200-km-radius domain moving with
the vortex circulation center during the period 7 = 12 to 60
h. Although Fig. 8 shows that the WVT had strong fluctu-
ations, the water vapor gains before ¢ = 30 h were obvious
in RH-M and RH-H (Figs. 8b and c), corresponding with the
significantly increasing RH in Figs. 5b and c. Terms HFC,
VEC, DIV and NC were the dominant terms, while B, made
little contribution. In the first 10 hours in RH-M and RH-H,
the moistening was mainly contributed by VFC and DIV, off-
set by HFC and NC. Then, HFC generally became positive
or weakly negative. Such variation was consistent with the
results in Fritz and Wang (2014), in which the radial mois-
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ture flux above 850 hPa increased significantly after genesis,
probably caused by the deeper inflow layer associated with
the establishment of the secondary circulation during TC gen-
esis. Meanwhile, the VFC and NC terms slightly increased
as TC formation approached.

Consistent with the foregoing analyses, obvious mid- and
upper-level drying at z = 3 to 9 km occurred during ¢ = 42 to
50 hin CTL and during r =45 to 58 h in RH-W (Figs. 8a and
e). Terms VFC and DIV were still the major sources, while
NC was the major sink of water vapor. HFC was also a weak
water vapor source before the drying happened. During the
periods of air drying in these two experiments, HFC became
negative while VFC and DIV exhibited slight reductions. The
negative effect of HFC, together with the water vapor loss
associated with the NC term, could not be compensated by
VEC and DIV, leading to air drying. Fritz and Wang (2014)
suggested that the vertically integrated inward moisture flux
(HFC) accounts for a majority of the total condensation in
the air column, whereas our study suggested that the verti-
cal moisture flux (VFC) and DIV, instead of the HFC, were
the major contributors to mid-level humidity. In RH-SW and
RH-E (Figs. 8d and f), although the WVTs still oscillated
around 0.0 intermittently, positive tendencies were obvious,
to which HFC made a positive or very weak negative contri-
bution. Besides, the VFC and NC terms showed distinct in-
creasing trends, indicating continuous vertical transportation
of water vapor and cloud development during TC genesis and
sequential intensification.

In summary, the VFC term and DIV term were the two
major sources of moisture at z = 3-9 km, while the NC was
the major sink in all experiments. Of interest was the HFC
term, which basically made a positive contribution or weak
negative contribution in mid-level air moistening processes.
In air drying processes, it made an obvious negative con-
tribution. Generally, a deep-depth of moisture in the tropo-
sphere is necessary for TC formation. A near-saturated envi-
ronment is favorable for the development of deep convection
and TC spin-up. Wang et al. (2010) and Wang (2012) sug-
gested that the development of the secondary circulation dur-
ing TC genesis is determined by both convective and strati-
form processes. Thus, the different TC intensification rates in
different experiments will be interpreted from the perspective
of convective and stratiform processes. Their responses to
moisture change and their contributions to TC intensification
will be discussed in the following section.

S. Stratiform versus convective precipitation

5.1. Partitioning of stratiform and convective precipita-

tion

The partitioning of precipitation/cloud into convective
and stratiform type follows the methods used in Tao et al.
(1993), Braun et al. (2010) and Wang et al. (2010). First,
model grid points with surface rainfall rates greater than 25
mm h~! were classified as convective. Second, if the surface
rainfall rate of a grid point was twice as large as the aver-
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age of its nearest four neighbors, the grid point, as well as its
nearest four grids, were also categorized as convective. Con-
vective columns, in which significant precipitation has not yet
reached the surface, but with maximum vertical upward mo-
tions greater than 5 m s~! or cloud liquid water contents be-
low the melting level larger than 0.5 g kg~!, were also treated
as convective. Precipitation in all remaining grids was con-
sidered to be stratiform.

The partitioning results showed that convective precipi-
tation accounted for about 20%—-50% of the area in the 100-
km-radius circular domain moving with the circulation center
(Fig. 9), distributed in both the TC circulation and the MCSs
with higher rain rates (not shown). Stratiform precipitation,
with a lower rain rate, covered a maximum of 80% of the area
in CTL, RH-SW, RH-W and RH-E, and was above 60% in
the other two experiments. Figure 9 also shows that the areal
fraction of convection fluctuated and generally had a clear
increasing trend during TC formation, as well as the follow-
ing intensification, except that in RH-H. The relatively high
fraction of convection in RH-H before # = 32 h (Fig. 9¢c) was
probably owing to the convection in the mature MCSs before
TC genesis. The fraction of stratiform precipitation remained
constant or exhibited a slight decreasing trend in CTL, RH-
SW, RH-W and RH-E (Figs. 9a, d, e and f), while those in
RH-M and RH-H showed slight increasing trends (Figs. 9b
and c) as the air column approached moist-saturation. It can
also be seen that both convective and stratiform precipitation
were inhibited by a drier environment. The valleys of areal
fraction values in CTL (at =~ 48 h), RH-W (¢ =~ 48-54 h),
RH-M (before t =~ 24 h) and RH-H (before r =~ 24 h and at
t =~ 36 h) corresponded well to the lower RH periods in Fig.
5.

5.2. Roles of convective and stratiform precipitation in TC
development

Figure 10 presents the vertical mass flux and the dia-
batic heating rate associated with the convective and strati-
form precipitation. The diabatic heating rate was calculated
by the residual of the potential temperature field () in space
and time (Hendricks et al., 2004); that is, 8 = 90/9t +v - V6,
where v is the three-dimensional velocity vector. Figure 10
shows that the convective cloud generally produced upward
mass flux through the whole troposphere, while the strati-
form cloud produced downward mass flux below 6 km and
upward mass flux above that altitude. The diabatic heating
usually corresponded to upward mass flux, while cooling cor-
responded to downward mass flux. Coincident with the mid-
to-upper-layer dry-air intrusion in CTL during # = 42 to 50 h,
and in RH-W during ¢t = 45 to 58 h, the mass flux associated
with convection above 4 km became weaker (Figs. 10a and
e), due to the inhibitory effect of dry air on deep convection.
Consequently, the diabatic heating rate was reduced remark-
ably. In the following air moistening, the mass flux associ-
ated with convection rapidly recovered again. The initial dry-
air patches in RH-M and RH-H also significantly suppressed
the upward mass flux during the first 10 hours (Figs. 10b
and c). Although the air was gradually moistened thereafter,
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vortex.

the intensity of mass flux in these two experiments was still
weaker compared with that in CTL. Besides, the weaker con-
vection near the surface layers in RH-M and RH-H was as-
sociated with relatively shallow near-saturated air there com-
pared with CTL (Figs. Sa—). The constantly upward mass
flux in RH-SW and RH-E was not only stronger than others,
but also expanded to a deeper layer.

The response of the stratiform process to air drying was
more obvious. The upward mass flux and diabatic heating
rate between 6—12 km were largely reduced and even be-
came downward mass flux and diabatic cooling after 1 =~ 42
h in CTL and after t =~ 48 h in RH-W (Figs. 10g and k).
Meanwhile, the cooling and downward mass flux below 6
km became weaker, owing to less condensate melting and
evaporation. Similarly, the initial dryer environment in RH-
M and RH-H suppressed the stratiform process, by convert-
ing upper-layer upward mass flux to downward and reduc-
ing the intensity of lower-layer downward mass flux. Previ-
ous studies (James and Markowski, 2010; Smith and Mont-
gomery, 2012; Kilroy and Smith, 2013) have suggested that
dry air is detrimental to moist convection by mainly inhibit-
ing the intensity of updrafts and upward mass flux. In this
work, the suggestion is that the mid- and upper-layer dry air
is detrimental to both the convective and stratiform process,
by mainly inhibiting their upward mass flux above the lower
troposphere. In turn, weak mid-level upward mass flux in-

duced weak horizontal convergence and vertical transporta-
tion, which made very weak and slow air moistening (Fig.
8). The dry air also suppressed the intensity of the strati-
form process by reducing downdrafts at lower-tropospheric
layers. Even so, because the magnitudes of mass flux and
diabatic heating rate associated with stratiform precipitation
were much smaller than those associated with convection, the
downward mass flux or cooling above 6 km associated with
stratiform cloud were generally offset by upward mass flux
and heating associated with convection. Thus, convection
still played a dominant role in upward mass transportation
and heating, which are essential to the development of sec-
ondary circulation during TC formation and intensification.

5.3. Vorticity budget analysis

Since the vortex spin-up during TC genesis and intensifi-
cation is closely related to vorticity amplification, the vortic-
ity budget was diagnosed to further understand the different
intensification rates in the six experiments. The vorticity bud-
get equation in the expression of temporal change of the cir-
culation C in Davis and Galarneau (2009) is adopted in this

paper:

oc =—9§nv-ﬁd1+56w ix 2V -ﬁdl+9§(l€x1~")-ﬁdl, 5)
ot ap

Convergence Tilting Friction



DECEMBER 2018 WANG ET AL. 1517

15.0
E‘ 12.0
= 9.0
S 6.0
£ 3.0
12 18 24 30 36 42 48 54 60 12 18 24 30 36 42 48 54 60 12 18 24 30 36 42 48 54 60
15.0
;E‘ 12.0
= 9.0
S 6.0
£ 30
12 18 24 30 36 42 48 54 60 12 18 24 30 36 42 48 54 60 12 18 24 30 36 42 48 54 60
Time (h) Time (h)
[ | I ]
-12 -9 -6 12
150 ,' |CT|L l| I:‘,‘ 1 - ‘I,’ |A v,\l\ \'Ll I,' 'Il'_'l : I'/
f { i l“,\,/ VAN RN {,’ T v
=120 395710 e W Cana (G
L/ \/ W o ot L "
i< AN A PN AR 1 VRN N A
k=) 6.0 4 !/‘::-\ r/\-,()\o\\l,/“o KAY) \d i Ve ) I {’:- VN O \Q;:\r\,l IVO,\V/\\/ \\“100 AN
:‘[]:) 30 1 {lL \,'1"1 ',‘1 I\,/\l ,ﬂ\"rlr_;/\‘\/‘.'\”/:/\“\ }lv ',«\ \,,*:'é ,lu‘ " ] t/’?/\}o!i I,",\\ ‘/:\l‘} \E\“\‘/\‘(/—vl;\‘_
7 RV E SRS U] SR A I

12 18 24 30 36 42 48 54 60 1

15 0 | I E— 1 1 1 1 1 —L 1 1 1 1 1 1 1 Y B— 1 1 1 1
o Teresw b A 8 FHRRHW A ORHEY {1 0i¥isn (10 A
- I - | -Eu o e [ [
4 J . i v [ ] i .y ol g s =3 ,‘_
. ! | o v ~ 1 O V. © \/ I - e
E | U WY | ¢ NS I da 1S \‘[,’\~ > Y \,\ y/ i :,' i
i ; | N - i (> N vy
~— - q b= = A
9.0 111 AN foA ) Wyl i VAL B fad A
E “IIA" A H \ ’o‘ .00 ol < \‘\ l’l :“H' =3 M 2N 7\
Viy, =) e \ [N N 12N TNV o AN [x) A\
= 60 -'“"’/\/ "QQ-/\\\C\ 00 "\\\ 1,6‘\‘/’ /\‘\'f'\’}-"\":\l c\?’::\l;\/‘ /S "\ " /:‘;: 4 --|' \\“"\Ila\‘,/ OAIA A /\/‘\\’//:I/\\ AO,Q i\/\l\,e. ”\17‘\ y
[0} :“V\I|,~,“\u N VALY AAVAPYAY AN SNV A T RTVAVR, A R AN VAV AN A R A
I Vv AV LAY 7~ VN AN AR 1FAg i ~1Y I AN A DALY A
T 3.0 RN Oy Gl gy PRI IR Y
WA A PR A \ L o~ L A¥A \ Ji< \ A,
"A\L\’ DIPR I aNAVN AN\ NN/ :,,/'\J WIS )’Lﬁ\\-—\v/s,s,/ ‘ll.\w NANN NI
T T T T T T T T T T T T T T T T T T T T T T

12 18 24 30 36 42 48 54 60 12 18 24 30 36 42 48 54 60 12 18 24 30 36 42 48 54 60

Time (h)

Time (h) Time (h)

[ I I ] I I
-16 12 -08 -04 -02 02 04 08 12 16

Fig. 10. Time—height cross sections of mass flux (contours; units: kg m~2 s~!) and diabatic heating rate (color-shaded;
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RH-W; (f, 1) RH-E.

where 7 is the absolute vertical vorticity, V is the storm-
relative horizontal wind vector, w is the vertical velocity on
isobaric coordinates, k is the unit vector in the vertical di-
rection, and F is the friction vector. Equation (5) contains
closed line integrals evaluated around a square box; thus, #
is the unit vector normal to the edges of the box and d! is
the differential along the perimeter of the box. The contribu-
tion to the local change in circulation is separated into three
terms on the RHS of Eq. (5): the convergence of the horizon-
tal advective flux of vertical vorticity, the tilting term, and the
friction term, respectively. The friction term, which includes
numerical dissipation and boundary layer effects, is neglected
here. The terms in Eq. (5) are divided by the boxed area in the
following analysis.

Figure 11 shows the vertical profiles of vorticity tendency,
the convergence term, and the tilting term area, temporally
averaged in a 400 X 400 km box in three periods of the six
experiments: ¢ = 12-24 h, t =27-39 h, and ¢ = 42-54 h. The
results were computed based on 10-min model output data. It
can be seen that, generally, the convergence of vorticity flux
was the major source of low-to-middle-level vorticity ampli-
fication, while the convergence term above mid-levels made
a negative contribution. The tilting term in the lower lev-
els had a small negative effect on vorticity tendency, while
that at mid- and upper-levels became the major source. In
CTL, cyclonic vorticity grew in the low-to-mid troposphere
before # = 39 h (Figs. 11al and a2), which was analogous to
those in RH-SW and RH-E in terms of magnitude and ver-
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tical structure. The lower-tropospheric vorticity in RH-W
first underwent a decline, during ¢ = 12-24 h, and then an
increase during t = 27-39 h (Figs. 11el and e2). The signifi-
cant amplifications of low-level vorticity during ¢ = 27-39 h
corresponded well to the spin-up timing of the low-level TC
vortex in CTL, RH-SW, RH-W and RH-E. Unlike the con-
tinuous vorticity increasing through the deep troposphere in
RH-SW and RH-E during ¢ = 42-54 h (Figs. 11d3 and {3), the
vorticity above the lower troposphere decreased in CTL and
RH-W (Figs. 11a3 and e3). The negative vorticity tendency
was owing to the negative contribution of the convergence
term, which was partly offset by the positive effect of the tilt-
ing term. Generally, a positive convergence term is largely a
result of stretching of the vortex vorticity by organized deep
convection (Montgomery et al., 2006). Since deep convec-
tion and the associated upward mass flux were significantly
inhibited by dryer air in CTL and RH-W after TC formation,
according to the foregoing analysis (Figs. 10a and e), the con-
vergence term above 2-3 km became negative, resulting in
the decrease of mid- and upper- level vorticity. Thus, the ver-
tical coherence and the rapid intensification was inhibited in
CTL and RH-W.

As for RH-M and RH-H, the convergence terms during
t = 12-24 h above the lower troposphere were weak and even

negative (Figs. 11bl and c1), as the initial dryer environment
inhibited the vertical development of convection (Figs. 10b
and ¢). Owing to the relatively weak convection, the mag-
nitudes of low-level vorticity tendency in RH-M and RH-H
were still much smaller than those in other experiments (Figs.
11b2-b3 and c2—c3), resulting in slower TC formation and
intensification.

6. Summary and conclusions

Both climatological statistics and synoptic analyses have
shown that mid-level moisture plays an important role in TC
genesis. In our study, the influence of mid- and upper-level
low-saturation air (dry air) on TC genesis was investigated by
conducting a series of sensitivity experiments on the forma-
tion process of TC Durian (2001). The initial RH field was
reduced in different places relative to the genesis location of
Durian (2001). Further, the sources and sinks of moisture
were investigated and the relative contributions of different
precipitation types to the TC formation and the following in-
tensification were discussed.

A high RH (>90%) region in the central SCS in the con-
trol experiment (CTL) was denoted as the key area. Sensi-
tivity experiments showed that, when mid-level (RH-M) or
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upper-level (RH-H) dry air existed in the key area, the for-
mation of the TC was delayed for 34 and 20 hours respec-
tively, compared with CTL, and developed rather slowly. As
Emanuel et al. (2008) and Rappin et al. (2010) pointed out,
the mid-level saturation deficit would lead to a longer incu-
bation period of TC formation, because it takes some time
for convection to moisten the middle atmosphere and dimin-
ish the impact of convective downdrafts. The initial mid- or
upper-level dry air in the central SCS eventually disappeared
after being moistened in about 20 hours. The effects of initial
dry air surrounding the key area were also examined. Re-
sults showed that dry air in the upstream southwest flow of
the monsoon trough (RH-SW), in the upstream west flow of
the monsoon trough (RH-W), and on the east of the monsoon
trough (RH-E), had little influence on the formation time of
the TC. Instead, the TC in RH-SW and RH-E intensified more
quickly than that in CTL and RH-W. This phenomenon was
accompanied by a decrease in RH at z = 5-9 km after forma-
tion in CTL and RH-W and the sustained near-saturated en-
vironment in RH-SW and RW-E. In summary, the mid-level
humidity would affect the occurrence of the incipient TC vor-
tex and its further intensification. The rapid development of
the TC was accompanied by sustained near-saturated mid-
and upper-level air, whereas low humidity would decelerate
the development. Besides, dry air around the key area was
not able to intrude into the inner core of the TC vortex, but
stay at the periphery, similar to the dry air entrainment in the
case of tropical storm Fay (2008) in Fritz and Wang (2013).

The water vapor budget equation was applied to investi-
gate the mid- and upper-level humidity change in all sensi-
tivity experiments. Results showed that the vertical moisture
flux convergence term and the moisture DIV term were the
two major sources and the condensation term was the major
sink. The mid- and upper-level air moistening or high hu-
midity sustaining processes were accompanied by a positive
contribution of horizontal moisture flux convergence, while
the air drying processes were accompanied by negative hori-
zontal flux convergence.

As the TC generated and intensified, convective cloud es-
sentially kept on developing in terms of larger area cover-
age. However, the development of convective precipitation
was interrupted by mid- and upper-level air drying, result-
ing in weaker upward mass flux and diabatic heating above
the lower troposphere in CTL, RH-W, RH-M and RH-H. The
stratiform clouds in these experiments were also inhibited, in
which weak upward mass flux above 6 km became down-
ward, and the associated diabatic heating became cooling.
Overall, the contribution of convection to vertical mass flux
and diabatic heating still dominated the TC developing pro-
cess. The TC development rate in all experiments was closely
related to the vorticity tendency. A negative vorticity ten-
dency above the lower troposphere led to the slower intensi-
fication rate in CTL, RH-W, RH-M and RH-H. The negative
effect of the convergence of vorticity flux term, which was
closely related to inhibited convection above the lower tropo-
sphere, determined the decrease in vorticity during air drying
or in a dryer environment.
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