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Abstract

During the period of 21 w 25 June 1991, a Mei-Yu front, observed by the Post-TAMEX Forecast Experiment,
prewduced heavy precipitation along the western side of the Central Mountain Range of Taiwan. According to the anal-
ysis dune by researchers at Natioma) Central University, the occurrence of precipttation systems was highly determined
by the development of the southwesterly low-level jet (LLD in a region o the south and southwest of Taiwan. This
LLI brought in moisture-laden air fiom the southwest promoting deep convection. Using the Penn State/NCAR MM$
mesascale model with grid nesting capability, we found that the development of the LLJ is sensitive 1o the presence of
canvective clowl processes. With the activation of cumules parameterization and clowd microphysics, we found that
the mndel produced a fow stucture similar o that reported by Chen et al. (1994). First, there is  northward bovad
circulation (thermally direct) that developed from the frontal region, which is mainly caused by the thermal wind or the
mass-noneum wdjustment process when the air mass is entering an upper-level jet streak. We found that convection
is triggered by the upper-level flow divergence associated with this eirculation. Secondly, there is a *reversed Hadley’
cireulation with rising motion i the frontal reginn and sinking motion equatorward (thermally indirect), which is mainly
driven by frontal upright deep convection. The returming flow of this circulation at low levels is further strengthened
by the negative pressure perturbation at the cloud hase and acts as the cloud inflow. The Coriolis acceleration of this
ageastraphic low-level cloud inflow can subsequently lead to the development of the LL]. Thirdly, there is a circulation
that developed from low to mid levels, which has a slamtwise structure with rising and sinking motion in the pre- and
post- trontal regions respectively. This slantwise cireulation is probably maintained by the existence of a_conditionally
symetric unstable enviromment located at low levels ahead of the front. We found that the presence of both the LLJ

aid the moisture is an essential eondition o foster this environment.

1 Introduction

Heavy ramfid] with rates of 100 mm day~! to 300 mm
clty ™" occurred over the western plain and mountains of
Tatwan on 20-25 June 1991, This wenther system wis
charneterized by the passage of a slow moving Mei-Yu
front. During this period, a deep midlatitude baroclinic
short wave trough developed at upper levels with an orien-
ttion Irom NE 1o WSW of Chinz, The LL) extended from
Japan 1o Taiwan and into the South China Sea, and its de-
velopment was accompanted by the strengthening and the
westwird movement of the Pactfic High. Suhsequently,
the LLI, located in the layer hetween 50 and 704 mb,
transported moisture 1o northern latitudes as evidenced
by the migration ol high equivalent potential temperidure
(7, > 340 Kyshownin the B5tmbanalysis. Tinhis system,
conveetion ocenrred in the region between (he upper-level
jet and the LL).

Statistically, heavy precipitation is closely related 10 the

existence of the LLT during Mei-Yu season over southeast-
ern Chinaand Tiawan (Chen and Yu 1988). Therefore, the
study of the LLJ has been an interesting and importiut
topic in understanding the LLJ intensification mechanism
and its relationship with heavy ruintadl (Akiyama 1973;
Mutsumoto 1972; Ninomiya and Akiyama [974; Tao and
Chen 1987). Therefore, this paper i of no exception,

The development of the LLT hus been explored by many
investigators,  Attlempts hegan with the work of Mat-
sumoto (1973), :amd Ninomiya and Akiyama (1974). They
suggested that the downwird mixing of momentum by
convection is the cause. This theory can be cosily rejecied
based on the fact that the LLI does not Tie directly under-
neath the upper-level jel. This simple convective mixing
theory cannot account (or the strengthening of the LLI,

The search for the truth continued by hypothesiving that
the heating by clouds is responsible [or the development
ol LLI Hxu and Sun (1994) suggested that heating hy
stratiformn clond deepens the low-level pressure irough and
thus leads to the development of the LLJ. Tn contrast,
Chou et al. (1990) argued that the convective heauting can
generate a "reversed Hadley' circulation with rising motion
in the convective region and sinking motion equatorwiird,
The LLI is produced hy the Coriolts acceleration of the
return flow in the lower branch of the circulation.

Recently, Chen et ul. (1994), ind Chen and Chen (1995)
found that the intensification of the LL is linked to deep-
ening of the (he midlatitude cyclone, Their argument is
hased on the finding that the region having an increase of
the LLI is collocated with that having an increase of isal-
lobaric wind, The Coriolisaceeleration of the cross-isohar
ageastraphic wind pointing towaed the low pressure center
resulis in the development of the LLJ,
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Another category of theory invokes the thermal wind ud-
justment or mass-imomentum adjustment mechanism, For
amore general interpretation, the mass-momenturn adjust-
ment theory proposed hy Uccellini and Johnson (197%)
cin he explained by the thennal adjustment theory. In
his theoretical work, Chen (1982) demonsirated that by
including the convective heating, the thermal wind adjust-
ImMENt Process cul generate two circulations with the region
of convective heating centered between these two circula-
tions. To the left side of the convective heating region, a
thermally direct circulition develops across an upper-level
jet which is locuted st the jet streak entrance region. To the
right side, un indirect circulation with sinking motion to
the south can lead to the generation of a LLJ by applying
the Coriolis acceleration to its low-level return low. We
need 10 pay special attention to this theory, since the ther-
mal wind adjustinent process i response to the convective
heating, can provide us with a reasonable explanation for
the development of the LLI. The theory proposed by Chou
et al. (1990} cun be regarded as a subset of Chen’s (1982)
theory,

In the past, the role of the LLT in alfecting the heavy
rainfall has been focused on its ability to advect warm
and muoist air into.the frontal zone to fuel the convection
{Ninomiyn, 1984). However, in reality the LLJ does not
lie directly underneath the cloud. There is a transverse
ageostrophic circulation that develops from the LLJ to the
cloud which taps the ample supply of moisture, We feel
that the study of this low-level ageostrophic flow is very
immportant. Not only its role as 4 conveyor helt to transport
muoisture is important, but also its development can lead to
the further intensification of the LLJ,

In brief, in this paper we conducted real-data numerical
stmuliations i0 examine the role of convection in interacting
with both the upper-level jet and the LLJ. We also explored
the mechanism that developed ageostrophic circulations
and their effects on promoting the development of the
LLJ.

Figure 11 Schematic diagram shenwing the shmulation do-
main and lines to represent the orienration of the vertical
CROSS section (x-z),

2 Model description

We used MMS version | to conduct numerical simul-
tions of the Mei-Yu frontal system. Elements of the Penn
State/NCAR MMS have been described by Dudhin (1993),
which should be referred to for details. In brief, MM3 is
three-dimensional, nonhydrostatic, and elastic. It uses fi-
nite differences and a time-splitting scheme to solve prog-
nostic equations on a type-B staggered grid, [ts vertical

coordinate, though defined us & function of the reference
state pressure, is similar to a terrain-following coordinate,
In order to emulate the real-weinther, MM3S employs re-
alistic wind, temperature and humidity as the initial and
houndary conditions and incorporites topography and so-
phisticited physical processes to represent the appropriate
forcing tor the development of weather systems, These
processes include clouds, diurmal radiative cycles, surface
fluxes of heit, moisture and momentum, as well as other
houndary layer processes. Because of the wide variety of
physicial process schemes that can be used in MMS, we
only overview those that are important :md are listed us
follows:

1. The model in the present study is initialized from Na-
tional Meteorological Center (NMC) archived global
analyses with2.5° latitude/longitude regolution to the
model grid point locations, The first-guess fields are
then enhanced by blending in the observational data
using an ohjective analysis technique to introduce
mesoscale features. The time-varying lateral bound-
ary condition is provided by repeating the above pro-
cedure a1 12-h intervals. The time interval that we

“are interested in is from 00 UTC 23 June to 0000
UTC 24 June of 1991,

2. Three nested domains were constructed with a grid
- resolution of 135, 45 and 15 ki, and had numbers
of grid points in (x,y,s) of 43 x 28 x 23, 55 x 37
x 23 and 73 x 49 x 23 respectively. The number
of o levels is 24 ( 1., 99, 98, 96, 93, .RY, .8S,
8, .75, .7, .65, .6, 55, .5, 45, 4, 35, .3, 25, 2,
5,00, 0,05, (1), which gives 23 layers at which the
temperature, moisture and wind variables are defined.,
A time step of 300 5 is used in the coarse grid domain,
The schematic representation of the second domazin
is shown hy Fig, 1.

3. Grell’scumulus parameterization scheme was used in
this study. This scheme is hased on the equilibrium
assumption. The subgrid scule convection is deter-
mined by the destahilization rate of the lurge scale
tow. ’

4. A three-class cloud microphysics scheme is used to
account for the resolvuble scale convection. This
scheme allows forice-phase processes in which cloud
waler is treated as cloud ice and rain water as snow
when the temperiure is below the freezing point,

5. We used Blackadar’s high-resolution PBL scheme to
calculate vertical fluxes of heat, moisture and mo-
mentum at each vertical layer, The Huxes from the
surface are hased on similarity theory. In the noctur-
nal regime, the vertical fluxes are computed from K-
theory ahove the surface [ayer. In the free-convection
regime, these vertical fluxes within the mixed layer
e not determined by local gradients, but instead
depend on the thennal structure of the whole mixed
layer (transilient approach), Ahove the mixed layer,
the ealctlation of Tuxes are again hased on K-theory.

6. In order to praduce more realistic initial conditions,
we employed a four-dimensional data assimilation
(FDDA} scheme from 0000 UTC 1o 1200 UTC ot
23 June 1991, During the FDDA period, the mode)
tields wre nudged toward analyses of the ohserved
datz. Once the assimilation period is complete at
1200 UTC, the model simulation is continued tor
another {2 1.
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Figure.2: Horizontal cross sections (x-y) of the aceumu-
futed precipitution rate (shaded, interval in mm ir=') w
the surfuce wd the potential temperature @ (solid fines,
every 1 K) ar o height of 500 m, The time sequence of the
p!(:l.i.rfnr fa} 1200, (h) 1600, (¢) 2000 andd (d) 2400 UTC
0f 23 Juire 1991,

3 Results

Figs 2b, 2¢, and 2d show the accumulated rain at the sur-
face for a period of four hours ending at the time specified
in the figure, except that shown in Fig, 2 is for twelve
hours (Q0tKF UTC - 1206 UTC). The contours of the po-
tential temperature at SO0 m at the end ol the period wre
also superimposed on the figures, During the first twelve

Bours, there is i band of precipitation extending from NE
o SW in the simulation domain with the heaviest precipi-
tution at the southern edge of China. However, in the hours
that Tollow, the system over the East Chinu Sea becomes
weaker, In contrust, the system over the South China Sea
develops strong convection and propagates in a northeust
direction from Hainan toward Taiwan. At the end of the
simulation (Fig, 2d), the precipitation pattern over a re-
gion west of Thiwan resembles w that shown by satellite
IR imagery (not shown). Therelore, the mexlel is probiably
reusonihly simulating weather events that occurred in the
real atmosphere,

In general, the temperature grudient near the surfuce
for thix frond system is wenk at 12000 UTC (Fig. 2a).
However, the temperature gradient is strengthened at luter
times in two regions. The first region is found to extend
out from Japan along the Ryukyu Islands. The midlatitude
biroclinic frontogenesis process is probably responsible
for the tightening uf the temperature gradient in this region.
The second region is located aver the southern edge of the
Taiwan Strait, In this region, the increase of temperature
gradient seems to be associated with the development of
canvection,

We use cross section analysis (o show the structure of the
precipitation system. The location of these cross sections
are shown in Fig. | by lines AB and CD, These cross
sections skice through 2 developing precipitation system
located to the west of Tuiwan. The orientation of these
crosy sections is basically perpendicular and paralle] to
the frontal direction. For instimce, Fig. 3a represents o
cross section from NW to SE along line AB at the end of
the simulation (2400 UTC), while Fig, 3b represents that
from SW to NE along line CD. '

When we exanine Fig. 30, we can identify two main
(eatures of the cloud system. Namely, this system con-
sists of a deep convective clond and a relatively shallow
cloud slanted from the surface up to a height of 6 km.
The temperature gradient at the leading edge of the sur-
face front is weaker than that of the upper levels, There-
tove, the atmosphere at low-levels is burotropic in nature,
white al upper-levels it is baroclinic. We found that the
haroclinic environment at upper-levels plays an important
role in organizing the convective activity originating from
low-levels. The cross section in the along front direction
(Fig. 3h} shows that upper-leve! stratiform cloud extends
over 4 wide awea with one major convective cell imbed-
ded within it, The contours of potential temperature show
i gravity wave structure which may be induced by the
neighhoring convection or the nearby orographic features.

In Fig, 4, we superimposed ageostrophic wind vectors
with cloud profiles to show the developmient of the cloud
system viewed in the cross front direction (AB). Before
the onset of convection at 1200 UTC (Fig. 4u), the upper-
level wind is characterized by a transverse ageostrophic
circulation across the upper-level huroclinic zone. The
development of this circulation is similar to that discussed
by Uccellini and Johnson (19793, The initial development
of the convection seems to he related to the upper-leve!
ageestrophic low divergence. The continuing develop-
ment of the cloud vnderneath the southern edge (right
side) of this upper-level ageostrophic flow houndary is
evidenced by the intensification of the vertical velocity.
Meanwhile, a strong inflow at low Jevels on the right side
ol the convection develops resulting in moisture transport
inte the clond. From low- to mid- tevels, some sporadic
shallow convection (Fig. deY developed in association with
this inflow, ’

Other How structures are also shown in Fig, 4, A low- to
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In order to show the mechanism generating the trans- FZTCTRS I A 4 -
verse circulation associuted with the upper-level bareclin- U e = el Z
icity, in Fig. 5, we superimposed the normal wind V with A B
the ageostrophic wind vector to examine the relationship Fieure 4: Vertical . .
hetween the upper-level jet and the ageostrophic circu- w;” 9 -” :r u.;zi t ;’o.v.v sections (x-z) of ugeostrophic
X : - . (o vecror: [ Hved afd " inte
lation. We found that the strongest apeostrophic flow is ot ‘i,‘)r [‘”" ;-“ ;f"’“‘;‘;”_“"’”“”’ (shaded, interval
- . . . ¥ u " .
located at the core of the jet, Therefore, the upper-level § kg ) atong the line AR for (u) 1200, (b} 1600, (c)

jet dynamics may play an important role in driving this 2000 and (d) 2400 UTC of 23 June 1991,

transverse circulation. In fuct, in this study, we found the

contluence flow associated with the upper-level jel streak . .

to be the main reason lor the devetopment of such a circu- the schematic dingram (Fl_g. 6) spmm;mzqd h_y ChC_n ct
lation across the core of the upper-level jet. ai. {1994) based on their dingnostic anulysis of » Mei-Yu
' frontal sysiem during TAMEX IOPS [rom 31 Muy to 2
June 1987. Like our case, their system is also charucter-
ized by a deep upper-level rough which is induced hy the
interaction of the midlatitude short wave trough with the
Tibetan Pluteau. However, unlike our case, their system
develops a strong midlatitude cyclone at low-levels. Con-
sequently, they attribute the development of the LLJ Lo u}c
intensification of the cyclone, Despite the difterence 10
the low-level cyclone intensily, our (low structure across
the (ront is still amazingly similur o theirs. Therefore,
the intensification of the midlatitmde cyclone should ot

Another important feiure shown hy Fig, 5 is the devel-
opment ol the LLT located at the bottom-right corner of the
cross section. It appears that the development of the LLJ
is closely related with the development of the low-level
cloud inflow. The generation of this cloud inflow may he
due to the down pressure gradient acceleration associated
with the negative pressure perturbation usually found at
the base of a cloud.

The flow structure that we have described in Figs. 4
and 5 is in an excellent agreement with that shown in
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hecome the only condition for the development of the LLJ.
In this study, we demonstrate that some other meins may
be possible.

4 Summary

We used the Penn State/NCAR MMS5 mesoscile model 10
conduct nuinerical simulatious to explore the development
of the LLJ in 4 Mei-Yu front which was ussociated with
heavy precipitation systems that occurred in (he region
o the south and southwest of Taiwan during the period
23-24 June 199]. This weather system was charuclerized
us having & deepening midlatitude short wave trough with
an orientation Trom NE 0 SSW of China.  The initia
development of the LLJ along the western Pacific rim
from Jupan o Taiwan and into the South Ching Sex is
atributed to the intensification and westwaurd mi gration of
the Pacific High,

Our numerical experiments showed that the develop-
ment of the LLT is sensitive o convective processes, Ouce
the cloud got started, the intensity of the LLJ got stronger.
This allowed more moisture-Iaden air to be advected in
lo fuel the convection. This shows a positive lecdbuck
between the LL] und the convection,

In spite of the fact that the LLJ is important to the de-
velopment of cloud, decp convection did not oceur atop
the LL). Instead, convection usuaily ovcureed in the re-
gion SE ol the apper-level jet and NW of the LLJ, i, in
an area hetween the upper- and low-level jots. The ok
between the LLJ and the convection depends on the de-
velopment of ageostrophic wind which acts as the cloud
inflow across the LLJ (0 the convection. This low-level
ageostrophic inflow is generated by the negative pressure
perturbition induced by convective activity and [urther
cnhaneced by conditional symimetric instabidity. Lronicaliy,
the LLI played a very important role in Tostering the cre-
ation ol this conditionally symmcetric unstable environ-
ment by Haitening the absolule momenwum (M) surlace
and by advecting moisture into the vicinity of the fronta
zone. Therefore, air can move Ireely along the constant
M surlace in a region between the LLY and the cloud and
becomes unstable duc to We fuct that 98¢, /92 < 0. Thus,
the developinent of this ageostrophic inflow can lead Lo the
intensificatioun of the LLI. Obviously, the LLJ and heavy
precipitation cycle can continue as long as the processes
maintuning the LLJ or the convection are not interrupted
by other means.

The dynamics of the upper-level jet were also Lound to
be important in vur case, - AL the jet confluent entrance
region, the development of an ugeosirophic flow, moving
seross from the warm side to the cold side of the jet, can be
explained by the thermal wind adjustment process. The
divergence of this ageostrophic llow on the warm side
can provide a wiggering mechanisim tor the onset of the
underlying convection. Once the cload’ developed, this
northward bound ageostrophic low is [urther enhinced
by the relcase ol lutent heat and the alditional divergence
associied with the cloud top outilow.

Like its counter part o (he north, a southward bound
ageostraphic low is alse gencrated in response to the same
lorcing inroduced by the cloud processes. The generation
of the ‘reversed Hadley' circulation (Chou et al, 199(0)
is closely related W the development of this southward
bound ageostrophic low. The Coriolis acceleration of the
returning flow in e lower branch ol the circulation can
also induce the LLI, However, we fect that the contribution
by the *reversed Hadley® circulation to the development ol
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the LLI is limited, since the inteasity of the correspunding
caslerlies at the upper branch of the circulation wre always
wepker than that of the LLI westerlies.

Despite agsertions made by Chen et al.( 1994_), our re-
suits indicate that the intensification ol the midlatitude
cyclone does not become u necessary clond':liml lor u}c de-
velopment of the LLJ, since the midlatitude cyclone in our
cuse is neither strong nor hecoming strong. However, in
our systems we have mesoscale cyclones hci_ng generulcd
towurd the later stages, of which the generation 1s-cluscly
reliated o the development ol mesoscale convective sys-
tems. s
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T summimary, our cuse is charaeterized by the fact that the
developing LLJ is located o the southenst of the entrance
region bencath the upper-level jet, and the deep convee-
tion oceurs in the region between these two jets. The
ageostrophic wind divergence associated with upper-level
jetappears W he an important wigger tor the onset of deep
convection. According to ovr results, the intensification ol
the LLI is partially caused by the Coriolis acceleration of
the flow associated with the ‘reversed Hadley' circulation.
The generation of the strong cloud huse tnllow is found
to be another importunt factor that determines the devel-
opment of the LLI. A more thorough and comprehensive
description regarding the development of the LLY and the
rele of the conditional sysunetric instability that occurred
at low levels will be presented at the Workshop.

Acknowledgmenrs. We are gritelul to Sue Chen, Jimy
Dudhia and Bill Kuo for their support and help in mak-
ing the MMS3 model accessible for researchers at GSFC.
Our sincere appreciation ulso goes to C. Bishop for his
important role in this study.

150

200

250
300

44}

Pressure (mb)

500

ERE T

FU1
B5(}
1000 M-
A 500 1000 1500 2004) 2500 A
Distunce (km)

Figurco: Nchemuatic diagram showing the flow structure of
an observed Mei=Yu front (dfter Chen et al. 1994), The thin
solid line depicts the direct (D) circulation while the thin
dasired line depicts the indirect (1) circulution. The heavy
solid tine shows the frontal position. The character *J'
denotes the jet positions, The thick reavy line represents
the tropopuuse boundury. Regions with relutive humidiey
greater than 7(1% are shaded.

5 References

Akiyama, T., 1973: Frequent occurrence of the heavy rain-
lalls along the north side of the low-level jet strewmn.
Pap. Meteor: Geoplivs., 24, 379-3%4.

Cien, Q., 1982: The instability of the gravity-inertial wave
aml s relation w low-level jol and heavy rainfall,
S Meteor Soc. Japan, 60, 1041-1057.

Chen, G. T}, and C. C. Yu, 1988: Study of low-level jet
and extremely heavy raindali over northern Taiwan in
the Mei-Yu Season, Mon, Wea. Rew., 116, 884-891.

Chen, Y.-L., X, A. Chen und Y.-X. Zhang, 1994: A diag-
nostic study of the low-level jet during TAMEX 1QP
5. Mon. Weu. Rev., 122, 2257 - 2284,

Chen, X. A, and Y.-L. Chesn, 1995: Development of low-
level jets during TAMEX. Mon, Wea. Rev, 123, 16Y5
- 1719,

Chou, L. C.,, C. P. Chang, and R. T, Williamns, 1990: A
numericil simulation ol the Mei-Yu Iront and the
associsted low level jet, Mo Wea, Rev, 158, 1408 -
1428,

Dudhia, 1., 1993: A nonhydrostatic version of the Penn
Statle-NCAR mesoscale model: Validation tests and
sitnutation ol an Atlantic cyclone and cold frount.
Mon, Wea, Rev, 121, 1493 - [513,

Hsu, W.-R. and W.-Y. Sun, 1994: ‘A numericw study ol a
low-level jet and its accompanying secondary circu-
Lation in a Mei-Yu System. Mon, Wea. Rev, 122,324
- 340

Matsumolo, 8., 1972 Unhadanced low-level jou and
solenvidal circulation associated with heavy rainfalls.
J. Meteor. Soc. Japan, 50, 194-203,

» 1973: Lower tropospheric wind speed and precip-
ikdion aclivity. J. Meteor, Soc. Jupan, 51, 101-107.

Ninomiya, K., and T. Akiyama, 1974: Band structure
of mesoscale clusters associated with low-level jet
stream. . Meteor Soc, Jupan, 52, 300-313.

, 1984: Charucteristics of Baiu front as a predomi-
nant subtropical front in the suimuner Northerm Hemni-
sphere, J. Meteor. Soc. Jupun, 62, BR0-894,

Tao, S., and L. Chen, 1987: A review of recent research on
the East Asian sumuner monsoon in Ching, Monsoon
Mereorplogy, C, P Chung and T. N, Krishnamurti,
Eds., Oxford University Press, 60-92,

Uccellini, L. W., and D. R. Johnson, 1979 The coupling
of upper and lower tropospheric jot streaks and im-
plicitions for the developmcnt of severe conveclive
storms, Mon, Wea, Rew, 107, 682-703,

299 44



