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Abstract

  Three  distinct mesoscale  convective  systems  (MCSs), cornposing  a  tropical cloud  cluster,  observed  on

January 18-19,  1993 were  investigated. This event  was  observed  by two Doppler  radars  on  Manus  Island

(20S, 1470E), Papua New  Guinea, during the  TOGA-COARE  IOP. The  cloud  cluster  was  formed within
the  radar  range,  and  extended  to a  diameteT of  about  200  km. The  environmental  wind  was  weak,  but a

strong  vertical  shear  existed  at  the  middle  level (3-8 krn),
  The  first characteristic  MCS  moved  faster than  the  environmental  wind,  and  thus  is referred  to as  a

fast-moving convective  system  (FMCS). The  orientation  of  this FMCS  was  nearly  perpendieular  to the

direction of  the  dominant  verticaL  shear.  Behind  the  convective  cell  of  the FMCS,  an  anvil  echo  extended

to  upper  levels. The  front inflow had  two  branching sub-fiows  in front of  the  convective  cell  with  a  strong

downdraft, The  lower level outflow  from the  downdraft  also  branched out  to  southward  and  northward

fiows. The  branching infiow and  outflow  weTe  associated  with  symmetrically-arranged  strong  convergence

regions.  These features were  sirnilar  to a  stTucture  produced  by the  storm  splitting,  and  is recognized  as

a  squall  line system  with  a  three-dimensional structure.  The  second  MCS  was  composed  of  individual
convective  cells, moving  at  a  slower  speed  than  the  first system.  This  slow-moving  convective  system

(SMCS) was  associated  with  the  south-easterly  inflow at  lower levels, and  extended  in a  line parallel to the

vertical  shear  direction from north  to south.  The  last systern  was  a  stratiform-looking  echo  system  marked

by an  obvious  bright band  at  the  melting  level. This system  brought rnore  precipitation  than  the  other

MCSs.  In the  echo  system,  a  vortex  with  a  diameter of  20 krn was  found at  the middle  layer (4-6 km).
In the  middle  layer, some  vertical  circulations  were  also  found, and  vertical  circulations  with  a  rnaximum

velocity  of  5 m  s-i  were  found in the upper  layer (> 6 km),  These  circulations  seemed  to cause  the heavy

precipitation.

1. Introduction

 It has been recognized  that a  cloud  cluster  is
composed  of  several  mesoscale  convective  systems

(MCSs), whose  structure  has been studied  for var-
ious regions  (Houze, 1977; Zipser, 1977; Leary and
Houze, 1979a; Ishihara, 1985; Smull and  Houze,
1987; Akaeda et al., 1991; Mori, 1992; Keenan and

1 Present aMliation:  Bekkai  High  School, Bekkai,

  Hokkaido,  Japan.

  @1995, Meteorological  Society of  Japan

Rutledge, 1993).

 In the tropics, cloud  clusters  and  MCSs  were  stud-

ied mainly  through  several  comprehensive  field ex-

periments, such  as  the Global Atmospheric Research
Program's Atlantic Tbopical Experiment (GivrE) in
1974. Although it is diMcult to classify  the shapes
of  the  MCSs,  it has been  known  that  a  Iine-shaped

system  occurs  frequently. Houze  and  Betts (1981)
summarized  convective  systems  observed  in GATE,
and  characterized  line-shaped MCSs  as a  squall  line

177



Meteorological Society of Japan

NII-Electronic Library Service

MeteorologicalSociety  ofJapan

444 Journa1 of  the  Meteorological Society of  Japan Vbl. 73, No, 2B

AE5H=ohi=

18161412le8642o280

16  LST  18 JAN,  1993

300  320  34e  360

  TEMPERATURE  (K)

380

181614

  12etS

 10lX8=642o280

04 LST  19 JAN. 1993

300  320  340  360

  TEMPERMURE  (K)

380

Fig. 1. Vertical profiles of  potential temperature  e, equivalent  potential temperature  ee and  saturation

  equivalent  potential  ternperature ee' deduced from soundings  at  Manus  before (1600 LST  on  18) and

  after  (0400 LST  on  19)  the  cloud  cluster  development.
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Fig, 2. Wind  hodograph  before (1600 LST)

  the cloud  cluster  developrnent deduced

  from a  rawinsonde.  Numbers  are  heights
  in kilometers above  mean  sea  level.

and  a  non-squall  Iine from  the data. Barnes and

Sieckman  (1984) classified  MCSs  into fast- and  slow-

moving  cloud  systems.  The fbst-moving cloud  line is
synonymous  with  a  squall  line, and  the slow-moving

cloud  line is synonymous  with  a  non-squall  line,
They showed  that the orientation  of the fbst-moving
cloud  line was  normal  to  the  environmental  vertical

shear  of  the  lower Iayer (< 650 hPa), whereas  that

of  the slow-moving  cloud  line was  parallel to the ver-

tical shear.  They  also  showed  that the fast-moving

lines had a  more-dry  layer at  the middle  level.
  Based on  the  observations  from the  Convection
Profonde  [[Yopicale (COPT 81) experiment  in west-
ern  Africa with  a  dual-Doppler  radar  system,  Chong

et  al. (1987) studied  the  three-dimensional  airflow

structure  of  a  tropical squall  line, and  Roux  (1988)
examined  the kinematics and  thermodynamics  of

the convective  region  in a  squall  line.

  In the  past, more  studies  focused on  squall  lines

with  a  well-defined  structure  and  a  fast propagar
tion, despite of  their fewer occurrences  than  other

MCSs.  Fltirthermore, the MCSs  with  squali  lines of
the Atlantic ocean  were  influenced by the African
wave  (Chen, 1985).

  Even  though  the  western  tropical  Pacific ocean

with  high temperature  is the most  important for
a forcing of  global atmospherie  circulation,  there

have been very  few experiments  befbre the [rtop-
ical Ocean  Global-Atrnosphere program,  Coupled
Ocean-Atmosphere  Response  Experiment  (TOGA-
COARE)  over  the western  tropical Pacific ocean

from November  1992  to January 1993  as the Inten-
sive  Observation Period (IOP),
  The  purpose  of  this study  is to describe the three-
dimensional  kinematic  structures  of  MCSs,  compos-

ing atropical  cloud  cluster,  observed  on  January 18-
19, 1993. This event  was  observed  by a  dual-Doppler
radar  system  on  Manus  Island (20S, 1470E), Papua
New  Guinea, during the TOGA-COARE  IOP,

2. Data  and  method  of  analysis

  Data used  in this study  were  acquired  with  two
X-band  Doppler  radars  of  the  Institute of  Low  [Ilem-

perature Science (IIII]S) and  Hokkaido  University
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Fig, 3 A  sequence  of  TbB  distributions around  Manus Island from 1900 LST  on  18 to 0400 LST  on  19.
  The  circles  indicate the range  of  ILTS  radar  on  Manus  Island.

Meteorological Laboratory (HUML). They  were  in-
stalled  on  Manus  Island, Papua  New  Guinea, which

is at the western  edge  of  the outer  sounding  array

of  TOGA-COARE.  The  locations of  these radars  as

well  as  the infbrmation  about  these  radars  are  de-
scribed  in Uyeda  et  al. (1995).
 Three-dimensional  data of  reflectivity  and  Dop-
pler veloeity  were  obtained  from synchronized  vol-
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ume  scans  with  elevation  angles  ranging  from 10 to
420 for the HUML-radar,  and  to 600 for the ILTS-
radar.  Although one  sequence  of  the volume  scans

took  about  10 minutes,  the time  interval of  the dual-

Doppler  analysis  was  15 minutes  because other  types

of  scans  were  used  in addition  to the volume  scan.

These  data were  interpolated to a  Cartesian grid
using  the Cressman weighting  function (1959), ap-

plied to five successive  azimuths  (< 50), three suc-
eessive  elevation  angles,  and  an  influence globe, Us-
ing the interpolated data with  the common  grid of
1.0 km  × 1.0 km  × O.5 km  from  two  radars,  the hori-

zontal  wind  field was  calculated  by  a  standard  dual-

Doppler  analysis  (Armijo, 1969; Ray et  al., 198e;

Satoh and  Wakahama,  1991). [[b determine  the ver-

tical wind  field, the continuity  equation  was  inte-

grated upward  from the lower boundary. The  ver-

tical velocity  was  adjusted  to satisfy  the bound-
ary  conditions  (w =  O) at the sea  surface  and  the

tropopause  (Appendix A),

  In addition  to the  wind  field, the  data from in-
frared satellite  images  and  sounding  observations

were  also used.  Fbr the hourly infrared images, the
Geostationary Meteorological Satellite (GMS), with

the  O.le ×  O.10 resolution,  over  the TOGA-COARE

region  was  used,  The  6-hourly sounding  observa-

tions were  operated  by National Weather Service at
Manus  Island, Papua  New  Guinea with  the help of
NOAA.3.

 Environmental  conditions

  During  the period  of  a  few days prior to the ¢ loud

cluster  event,  there was  no  detectable cloud  sys-

tem  around  Manus  Island on  a  synoptic  seale,  sug-

gesting that the inter-seasonal variations  studied  by
Nakazawa  (1988) did not  influence the development

of  the  cleud  cluster  of  January  18-19.

  Figure  1 shows  the vertical  profiles of  poten-
tial temperature  e, equivalent  potential temperature

ee, and  saturation  equivalent  potential temperature

ee' that was  derived from  soundings  launched  be-

fore and  after  a  series  of rainfa11s.  At  1600  LST

(LST =  UTC  +  10 hour) on  Januamy 18, befbre the
rainfall,  the  ee profile below  the height of  5 km
illustrates the convective  instability. The  lifting
condensation  level (LCL) was  at  735 m.  Con-
vective  available  potential energy  (CAPE) was  as

small  as  554 m2  s-2.  This  CAPE  was  typical  over

small  islands like Manus,  during TOGA-COARE
IOP  (Ushiyama et  al., 1995). At 04eO  LST  on  Jan-
uary  19, after  the rainfa11,  the ee profile illustrates
near  neutral  stability  since  the upper  layer above  the
height of  4 km  became  moist.  Near  zero  CAPE  at

0400  LST  indicates that the cloud  system  released

the buoyancy energy.

  Figure 2 is a  wind  hodograph befbre the cloud

cluster  development. Wind  speeds  in the tropo-

sphere  were  mostly  less than  6 m  s-i.  The  maxi-

mum  wind  speed  with  a  sharp  increase was  observed

at a height of 3 km, Three distinct parts of the large
vertical  shear  of the horizontal wind  were  presented,
The  first one  was  in the  lower layer (< 3 km)  with

its direction from north  to south.  The  second  ver-

tical shear  had the mean  direction of  SSW-NNE  in

the layer between 3 km  and  8 km  and  a  maximum

between 3 km  and  4 km  (8,2 ×  10-3 sTi).  The  third

one  was  in the upper  layer (> 11 km)  with  the di-
rection  of  ESE-WNW.

4. Evolution  of  the  cloud  cluster  and  radar

  echoes

  Figure 3 presents a  sequence  of  7LBB maps,  from
GMS  infrared images, showing  the  evolution  of  a

cloud  cluster  on  January 18-19, This  cloud  cluster

was  formed  within  the radar  observation  range  (cir-
cle  in Fig. 3a) at  1800  LST,  and  it kept the same

position throughout  the development. It extended
to both northward  and  eastward  directions with  a

maximum  diameter of  about  200  km  at  OIOO LST

on  January 19 (Fig. 3c). The  hourly variation  of

the cloud  area  within  the radar  range  (Fig. 4) re-

veals  that the low 7LBB area  (< -400C)  increased
from I800  LST  to OOOO LS[D and  decreased after

OOOO LST. The  high 7LBB area  (> -300C),
 corre-

sponding  to an  altitude  of  less than  about  10 km,
had a  peak  at  0400  LST. At this time, the cloud

cluster  was  in a  dissipating stage,  as  seen  from Fig.
3.

  Figure  5a shows  the  time  series  of  the  radar  echo

area  at difierent levels. The  echo  area  at  lower levels

(< 4 km)  reached  the peak  at  0200  LST  with  mi-

nor  peaks  at  2100  LST  and  2330  LST  (see arrows  in
Fig. 5a). The  comparison  between the upper  layer

(> 10 km)  and  the  lower layer (< 4 km)  echo  ar-

eas  at  2100  LST  and  0200  LST  shows  a  time  lag,
approximate  30 minutes  per 2 km  in height. This
fact suggests  that the upper  echo  descended with  a

velocity  of n-1  m  s-i,  corresponding  to the mean
terminal  veloeity  of  snow  particles. The  absence  of

alag  fbr the  2330  LST  peak  may  be  accounted  for

the lack of  snow  partieles. Figure 5b  shows  a  time

series  of  the total equivalent  rain  water  content  fdr
the radar  range,  calculated  from the radar  reflectiv-

ity data (See Appendix B fbr the method  of  calcu-

lation). The  water  content  at  lower levels rapidly

increased from OIOO  LST  to 0200  LST  with  srnall

peaks  at  2100  LST  and  2330  LST. Note the corre-
sponding  peaks  in echo  areas  (Fig. 5a). However,
the increase in the water  content  for the 0200 LST

peak cannot  be  explained  only  by  the  corresponding

peak  in the  echo  area,  This suggests  that  the  rainfa11

rate  around  0200  LST  was  higher than  other  periods
before OOOO  LST. Further, it is of  particular interest

that this increase in the water  content  occurred  only

below the melting  level (5 km).
  Figure 6 shows  the  hourly Constant  Altitude Plan
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Fig, 4. Time  series  of  the  cloud  aTea

   (TBB <  -20eC, ..., <  -700C) within

  the ILTS radar  range  clerived from the
  GMS  data.

ao 12

Position Indicator (CAPPI) of  radar  reflectivity  at  a

height of  2.0 km  from 1800 LST  on  18 to 0300 LST
on  19 January. Although the radar  range  covered  a

part of the cloud  cluster  (see Fig. 3), some  character-

istic MCSs  were  observed.  Before OOOO LST,  some

MCSs  with  a  lineshaped  echo,  composed  of  convec-

tive cells,  dominated over  the region.  At 1900 LST,
a  characteristic  MCS  extending  from NNE  to SSW
with  a  length of  n"100  km  was  observed.  Accord-

ing to the sequential  CAPPI  with  15 minutes  in-

tervals, this MCS  appeared  from 1830  LST  to 21eO

LST,  The  orientation  of  the MCS  was  almost  paral-

lel to the direction of  the vertical  shear  in the  lower
1ayer (< 3 km).  The  mean  velocity  of  convective

cells  was  u  =  -O,6 m  s-i,  v  =  -5,1 m  s-i,  which

were  close  to the environmental  wind  velocity  at  a

height of 3 km  (see Fig. 2). The  MCS  is classified
into the slow-moving  type, according  to the crite
rion  by  Barnes  and  Sieckman  (1984), and  this  MCS

is referred  to as  the  slow-moving  convective  system

(SMCS) hereafter.
  In centrast,  an  arc-shaped  MCS  formed in the
north-eastern  quadrant  at  2000 LST  (Fig, 6) moved
south-westward  with  higher speed  (u =:  -4,5 m  s-i,

v  =  -7.8 m  s-i)  than  the  SMCS  as  shown  in Fig.

2, This  particular MCS  was  referred  to as  the fast-
moving  convective  system  (FMCS) hereafter. The

FMCS  was  oriented  with  a  large angle  to the vertical

shear  direction in the lower layer. The  FMCS  was

N60  km  in length and  ev15  km  in width.  The  FMCS

appeared  at  1930  LST,  and  its orientation  changed

from NNW-SSE  to NW-SE  caused  by  the merger

between the FMCS  and  SMCS  at  around  2000  LST.
The  FMCS  disappeared within  the radar  range  by
2100 LST.  In the above  description, the vertical

shear  from  the surface  to the height of  3 km  was

compared  with  the orientation  of both the FMCS
and  the SMCS.  Barnes  and  Sieckman  (1984) argued

that the  vertical  shear  from the surface  to the height
of  4 km  played an  important  r6Ie  in determining the
orientation  of  MCSs.  However, due to the complex-

ity of  MCSs,  this characteristic  height may  vary  de-
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Fig. 5, Tirne series  of  <a) the  radar  echo

  area  (> 9 dBZ)  and  (b) the  equivalent

  rain  water  content  integrated within  the

  radar  range  at  different levels (2, 4, ..,,
   12 km). This  water  content  values  are

  obtained  from radar  reflectivity.

pending  on  the vertical  scale  and  exact  composition

of  each  MCS.  In the present case,  the vertical  shear

direction in the middle  layer (3-8 km) may  play an

important r61e  in determining the orientation  of  the

MCS.
  After OOOO LST, general echo  patterns ¢ hanged

from a convective  to a  stratiform  type. A  high-

reflectivity  region  around  the radar  site  (the center
of  the figures) at  OOOO and  0100 LST  moved  slowly

south-westward.  A  high-reflectivity region  rapidly

developed between OIOO  LST  and  0200  LST  (see
Fig. 5b). It became  a  wide  system  with  a  kink  in

the northern  part. As for the reflectivity  pattern,
however, hardly any  convective  cells  were  fbund in
the region.

5. Kinematic  structure  of  mesoscale  convec-

  tive systems

a, Iihst-moving convective  system

  The  fast-moving convective  system  (FMCS) in-
vaded  from the north-eastern  part of  the  radar  range

at 1900  LST  (see Fig. 6). Figure  7 shows  the time
variation  of the horizontal cross  section  at the height
of  3 km.  The  arc-shaped  FMCS  propagated  south-

westward  with  a  velocity  of  AJ9  m  s'i,  which  was

faster than  the environmental  wind  velocity  (see Fig.
2). The  mean  orientation  of the FMCS  was  nearly

perpendicular  to the vertical  shear  from the height
of 3 km  to 8 km. The  large reflectivity  grariient on

the  west  side  of  the echo  system  at  1945  LST  seemed
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Fig. 6, Sequential horizontal cross  sections  of  radar  reflectivity  at  the  height of  2 km  derived every  1

  hour  from  ILTS  radar.  The  reflectivity  contour  interval is 5 dBZ  beginning at  15 dBZ.  Rectangles at

  2000  LST  on  18 and  at  0200 LST  on  19 denote the area  of  dual-Doppler analysis  in Fig. 7, 10, 12.
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Fig. 7. Horizontal cross  sections  of  the FMCS  at  1945, 2000  and  2015 LST  at  the height of3  km. In

  the left panels, storm-relative  winds  are  superimposed  orr  reflectivity  contours  (every 5 dB  beginning

  at  15 dBZ), In the  right  panels, divergence contours  are  shown,  The  divergence contour  interval is

  2 × lor3  s-i  with  negative  value  dashed.

to indicate a  leading edge.  At 2000 LST,  however,
this reflectivity  gradient became  smaller,  At 2015

LST,  the  echo  shape  changed  due to a  merger  with

another  echo.

 The  storm-relative  wind  fields deduced from the

dual-Doppler analysis  indicate the south-westerly

inflow at  a  height of  3 km.  It must  be  noted  that the

inflow had two  branches in front ofa  high-reflectivity

cell at  2000 LST  (near the  cross  point of  line A-A'
and  B-B' in Fig. 7). Behind  the cell,  southward  and

northward  outflow  also  appeared.  The branching
inflow and  outflow  resulted  in a  symmetrical  distri-
bution of  convergence  (right pamel in Fig. 7). Be-

tween  the two  symmetrical  convergence  regions,  the
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divergence region  (from X  ='  20 km,  Y  =  25 km
to X  =  27 km, Y  =:  32 km  at 2000 LST)  extended

behind the high-reflectivity cell.  The  branching  of

the inflow may  be explained  by  the  flow that  tries
to avoid  an  obstacle  from a  strong  downdraft. The
branching infiow and  the distribution pattern of  di-

vergence  and  conVergence  regions  were  present at

all levels below the height of  4 km. At the height
of 3 km  (Fig. 7), the convergence  was  strongest.

Above  the height of 6 km, the reverse  pattern of

the divergence and  convergence  regions  was  present

(not shown  here). In spite  of  the  change  in echo

shape,  these distribution patterns were  maintained

at  least between 1945  LST  and  2015  LST,  suggesting

a  strong  three-dimensional structure.

  Figure 8 shows  the vertical  cross  section  along  line
A-A'  in Fig. 7. A  storm-relative  inflow (distance
between  10 km  and  25 km)  was  unifbrm  vertically,

contrasting  the presence of the vertical  shear  in the
environmental  wind  field. This  suggests  that other

convective  systems,  which  were  lying to the west  of

the FMCS,  modified  the wind  field, In this cross

section,  an  updraft  region  appeared  over  the high-
reflectivity  cell (distance 29 km).  Behind the cell,
an  older  decaying  cell  was  found at  34 km.  FXir-

thermore,  there was  an  extension  of  a  weak  reflec-

tivity region  (between 36 km  and  50 km). At upper

levels, the upper  inflow merged  with  the updraft,

and  penetrated  into the rear  section  of  the system.

The  extension  of  a  low-refiectivity region  was  like
an  anvil  cloud,  and  resulted  from  the  transporta-

tion of  ice particles generated  in the  convective  cell

by this penetration. This cross  section  looks similar
to one  for the squall  line (Zipser, 1977), with  the difi
ference that this FMCS  lacks `rear

 inflow' from the
low-reflectivity region  to the high-reflectivity cell,

  Figure 9 shews  the  sequence  of  vertical  cross  sec-

tions paxallel to the orientation  of  the FMCS.  These
cross  seetions  were  a  composite  of  the band of  5 km,

giving the structure  behind the convective  cell. The
cutting  line (B-B') at  2000  LST  was  shown  in Fig,

7. The  horizontal axes  of  these  sections  were  moved

to the left at  5 km  per 15 minutes,  corresponding

to the storm  motion.  In all  cross  sections,  the ver-

tical shear  of  horizontal wind  was  fbund around  the

height of  4 km. The  significant  updrafts  appeared

above  3 km  (distance 
-12

 km  at 1945 LST,  
-8

 km

and  
-18

 km  at 2000 LST, 
-14

 km  at  2015  LST),
while  downdrafts in these sections  did not  reach  the

surface.  This suggests  that convection  occurs  above

the 3 km  height, due to the strong  convergence  be-
tween  the branching inflow and  the outflow  CFig.
7). At 1945  LST, however, a part of  the down-
draft reached  near  the surface,  and  made  a gust flow
below  the  height of  1 km  at  between  

-15
 km  and

Okm.  It seems  that  this gust produced  the  new  echo

around  5 km  at  2015  LST,  The  first strong  updraft

(-12 km  at  1945  LST)  was  accelerated  between 1945

and  2000 LST. In the period  between 2000 and  2015

LST,  another  updraft  was  fbrmed and  accelerated

with  a  strong  echo  around  
-15

 km  at  2015 LST.  By
then,  the first updraft  (-8 km  at  2000 LST)  was

decelerated. It seems  that the second  updraft  was

generated  by  the downdraft  (-12 km  at  2000  LST)

from the  first updraft.

  At 2000  LST, four updraft  regions  in the upper

level appeared  at -8, -18, -28, and  -36  km. These
updrafts  are  associated  with  weak  echo  regions  of

less than  10 dBZ, It should  be noted  that the four
pairs of  updrafts  and  weak  echo  regions  had  an  al-

most  equal  interval of  about  10 km,  suggesting  the

presence of  a  gravity wave  excited  by strong  up

drafts.b.

 Slow-moving convective  system

  As described in Section 4, the slow-moving  con-

vective  system  (SMCS) was  formed at  1830  LST,
and  maintained  its generai character  for more  than

two  hours, In the first stage  of the history, the north-

ern  part of  the system  first developed  before 1900

LST, fbllowed by the  development in the southern

part (2000 LST  in Fig. 6). A)though convective  cells

of  the SMCS  moved  sout  hward at a  speed  of 5 m  s-i,

the system  remained  almost  stationary  in its posi-
tion.

  Figure  10 shows  the  horizontal section  of  the

southern  part of  the SMCS  at  1945  LST. The  cell-

relative  wind  at  the height of 2 km  was  generally
weak,  but there was  a  south-easterly  inflow on  the

east  side  of  the SMCS.  The vertical  velocity  distribu-
tion  at  the  height of  4 km  revealed  some  individual

convective  cells.  At this stage,  rnost  of  the cells  were

still developing, there being only  a  few downdraft
regions.  Figure 11 shows  the vertical  cross  sections

along  lines C-C' and  D-D' in Fig. 10, The  east  to
west  cross  section  (C-C') cut  through  one  of  iden-

tified cells,  A dominant easterly  flow as  a  pa[rt of

the south-easterly  inflow and  weak  westerly  inflow
converged  at  the lowest level, generating an  updraft

around  
-27

 km. The  updraft  was  accelerated  be-
low  a  height of  6 km,  becaming  an  eastward  outflow

above  this height. The  another  cross  section  from

north  to south  (D-D') revealed  the southerly  inflow
as  a  part of  south-easterly  inflow at  lower levels.
This  lower infiow formed the dominant updraft  over

a  high-reflectivity cell  at  33 km. On  the both sides
of  the high-reflectivity cell, there were  two  weak  cells

at 40 km  and  26 km. One of  thern  was  developing
with  a separate  updraft  at  40  km, contrasting  an-

other  decaying  cell.  The  existence  of  the three eon-

vective  celis  in different stages  of  growth  suggests

that these cells develop alternately.  Furthermore,

the developing cell on  the south  indicates that  the

southerly  inflow forms a  new  convection.  Therefore,

it seems  that  the south-easterly  inflow plays a  most

important  r61e  in the  development of  the SMCS,

1&
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  In the  right  panel, vertical  velocity  contours  are  shown  at  the  height of  4 km. The  interval of  vertical

  velocity  contours  is 2 m  s-i  with  negative  values  dashed.

c. Stratofbrm-looking echo  system

  There was  a  maximum  in the extent  of  the

stratiform-looking  echo  at  0200  LST, corresponding

the rapid  increase in the rain  water  content  at  lower
levels (Fig. 5). Figure  12 shows  the horizontal sec-
tions  of  ground-relative wind  fields and  reflectivity

fbr the 3, 5 and  8 km  heights at  0200  LST.  At a

height of  3 km,  there was  a  high-reflectivity region

with  a  kink from northwest  to southeast.  A  general
divergence field was  formed by the southward  and

westward  outflows  from the  high-reflectivity region.

At a  height of  5 km,  there was  a  counter-clockwise

vortex  with  its diameter of  about  20  km  near  the

center  of  this section  (X =  O km, Y  =  35 km).
This vortex  extended  only  between 4 km  and  6 km
in height. The  kink of  the high-reflectivity region  at

the height of 3 km  eorresponded  to the vortex  of  the
middle  1ayer. At a  height of  8 km,  weak  winds  pre-
vailed  over  the entire  region,  The  both updraft  and

downdraft velocity  generally increased up  to 8 km
with  height (right panels in Fig. 12).

  A  vertical  cross  section  along  line E-E' (Fig. 13)
is parallel to the vertical  shear  direction of a  layer

between  3 km  and  8 km.  A  clear  shear  line ap-

peaJred at  the 4 km  level over  the domain except  the

northeast  region  (E' side). In a  1ayer between 4 km
and  6 km, two  circulations  appeared  around  10 km
and  23 km. These  circulations  corresponded  to the
melting  layer indicated by  a  bright band  at  a  height

of  4-5 km, Above  6 km, some  circulation  could  be
also found. The  downdrafts (distance 13 km  and

26 km)  of  the upper  circulations  were  connected  to

the middle  level circulations.  This suggests  that the

upper  level (> 6 km)  circulations  interacted with

the middle  level (4-6 km)  circulation.  In another

cross  section  a[Long  line F-F' (Fig. 13), there were

clear  upper  level circulations,  The maximum  veloci-

ties of the updrafts  and  downdraft exceeded  5 m  s-i.

The  strong  south-easterly  flow between -11  km  and
-27

 km  at  a  height of  5 km  was  a  part of  the  vortex.

Below the melting  1ayer, there were  only  downdraft
regions  without  an  updraft  region.

  It is evident  that strong  vertical  circulations  at

the middle  and  upper  layer existed  within  the
stratiform-looking  echo  system.  These  vertical  cir-

¢ ulations  may  be related  to the strong  vertical  shear

between 3 km  and  4 km, and  a  release  of  the la-
tent heat above  the melting  layer. It seems  that

the heavy precipitation was  caused  by these circula-
tions  at  middle  and  upper  levels, corresponding  to

the rapid  increase of  the  rain  water  content  in the

echo  system  (Fig. 5).

6. Discussion

  A  few characteristies  of  the FMCS  are  summa-

rized  below: (1) The  propagation speed  (9 m  sTi)

was  faster than  the environmental  wind  velocity.

(2) The  orientation  was  nearly  perpendicular  to the
direction of  the  dominant  vertical  shear.  (3) The
arc-shape  echo  system  was  approximately  60 km  in

length and  15 km  in width.  (4) Behind the high-
refiectivity  cell, the anvil  echo  extended  to the up-

per layer. (5) The  front inflow branched into two
sub-flows  in front of  the  high-reflectivity cell  with

a  strong  downdraft, (6) The  lower level outfiow,

caused  by the downdraft, extended  in both south-

ward  and  northward  directions. The  summaries  be
tween  (1) and  (4) suggest  that the FMCS  would

be categorized  as  squall  line, although  the horizon-

tal scale  was  small.  In addition,  the  summaries

t86
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of  (5) and  (6) suggest  that the system  was  simi-

lar to a  structure  produced  by the storrn  splitting

shewn  by  Klemp  and  Wilhelmson  (1978). They

simulated  the  evolution  of  both  a  right-moving  and

left-moving storm  in the constant  shear  environment

using  a  three-dimensional cloud  model.  Rotunno

(1981) gave the explanation  that the storm  split-

ting was  caused  by the presence  of both positive
and  negative  vorticity  from  the  tilting  of  a  vortex

tube  of  the vertical  shear  in a  convection.  Fl:om

the strong  vertical  shear  between 3 km  and  4 km,
it seems  that this mechanism  is also  applicable  to

the present case.  The first updraft  in the south-east

part developed  at  1945  LST,  while  the another  cell

in the  north-west  part developed at  2015  LST,  thus

giving a  time  delay of  about  30 minutes  (see Fig. 9).

Hence,  the evolution  of  the FMCS  is different from

that of  the storm  splitting,  that does not  have such
a  time  delay in general, even  though  the structure  of

the  FMCS  is similar  to the  one  with  the storm  split-

ting. One of  the possible mechanisms  to explain  this
delay is that downdrafts generated  by  the  first con-

vection  triggered off  the  second  convection.  Another
mechanism  may  be that the  upper  fiow transported
ice particles north-westward  (the left side  in Fig. 9),

evidenced  by the ESE  to WNW  direction of  the en-

vironmental  wind  in the upper  1ayer. The  presence
of  thunder  and  lightning, observed  by a  radar  op-

erator,  and  the  above  analysis  suggest  the vigorous

conveetion  with  a  three-dimensional structure  like a
superceli.

  As described before, the FMCS  and  the SMCS
are  classified as  squall  line and  non-squall  line, re-

$pectively.  It is interesting that the  two  types  of

MCSs  coexisted  (2000 LST,  Fig. 6). A  similar  case

was  reported  by House (1977), Mansfield (1977) and

Ogura and  Liou (1980), although  squall  and  non-

squall  lines are  associated  with  different environ-

ment  conditions  (Barnes and  Sieckman, 1984). It
is of  concern  that the  structure  of MCSs  may  be not

decided  uniquely  by  the environrnental  conditions

(Ogura, 1990).

  [[b understand  the kinematic difference among

the three echo  systems,  the vertical  velocity  fields
and  the divergence were  averaged  over  three ar-

eas  corresponding  to the FMCS,  the SMCS  and  the
stratiform-looking  echo  system  (Fig, 14).

  First, we  describe the  difference between the

FMCS  and  the SMCS.  R)r  the FMCS,  the strongest

updraft  exceeding  25 m  s-i  was  observed  near  the

187



Meteorological Society of Japan

NII-Electronic Library Service

MeteorologicalSociety  of  Japan

454 Journal of  the  Meteorological Society of  Japan Vbl, 73, No. 2B

60

50

40

30

20

io 

o-360

50

40

30

20

le

o -2e -loo10  2030

o-30
 -20 -10

6e

o

60

50

40

30

20

10

o

W'cs'as,oo 
o.

/k,{
Q

S.,B
`

,

`si

y<liftt'"
 HT=3km

gi////L,\
[)xl'.f' 

"

 eer..
-30

 
-20

 
-10

60

olo  2e 3o

10  20  30

  HT=8km
''':ls NK

   
''.'t:

 s

50

4e

-D.

           1.

111: 
''Jl--

 ::
=:1  l

     D, ag
 L

30

2e

10

o

ee'gegge
//\tlee.lxl$ti,k

m

,

50

40

30

20

10

o

 ; 
t"'

.;

 ;;;
  f'

   ;l-
.Jf.;;.{.

  t/

    o''

<x"x:1il[1

L  
-30

 
-2o

 
-lo

20  mts

olo  2e30

-3e -2e -lo
60

50

40

30

20

10

olo  2o  3e

o-3o
 -2e -loole  2o  3o

Fig. 12. Horizontal cross  sections  of  the  stratiform-looking  echo  system  at  the  height of  3 km,  5 km

  and  8 km  at  0200 LST. In the left panels,  ground-relative  wind  fields with  superimposed  reflectivity

  contours  (every 5 dB  beginning at  15 dBZ)  are  shown.  In the  right  paners, vertical  velocity  contours

  are  shown.  The  interval of  vertical  velocity  contours  is 2 m  s-i  with  negative  values  dashed.

7 km  level, and  the updraft  and  the maximum  down-

draft with  a  peak  near  5 km  were  similar  in their

magnitude  (Fig. 14a). For the SMCS,  the magni-

tude  of  the updraSt  was  close  to the FMCS  updraft.

However,  the maximum  downdraft of the SMCS  was

smaller  than  that of  the FMCS  at  almost  all levels,
The  area-averaged  vertical  velocity  for the  SMCS

was  upward  at all levels below  12 km,  and  was

1arger than  that of  the FMCS  (Fig. 14b), The  area-

averaged  convergence  at  lower levels and  the diver-

gence at  upper  levels for the SMCS  were  also  larger

than  these  for the  FMCS  (Fig. 14c). These  sug-

gest that the  dominant  developing  cells  with  updraft

existed  in the SMCS.  Fbr both FMCS  and  SMCS,
maximum  updrafts  exceeded  20 m  s-i,  though  the

CAPE  was  only  554  m2  s-2.  This  discrepancy may
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Fig. 13. Vertical  cross  sections  of  the  stratiform-looking  echo  system  at  0200  LST.  Ground-relative wind
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  of  these  sections  are  indicated by line E-E' and  F-F' in Fig, 12.

be due to small  convections  around  Manus  Island at
1600 LST  with  which  the sounding  became biased

(see Fig. 4), Another possible reason  is that some

MCSs,  which  develop and  decay  repeatedly,  change

the basic environment  conditions.

  Secondly, the double peaks  in the area-averaged

vertical  velocity  for the FMCS  and  the SMCS  were

described (Fig. 14b). The lower peaks  were  found
at  around  5km,  and  the upper  peaks were  appeared

at about  10 km.  Observing their height, it is prob-
able  that the lower peaks  were  associated  with  the

release  of  latent heat around  the melting  level. The

gravity waves  excited  by the strong  convection  seem

to cause  the upper  peaks, with  the areal  difference
between updraft  and  downdraft regions.  The  reason

for the  few downdraft  areas  compared  with  the  up-

draft areas  in the upper  layer, is that ice particles
with  radar  detectable sizes  are  fewer in the down-
draft regions  due to the evaporation  of  the particles.
Heymsfield et al. (1991) found strong  downdrafts
associated  with  convectively  gravity waves  by air-

craft investigation. In the present case,  Fig. 9 shows

indirect evidence  for the gravity waves,  which  was

excited  by the strong  updraft  in the FMCS.

  Finally, we  describe the stratiform-looking  echo

system.  The  maximum  vertical  velocity  increased
above  the height of 4 km  (Fig. 14a), correspond-

ing to  the  vertical  circulations  in the  middle  and

upper  layers presented in Section 5c. Figure  14a

shows  that the vertical  circulation  in the upper  layer
had  a  strong  updraft  and  downdraft whose  maxi-

mum  velocity  reached  5 m  smi.  Oll the other  hand,
the  area-averaged  vertical  velocity  in the  stratiform-

looking echo  system  exhibited  an  obvious  downdraft
at  about  4 km  height (Fig. 14b). The  enhanced

downdraft around  the melting  level was  explained

by a  melting  cooling  (Leary and  Houze, 1979b). At
the upper  levels, the  area-averaged  divergence  was

either  negative  or  near  zero.  In contrast,  the  area-

averaged  divergence  below  4 km  was  positive. These

features are  similar  to ones  suggested  by Biggerstaff
and  Houze (1993) fbr a [secondary

 band' behind a
squall  line. The  area-averaged  vertical  velocity  at

the upper  levels was  near  zero,  though  the strong

updraft  or  downdraft  appeared  above  the  melting

level (Fig, 14a), indicating the balance in the mass
fluxes of  updraft  and  downdraft above  the melting

level.7.

 Concluding  remarks

  Three distinct mesoscale  convective  systems,  com-

posing a  tropical cloud  cluster,  observed  on  January
18-19, 1993 were  investigated by the dual-Doppler
radar  analysis.  The  cloud  cluster  was  formed  within

the  radar  range  with  a  diameter  of  about  200  km  in

the  matured  stage.  The  environmental  wind  was

weak,  but a  strong  vertical  shear  existed  in the
middle  layer. The  maximum  extent  in high [CBB
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   Thin  lines with  small  square  denote the

   FMCS,  thin lines denote the  SMCS  and

  thick lines denote the stratiform-looking

  echo  system.  Area-averaged ranges

   in the FMCS,  the SMCS  and  the

  stratiform-looking  echo  are  10 km

   <X<  30 km  and  10 km  <Y<  50 km

   (20 LST), 
-35

 km<  X  <20  km

  and  -45  km  <  Y  <  25 km  (20
  LST), -10  km  <  X  <  10 krn and

  20  km  <  Y  <  40  km  (02 LST),  respec-

  tively.

(> 300C) and  low 7LBB (< -400C)  areas  had  a  4-

hours delay, The maximum  extent  of  the lower echo
area  also  had a  lag of  30  minutes  per 2 km  in height ,
corresponding  to the mean  fal1 velocity  of snow  par-
ticles. The total rain  water  content  and  the  echo

area  in the  lower 1ayer reached  their maximurn  at

0200  LST  on  19. At  this time,  the stratifbrm-looking

echo  was  dominant over  the radar  range.  During  the
period  from OIOO  to 0200  LST,  the water  content

increased rapidly  with  the rate  higher than  that of

echo  area  extension.

  The  cloud  cluster  was  composed  of some

mesoscale  convective  systems  (MCSs). In the first
stage,  convective  echo  regions  dominated over  the
radar  range,  while  in the latter stage,  the stratiform-

looking echo  system  became  rnore  dominant.

  One  of  characteristic  MCSs  (FMCS) propagated
south-westward  at  a  speed  of  9 m  s-i,  which  was

faster than  the environmental  wind  velocity.  The
FMCS  was  about  60 km  in length and  15 km  in
width,  and  its orientation  was  nearly  perpendicu-
lar to the direction of the dominant vertical  shear.

Behind the convective  cell,  the anvil  echo  extended

to upper  levels. These results  suggest  the charac-

teristic of  this FMCS  is similar  to that of  a  squall

line, except  of a  smaller  size. The  internal struc-

ture revealed  by a  dual-Doppler  analysis  had  a  three-

dimensional air  flow. The  front infiow branched into
two  sub-flows  in frent of a  strong  downdraft region.
The  lower level outfiow  from the downdraft extended
in both  southward  and  northward  direetions. The

branching inflow and  the  two  outflows  made  sym-

metrically  arranged  strong  convergence  regions  at

lower levels. The maximum  updraft  velocity  at the

convergence  region  was  higher than  25 m  s-i  , These
kinematic  structures  were  similar  to the  structure

produced  by the storm  splitting  shown  by Klemp
and  Wilhelmson (1987).
  Another characteristic  MCS  (SMCS) was  cem-

posed  of individual convective  cells, which  moved

slowly  with  an  environmental  wind  near  the height

of  3 km.  Since the  SMCS  extended  in a  line paral-
lel to the vertical  shear  direction, the system  almost

kept its position. This SMCS  was  triggered by the
south-easterly  inflow at lower levels. At upper  lev-
els, an  anvil  echo  extended  to the down-shear diree-
tion  with  the  dissipation of  the  convective  cell  in the

middle  layer.

  The  stratiform-looking  echo  system  appeared  in

the latter stage  of  the cloud  cluster.  In this sys-

tem,  a  vortex  with  a  diameter of  about  20 km  was

found  between  4 km  and  6 km  levels. In the  mid-

dle 1ayer (4-6 km), some  vertical  circulations  were

found. In the upper  la"rer (> 6 km),  some  strong

circulations  with  the maximum  vertical  velocity  of

5 m  s-i  were  also  found. These results  suggested

that the stratiform-looking  echo  system  with  an  ob-

vious  bright band was  convective  above  the middle
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layer. The  rain  water  content  increased rapidly  in

the  system  as  a  result  of  heavy precipitation pro-
duced by these circulations  in the middle  and  upper

layers.
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A. A(ijustment method  of the vertical  velocity  in the
   dual-Doppler  analysis.

  In the  dual-Doppler  analysis,  it is dificult to de-
termine  the boundary conditions  of  w.  Unfbrtu-

nately,  some  Doppler radar  data do not  extend  to

the surface  due to ground  clutter  contamination.

Flirtherrnore, a  convective  echo  top  height is differ-
ent  from  a  cloud  top  when  the  convective  echo  does

not  reach  the tropopause  so  that the boundary con-

dition (w =  O) at  the echo  top height call  not  be

adopted,

  Ray et  al. (1980) introduced an  adjustment

method  of  u, v, and  w  using  a  variational  inte-
gral constraint  to satisfy  the continuity  equation  un-

der the given lower and  upper  boundary conditions.

In this paper, however, simpler  method,  in which

only  the vertical  velocity  field is adjusted,  was  used.

First, the vertical  velocity  is calculated  by a  relax-

ation  method  using  the upward  integration of  the

continuity  equation  from  the surface  boundary  con-

dition of  w  =:  O. Next, the vertical  velocity  in the

noecho  region  above  the echo  top is estirnated,  as-

suming  that the divergence is constant,  equivalent  to

the constant  vertical  gradient of w  above  the echo

top  level. After the vertical  velocity  is fi11ed up  to
the  tropopause, the adjusted  w  at  level zi  is written

  wt=w6+;ei,(wT-w,T),  wT=o,  (i)

where  wT  is the boundary  condition  of  the

tropopause, the subscript  O denotes an  observed

value,  and  the superscript  l indicates a level. When
the echo  regions  do not  reach  the surface,  the ad-

justed w  after  the lower region  fi11ed up  by a similar

argument  is written

wi=w6+zT

 m  zlxT(wS
 
-
 woS),  wS  =  o,(2)

where  wS  is the  surface  boundary  condition.  This

equation  is an  effective  application  of  a  downward
integration of  the continuity  equation,  In present
case  study,  however, the upward  integration was

adopted  because there  were  more  errors  in estimat-
ing vertical  velocity  for the upper  levels than  for the
lower levels. Using both Equations (1) and  (2), it
is possible to adjust  the vertical  velocity  in a  region

la£ king both  upper  and  lower data. Finally, the  ver-

tical velocity  in the  neecho  regions  are  eliminated,

because the assumption  of  the constant  divergence
above  the echo  top is not  applicable  when  the cloud

top does not  reach  the tropopause.

B. Calcueation of  the equivalent  rain  water  content,

  The  equivalent  rain  water  content  can  be calcu-

lated from radar  reflectivity  using  the Z-R  relation-

ship  and  mean  fall velocity  of particles (Flijiyoshi
et  al. 1992). Since the Z-R  relationship  of  ILTS-

radar  in the tropical precipitation have  not  been  in-

vestigated,  we  adopted  the general relationship  by
Marshall and  Palrner (1948),

Z  =  2ooRl･6 (3)

where  Z  (mm6 mL3)  is an  equivalent  reflectivity  fac-
tor and  R  (mm hr-i) is a  rainfa11  rate.  The  mean

terminal velocity  Vt (m s-i)  is obtained  from the
fo11owing equation  by Rogers (1964), 

'

  vt=3,szi!i4  (4)
Using Equations (3) and  (4), the equivalent  rain  wa-

ter content  M  (g m-3)  is calcuiated  from

M  =  1000R!3600Vt. (5)

R  and  Vt  calculated  from Ze  are  averaged  over  each

grid (1 km  × lkm  × O.5 km)  so  that the total rain

water  integrated Mt.t.i (g) is given by,
              n

M}otal ==  5 × 108 E  an
              i=1

where  n  denotes the all grids in a  layer.
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TOGA −COARE 集 中観測 期間中の パ プア ニ ュ
ーギニ ア 、 マ ヌ ス 島 にお け る

　　　　　　　　雲群 の 構造 に関す る ドッ プ ラ ー レ ーダ ー観測 ：

　　 2 台の ドッ プラ
ー レ ーダー

に よ る雲群 を構成 す る メ ソ対流系の 解析

　　　　 佐 藤晋 介

　（北海道大学低温科学研究所）

　　木下 　温
1・上 田　博

（北海道大学理 学部 地 球物理 学科〉

　1993 年 1 月 1819 日 に 観測 され た クラ ウ ドク ラ ス ターと、そ れを構成す る 3 つ の 特徴 的 な メ ソ 対流系を

2 台 の ドッ プ ラーレ ーダ ー
デ
ータ を 用 い て 解析 した。2 台の レ

ー
ダ
ー

は 、TOGA −COARE 集中観 測 期 間 中

に マ ヌ ス 島 （南re　2°、東 経 147 °

）に 設 置 した もの で あ る。解析 した ク ラ ウ ドク ラ ス ターは、レ ーダー観測

範囲内で 発生 し直径約 200km に まで 発 達 した 。 こ の 時 の 環境 の 風 は 弱 か っ た が、高度 3〜4　km に 強 い 鉛

直シ ァ
ーが 存在 した。

　 こ の ク ラ ウ ドク ラ ス タ
ー

は 幾 つ か の メ ソ 対 流系 に よ っ て 構 成 さ れ て お り、ク ラ ス ター
の 成 長 期 に は対流

性 エ コ ーが 、衰退期 に は層状性 エ コ
ー

が 卓越 して い た。最初 の特徴 的なメ ソ対流系 （FMCS ）は 環境 の 風 よ

り速 い 速度 で伝播 し、そ の 走向 は 鉛直 シ ア
ー

の 方向 に ほ ぼ 直交 して い た。また、強 い 対流 セ ル の 後方に は

層状性 エ コ
ー

が 広 が っ て い た。FMCS に流 入 する流 れ は 強 い 下降流を伴 うセ ル の 前 で 2 本 に 分 か れ、そ の

下降流 か ら南 と北方向 に 発散する下層の 流れ と の 間 に対称性 を持 つ 2 つ の 強 い 収束域 を形成 した。こ れ ら

の 特徴 か ら、FMCS は
」
storm 　splitting

’
が 作 り出す ような 3 次元 気流構造 を持 つ ス コ

ー
ル ライ ン と して 認

識 され た。2 番目の メ ソ 対流系 （SMCS ）は、ゆっ くり と した 移動速度 を持 つ 独立 した対流 セ ル で構成 さ れ、

系全体 の 走 向 は 鉛 直 シ ア ーに 平 行 で あ っ た。3 番 目の シ ス テ ム は、明 瞭 なブ ラ イ トバ ン ドを伴 う層状 性 エ

コ
ー

で あ っ た が 、そ の 中層 （高度 4〜6km ）に は 直径約 20　km の 水平渦 が 見 つ か っ た。さらに 、中層 と上

層 （高度 6km 以 上 ）に は 5ms
−1

に 達す るような鉛直速度 を持 つ 鉛 直循環 が 見 つ か り、こ れ ら に よっ て 多

量 の 降水 が 生 成 さ れ た こ と が 分 か っ た。

1
現 所 属 ：別 海 高校、北 海 道
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