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ABSTRACT

The Advanced Weather Research and Forecasting Model (ARW) is used to simulate the local heavy
rainstorm process caused by Typhoon Matsa over the northeastern coast of Zhejiang Province in 2005.
The results show that the rainstorm was caused mainly by the secondary spiral rainband of the Stationary
Band Complex (SBC) structure. Within the secondary spiral rainband there was a strong meso-3-scale
convergence line generated in the boundary layer, corresponding very well to the Doppler radar echo band.
The convergence line comprised several smaller convergence centers, and all of these convergence columns
inclined outward. Along the convergence line there was precipitation greater than 20 mm occurring during
the following one hour. During the heavy rainstorm process, the Doppler radar echo band, convergence line,
and the precipitation amount during the following one hour, moved and evolved synchronously. Further
study reveals that the vertical shear of radial wind and the low-level jet of tangential wind contributed to
the genesis and development of the convergence columns. The combined effect of the ascending leg of the
clockwise secondary circulation of radial wind and the favorable environment of the entrance region of the
low-level jet of tangential wind further strengthened the convergence. The warm, moist inflow in the lower
levels was brought in by the inflows of the clockwise secondary circulation and uplifted intensely at the effect
of convergence. In the convectively instable environment, strong convection was triggered to produce the

heavy rainstorm.
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1. Introduction

China is one of the most seriously affected countries
in the world by typhoons, with an average of seven to
eight landfalling typhoons per year (Chen and Ding,
1979). Typhoon disasters top all other natural disas-
ters in terms of their frequency and degree of influ-
ence in coastal areas. This is mainly brought about
by their associated rainstorms, and one of the most
important weather systems leading to a typhoon rain-
storm is the spiral rainband. These rainbands are typ-
ically 5-50-km wide and 100-300-km long, are ubig-
uitous in tropical cyclones, and have a complex 3D
structure with extensive stratiform rain areas embed-

ded with deep convective cores (e.g. Atlas et al., 1963;
Barnes et al., 1983; Barnes et al., 1991). Many studies
have demonstrated the significant role of these deep,
small-scale convective systems in severe heavy rain as-
sociated with typhoons (Chen, 1995; Chen and Luo,
1995; Meng et al., 1996). The precipitation gener-
ated by small convective systems is often heavier than
that produced by the typhoon circulation itself, and di-
rectly affects the intensity and distribution of the rain
(Cheng et al., 2005). Past research has also found a
close connection between mesoscale heavy rainfall and
strong radar echo in typhoons, both of which corre-
spond to significant convergence in the boundary layer
(Zhou, 2008; Zhou et al., 2009).
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In recent years, Zhejiang Province, one of the most
economically-advanced and populous areas on China’s
southeast coast, has been affected seriously by heavy
rainstorms brought about by landfalling typhoons. On
average, there are 5.3 tropical cyclones affecting Zhe-
jlang Province per year, 0.66 of which land in the
province itself (Yang et al., 2007). The total rainfall
recorded at an individual station in Zhejiang Province
during a typhoon event is generally larger than 100
mm, and to date there have been 31 typhoons which
have produced a maximum total rainfall of greater
than 500 mm (Li and Yao, 2006). For example,
0509 Typhoon Matsa, which landed in Yuhuan on the
southeast coast of Zhejiang Province at 1940 UTC 05
August 2005, led to an extraordinary rainstorm over
the north coast of the province. The maximum total
rainfall of an individual station during this typhoon
was in excess of 511.5 mm, which impacted heavily
in terms of economic loss, as well as the number of
injuries and fatalities caused. The infrared satellite
cloud pictures of Typhoon Matsa as it landed show
there were two other strong cloud bands located cy-
clonically outside the eyewall (Fig. 1). According to
Willoughby et al. (1984), this is the typical structure
of a Stationary Band Complex (SBC), which includes
a principal band, a connecting band linking the in-
ner eyewall and the outer rainband, and occasionally
a secondary rainband between the eyewall and the
outer principal rainband. For Typhoon Matsa, the
secondary rainband was the main system contributing
to the heavy rainstorm over the northeastern coast of
Zhejiang Province.

Although the importance of convective-scale sys-
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Fig. 1. FY2C infrared satellite picture at 1600 UTC 5
August 2005.
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tems in tropical cyclones has been argued convincingly
(Riehl and Malkus, 1958), few studies have focused on
this area. The reason for this is mainly because of
the short life cycle and rapid development of small-
scale convective systems. It is difficult to study di-
rectly and deeply the internal structure of these sys-
tems using existing observational methods. However,
Doppler radar observation and numerical simulation
have become very helpful and advantageous tools to
study the interior structure of typhoon mesoscale rain-
storms, particularly given recent improvements in the
coastal layout of Doppler radar and developments in
numerical weather forecasting. In order to further un-
derstand the genesis and developmental mechanisms
of typhoon heavy rainstorms, as well as the structural
features of mesoscale convective systems in the spi-
ral rainband, the mesoscale numerical model, WRF
(Weather Research and Forecasting Model), is used in
this paper to reproduce and study the rainstorm pro-
cesses caused by Typhoon Matsa.

2. Case and experiment design

The numerical simulation was conducted using the
Advanced Research WRF (ARW) mesoscale model.
The ARW, with two nested domains (Fig. 2), was used
to perform a 48-h simulation, starting from 0000 UTC
05 August 2005, 24 hours before the rainstorm. The
model was run with 31 vertical levels in the terrain-
following o coordination. The horizontal grid spacing
of the first mesh was 30 km, with 121x110 grid points.
The horizontal grid spacing of the second mesh was
10 km, with 91x88 grid points. The initial and lat-
eral boundary conditions were based on the six-hourly
(0000, 0600, 1200, 1800 UTC) NCEP Final Analysis
data with a resolution of 1°. The microphysics scheme

lg

Fig. 2. The two nested domains of the numerical exper-
iments.



120 NUMERICAL STUDY OF MESOSCALE SYSTEMS IN TYPHOON MATSA SPIRAL RAINBAND

used in the model was the Lin et al. scheme (Lin
et al., 1983; Rutledge and Hobbs, 1984; Tao, 1989).
The cumulus option was parameterized with the Betts-
Miller-Janjic scheme (Betts, 1986; Betts and Miller,
1986; Janjic, 1994), and the Yonsei University bound-
ary layer scheme (Hong and Dudhia, 2003) is adopted.

In the designed experiment, a cycling assimila-
tion model, WRF-Var, was used to assimilate obser-
vation data every six hours. In this approach, the
first guess for WRF-Var was the six-hour short-range
WRF forecast initialized from the previous WRF-Var
analysis. The covariance matrix for WRF-Var was ob-
tained from the statistics of previous WRF forecasts
for a month by the NMC (National Meteorological
Center) method (Barker et al., 2001; Parrish and Der-
ber, 1992). The observations used for the assimilation
included conventional surface observations and upper
air observations, as well as radar reflectivity and radial
velocity data.

3. Results and verification

3.1 Typhoon track

The observed track (solid line in Fig. 3) shows
that Typhoon Matsa moved northwestward and hit
the southeastern coast of Zhejiang Province (28°N,
121.2°E) at 1940 UTC 5 August 2005, then kept trav-
elling northwestward across the province, before finally
leaving at 1400 UTC 6 August 2005. Comparing the
simulated track (dotted line in Fig. 3), the result shows
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Fig. 3. Observed and simulated tracks of Typhoon
Matsa. The solid line represents the observed track from

the best track of CWB, and the dotted line represents
the simulated track from WRF.
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that, except for some slight northward and southward
deflection, the simulated track is in general agree-
ment with the best-track analysis from CWB (Cen-
tral Weather Bureau of Taiwan). The position of
the simulated typhoon center deflects about 10-15 km
southward from the observation before landing, and
debarks one hour earlier at about 10 km south from
the observed landing spot. However, the simulated
typhoon then also moves northwestward, leaving Zhe-
jiang Province at the same time and same place as the
observation.

3.2 Precipitation

Before describing the observed precipitation pat-
tern, it is important to note that the data were ob-
tained from automatic surface weather stations, mean-
ing there were no data for sea areas. It can be seen in
Fig. 4a that there was heavy rainfall distributed from
southeast to northwest over the northeastern coast of
Zhejiang Province, which amounted to 350 mm of rain-
fall in 24 hours. The rain was highly centralized, with
rainfall of greater than 300 mm limited to within 150
km in every direction. The simulation result is gen-
erally consistent with the observation (Fig. 4). As
observed, there is also a strong centralized rain belt
extending from southeast to northwest over the north-
eastern coast of Zhejiang Province, although its posi-
tion is about 10 km south and the maxima are a bit
weaker than the observation (Fig. 4b).

The above results indicate that the simulation was
basically consistent with observation, meaning the
model can generally reflect the rainstorm processes of
this typhoon. Therefore, simulated results can be used
for further analysis.

4. The spiral rainband and mesoscale conver-
gence line in the boundary layer

Some studies have found that heavy rainstorms
caused by certain typhoons are related closely to the
mesoscale convergence line in the boundary layer. The
convergence line plays an important role in the form-
ing, triggering and maintaining of heavy rainstorms
(Zhou, 2008; Zhou et al., 2009). To check this asser-
tion for the case of Typhoon Matsa, observed Doppler
radar echo data, as well as AWS (Automatic Weather
Station) precipitation data, were compared with the
simulated convergence field to investigate the connec-
tion between these three elements.

At 0600 UTC (Fig. 5a), there was a strong radar
echo band larger than 35 dBZ appearing to the north-
east of the typhoon center over the northeastern coast
of Zhejiang Province. The echo band was about 250-
km long and 25-km wide, running from southeast to
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Fig. 4. Accumulated 24 h precipitation of Typhoon Matsa (mm): (a) accumulated precipitation
from AWS from 0000 UTC 6 to 0000 UTC 7 August 2005; (b) simulated precipitation from 24 h to

48 h.

northwest. Along the band, there were several echo
centers of 45-55 dBZ embedded in line, which corre-
sponded to the secondary spiral rainband of Typhoon
Matsa. Outside the strong echo band, there was an-
other radar echo band occurring over the sea. Al-
though the outer echo band was also composed of a
few echo centers, its intensity was much weaker and
the structure was relatively looser. It was the princi-
pal rainband that the outer echo band corresponded
to. Inside the two radar echo bands, there were a few
echo blocks extending to the eyewall along the radial,
which corresponded to the connecting spiral rainband.
During the next hour, AWS precipitation mainly oc-
curred within the secondary rainband, amounting to
more than 20 mm. The course and position of the rain
maxima both corresponded very well to the secondary
rainband. Many studies have found rainbands to the
east of a typhoon center move slowly outward along
the radial (Senn and Hiser, 1959; Willoughby, 1978;
May, 1996), and may remain stationary with new cells
forming on the upwind edge (Atlas et al., 1963). In the
process of propagating outward, the principal rainband
sometimes decays and dies out, being replaced by the
secondary rainband which develops and then becomes
the new principal rainband (May, 1996). This very
thing happened to the spiral ranbands of Typhoon
Matsa during the next couples of hours (Figs. 5c,
5e, bg, and 5i). The position of the spiral rainbands
basically remained still over the northeastern coast
of Zhejiang Province while Typhoon Matsa was mov-
ing northwestward, demonstrating that both the rain-
bands were propagating outward radially. However,
the evolution tendency of these two rainbands was to-

tally opposite. The secondary rainband intensified sig-
nificantly while moving outward, with new small echo
bulks constantly born in the upper end (upwind edge)
of the echo band. On the contrary, the principal rain-
band outside gradually weakened, and finally died out
to be replaced by the secondary rainband. During this
process, not only did the next occurrence of AWS pre-
cipitation still correspond very well to the secondary
rainband, but it also gained significant amplification
with the development of secondary rainband. The one-
hour rain maxima rapidly increased to over 100 mm
from 20 mm in only three to four hours.

The simulated convergence field at 925 hPa reveals
strong convergence lines near the area of observed
radar echo bands. The convergence lines belong to
the meso-(-scale and have a similar course and struc-
ture to the echo bands. Although there is some de-
flection between the position of the convergence lines
and echo bands because of inevitable errors in the nu-
merical model, the evolution and structural charac-
teristics demonstrate that the simulated convergence
lines and observed radar echo bands all represent the
spiral rainbands. Figure 5b shows that the simulated
convergence line corresponding to the secondary spiral
rainband is relatively strong at 0600 UTC, composed
of three or four meso-y-scale strong convergence cen-
ters over —35x107° s~!. However, the convergence
line outside corresponding to the principal spiral rain-
band is much weaker, —12x107° s~! at most, and
has a loose structure. In the area between the con-
vergence lines and the typhoon center, there are also
several small convergence centers along the radial, cor-
responding to the connecting spiral rainband. Then,
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Fig. 5. Observed CAPPI echo of Ningbo Doppler Radar at a height of 0.5 km (dBZ) and
simulated convergence field (x107° s™') with stream line at 925 hPa: (a) and (b) 0600
UTC 6 August 2005; (c) and (d) 0700 UTC 6 August 2005; (e) and (f) 0800 UTC 6 August
2005; (g) and (h) 0900 UTC 6 August 2005; (i) and (j) 1000 UTC 6 August 2005. The
blue contour represents precipitation during the next one hour, colored shading in the left
column indicates Doppler radar echo over 35 dBZ, and colored shading in the stream field
represents convergence stronger than —10x107° g1,
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Fig. 6. Vertical cross section along the convergence line at 0800 UTC 6
August 2005. Shading represents convergence over —10x107° s71; the
solid contour represents divergence greater than 10x107° s™!; dotted
lines represent ascending velocity (x107% hPa s™'), and the black tri-
angle marks the position of the convergence center leading to the local
heavy rainstorm over the northeastern coast of Zhejiang Province. The

line C-D can be seen in Fig. 5j.

both of the convergence lines move gradually outward
in a radial fashion, with the convergence line inside
intensifying and the convergence line outside decaying
and dying out in two hours (Figs. 5d and 5f). Fi-
nally, the inner convergence line takes the place of the
convergence line outside (Figs. 5h and 5j).

The above analysis reveals that the SBC to the
east of the center of Typhoon Matsa was the main
effect system of the rainstorm process, which con-
sisted of several rain cells with a much smaller scale.
The secondary spiral rainband of the SBC in partic-
ular was the direct effect system contributing to the
heavy rainstorm over the northeastern coast of Zhe-
jiang Province. The secondary spiral rainband moved
gradually outward and intensified, then became the
new principal spiral rainband after the old one died
out. There were stable strong meso-3-scale conver-
gence lines corresponding to the spiral rainbands in
the boundary layer, which had a similar scale, course,
distribution and development tendency to the spiral
rainbands. Along the secondary spiral rainband, there
was heavy rainfall of over 20 mm produced during
the next hour. The rainfall distributed and evolved
synchronically with the convergence line. The above
results prove further the credibility of the simulated
convergence field.

5. Vertical structure of the mesoscale conver-
gence line in the spiral rainband

In section 4, the low-level convergence field was
shown to have a strong mesoscale convergence line
closely related to the secondary spiral rainband. In
this section, the vertical structure is investigated in
order to discover the development mechanism of the
convergence line.

Figure 6 presents a vertical cross section along
the convergence line at 0800 UTC 6 August 2005.
As can be seen, there are four convergence cells lin-
ing from southeast to northwest along the conver-
gence line. The convergence maxima appear below
900 hPa and the top of the convergence cells reach up
to 650-750 hPa. At 400-700 hPa there are four di-
vergence cells, forming four one-to-one structures to-
gether with the convergence cells, respectively. This
suggests that strong ascending flows occurred between
the div-convergence cells at the effect of pumping and
lift-up, with the largest ascending velocity exceeding
—60x1072 hPa s™!.

Figure 7 shows the development process of the ver-
tical cross section transecting the convergence line and
passing through one convergence center, which led to
the local heavy rainstorm over the northeastern coast
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Fig. 7. Vertical cross section transecting the convergence line and passing through the convergence
center that led to the local heavy rainstorm over the northeastern coast of Zhejiang Province at (a)
0400 UTC; (b) 0600 UTC; (c) 0800 UTC; and (d) 1400 UTC 6 August 2005. The shading represents

convergence over —10x107° s71;

; the solid line represents divergence greater than 10x107° s™'; the

dotted lines show ascending velocity (x1073 hPa s™'); and the black bold dashes in (c) marks the axis
line of one convergence cell. The line A—B can be seen in Fig. 5f, and moved with the convergence line

over time.

of Zhejiang Province (indicated by the black trian-
gle in Fig. 6). The cross line is positioned toward
the typhoon’s center and moves with the convergence
line over time. The convergence is weak in the initial
phase. There is only a weak convergence center be-
low —20x107° s~! near the surface, and some weak
divergence drafts at 600 hPa. The ascending flow be-
tween the convergence and divergence centers are also
so weak that there only a small amount of scattered
rainfall appears in this area (Fig. 7a). After two hours
(Fig. 7b), the convergence strengthens rapidly and
gradually develops on an upward incline to the out-
side of the typhoon. The divergence zone over the
convergence center also lifts significantly, and intensi-
fies. As a result, the ascending movement gains fur-
ther force to produce heavier rain. At 0800 UTC (Fig.
7c), the convergence reaches its peak, forming a strong
inclining convergence column from the surface to 450
hPa, with a maximum over —50x107® s~!. The di-

vergence above develops significantly and, in addition,
the ascending velocity reaches its largest intensity of
—100x1073 hPa s™!. Such a mature stage is main-
tained for around three to four hours, during the stage
when the rainfall increases greatly. After that, the
convergence starts to decay, as do the divergence and
ascending drafts. Rainfall then decreases to the end of
the event (Fig. 7d).

6. The cause of the convergence line and
heavy rainstorm in the secondary spiral
rainband

The distribution and evolution of the wind field
have an important influence on the genesis and devel-
opment of convergence, since the genesis of convergen-
ce is mainly the result of the accumulation of air par-
ticles, which itself results from the non-uniform distri-
bution of airflow.
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Fig. 8. Vertical structure of radial wind (m s™') at different development stages of the convergence:
(a) 0400 UTC; (b) 0600 UTC; (c) 0800 UTC; (d) 1400 UTC 6 August 2005. The contour represents
radial wind velocity, and the black bold dashes in (c¢) mark the axis line of one convergence cell. The

line A-B is the same as in Fig. 7.

The distribution and evolution of the radial wind
field at different convergence development stages were
investigated in order to understand the specific rea-
son for the formation of convergence. During the ini-
tial stage of the rainstorm (Fig. 8a), almost all air in
the entire troposphere is inflowing; only one air cur-
rent can be see flowing outward, at 700-800 hPa. The
maximum velocity of the inflow is about —8 m s,
appearing in the area approximately 40-50 km outside
the rainband at 950 hPa, and decreasing slowly along
the radial toward the typhoon center in the boundary
layer. Consequently, there weak convergence occurs
on the inner side of the velocity maxima of the in-
flows. In addition, a small weak disturbance starts to
occur at the border of the inflow in the boundary layer
and the outflow in the middle and low levels around
800 hPa, forming a clockwise secondary circulation be-
tween them.

At 0600 UTC (Fig. 8b), the inflow at the outer side
of the rainband in the boundary layer weakens slightly,

while the outflow in the mid troposphere strengthens
significantly, with its maximum velocity reaching 7 m
s~!. This is due to the typhoon being dissipated by
the land surface as it moves inland. The structure
of the typhoon becomes looser and weaker, leading to
more and more outflows in the middle and upper tro-
posphere. The radial wind velocity changes from —8 m
s~ to 7 m s~! within an altitude of only 3 km, which
offers a strong sheared environment advantageous to
the formation and maintaining of a spiral rainband
(Barnes et al., 1983). The convergence line corre-
sponding to the rainband develops rapidly during this
period. With the common action of convergence up-
lift and divergence pumping, the clockwise secondary
circulation in the lower troposphere intensifies further,
making the ascending movement within the rainband
more intense. Meanwhile, the maximum outflow ve-
locity in the mid troposphere also increases, to over 8
m s~! (Fig. 8c). All of these factors strengthen the
vertical wind shear, causing the spiral rainband and
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Fig. 9. Vertical structure of tangential wind (m s™') at
0800 UTC 6 August 2005. The contour represents tan-
gential wind velocity, and the black bold dashes mark
the axis line of one convergence cell. The line A-B is the
same as in Fig. 7c.

convergence line to keep developing upwards.

At 1400 UTC (Fig. 8d), lower level inflow decreases
quickly as the typhoon moves further inland, while the
outflow in middle levels increases to 12 m s~! and the
clockwise secondary circulation on the outer side of the
rainband disappears. As a result, the ascending move-
ment is suppressed, subsequently subduing the spiral
rainband and convergence line, before finally dying
out. According to the wind field at 700 hPa (figure not
shown), the east wind jet in the outer typhoon pierces
through the vertical cross section when rotating cy-
clonically with the typhoon circulation. Therefore, the
maximum wind outflow appearing in the middle levels
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probably forms from the east wind jet, which is ubiqui-
tous in the spiral rainband (Samsury and Zipser, 1995;
May, 1996).

Since the tangential wind is much stronger, its con-
tribution to the development of the convergence can-
not not be ruled out. Figure 9 shows a strong low-level
jet between 950 hPa and 850 hPa in the area 40 km
outside the rainband at 0800 UTC, with the maxi-
mum velocity of the jet being greater than 30 m s~*.
In fact, the low-level jet remains consistent through-
out the rainstorm process (figure not shown). The
convergence center is located just in the left side of
the entrance region, creating an advantageous environ-
ment for the genesis and development of convergence.
Besides, the ascending leg of the clockwise secondary
circulation in Fig. 8 happens to be in the entrance re-
gion of the low-level jet, and this ascending movement
could further promote low-level convergence.

The equivalent potential temperature field (Fig.
10a) shows a high value area within the convergence
zone in the rainband. Flows below 850 hPa are all
warm and moist, with equivalent potential tempera-
ture greater than 358 K. Furthermore, there is a warm
tongue bumping upward corresponding to the con-
vergence column. In the areas of radial inflow and
strongest updraft, there is negative equivalent poten-
tial temperature advection, and the strongest negative
advection occurs in the latter, reaching —14.3x10~* K
s~1. When the updrafts ascend to 700 hPa and flow
outward, the equivalent potential temperature advec-
tion then converts to positive and generates a maxi-
mum of 15.2x107% K s~!. From this it can be judged
that, when the state of the middle and lower levels of
the troposphere are convectively instable (Fig. 10b),
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Fig. 10. Vertical structure of (a) equivalent potential temperature field (red contour, K) and ad-
vection (black contour, x10™* K s™'), and (b) convective stability index (—90/0p, K hPa™') at
0800 UTC 6 August 2005. The black bold dashes mark the axis line of one convergence cell. The
line A-B is the same as in Fig. 7. When —960/90p <0, it is convectively instable.
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the inflow toward the convergence line with plenty of
moisture and energy uplifts by convergence and trig-
gers strong convection to produce heavy rainfall. Dur-
ing this process, moisture and energy are released. The
latent heat of condensation is taken to the middle level
by the updraft and then transported outward along the
radial by the outflow, making the area outside the rain-
band warmer than the inside. This is why the warm
tongue is inclined outward.

7. Conclusion

The ARW model was used to simulate the local
heavy rainstorm process caused by Typhoon Matsa
over the northeastern coast of Zhejiang Province in
2005. The results show that:

(1) The rainstorm was mainly caused by the sec-
ondary spiral rainband of the SBC structure. Within
the secondary spiral rainband, there was a strong
meso-[-scale convergence line generated in the bound-
ary layer, corresponding very well to the Doppler radar
echo band. The convergence line consisted of several
smaller convergence centers which developed upward
forming convergence columns, and all of these conver-
gence columns inclined outward. Along the conver-
gence line there was precipitation greater than 20 mm
occurring during the following hour. During the heavy
rainstorm process, the Doppler radar echo band, con-
vergence line, and the one-hour precipitation amount
moved and evolved synchronously.

(2) The vertical shear of radial wind and the low-
level jet of tangential wind were the reasons contribut-
ing to the genesis and development of the convergence
columns. The combined effect of the ascending leg of
the clockwise secondary circulation of radial wind and
the favorable environment of the entrance region of
the low-level jet of tangential wind further strength-
ened the convergence.

(3) The warm, moist inflow in the lower levels was
brought in by the inflows of the clockwise secondary
circulation and uplifted intensely at the effect of con-
vergence. In the convectively instable environment,
strong convection was triggered to produce the heavy
rainstorm.
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