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Abstract

   The surnmer  rain  shower  which  develop in central  Japan  under  otherwise  fair-weather conditions  during
the summer  of  1985 were  investigated, making  use  of  routine  observational  data from  weather  stations.

According to the statistical  analysis,  the diurnal cycle  of  precipitation exhibited  a  distinct peak around

l800 LST,  while  little rainfa11  occurred  from  OOOO to 1200 LST.  This distinct peak  was  associated  with  the

summer  rain  shower  developed over  the  heated land surface  during the  afternoon.  The rain  shower  activity

increased  as  the  atmospheric  static  stability  for dry (or moist)  convection  decreased, under  conditions  that
the  atmospheric  precipitable  water  exceeded  40  mm.  The  rain  shower  was  concentrated  in the mountainous
regions  which  consist  of  several  mountain  ranges  having the  horizontaL scale  of  about  100 km,  The  areas

where  the rain  shower  was  concentrated  ]argely did not  move  with  time.  The  degree of  spatial  concentration

of  the  rain  showers  however  was  weaker  under  higher activity  conditions  of  the  rain  showers.

   A  thermally  induced local circulation  developed over  central  Japan  during the  daytime under  faiT

weather  and  weak  synoptic  wind  conditiens  from  the  spring  to summer  seasons.  This circulation  was

strongly  dependent  on  the topography,  and  converged  in the  mountainous  regions.  According to the

previous  study,  the  daytime  thermally  induced circulation  contributes  to an  increase  in the  water  vapor

content  over  the  mountaineus  regions  through  the  moist  air  advection  from  the  plain  and  basin  regions,  and

the greatest amounts  of  water  vapor  are  a £ cumulated  over  the  meuntainous  regions  in the  late afternoon

when  the horizontal scale  of  topography  is close  to 100 km. Specific humidity measured  in the mountainous
area  displayed an  afternoon  maximum,  exceeding  that  at  the  basin bottom  in the  afteTnoon.  The  increase in

water  vapor  over  the mountainous  regions  is expected  to contribute  to the development of  cumulus  clouds,

which  was  confirmed  by decreased sunshine  duration duTing the  late afternoon  over  the mountainous

regions.  These results  suggest  that  summer  rain  showeTs  are  triggered over  the mountainous  regions  by
the thermally-induced local circulation.

1. Introduction

  The  so-caJled  heat thunderstorm,  which  is a  con-

vective  rain  shower  resulting  from the development
of  cumulus  and  cumulonimbus  clouds  over  a  heaeed

ground  surface  during the daytime, is one  of  sev-

eral  typical meteorological  phenomena  that occur

in central  Japan during the summer.  This type  of

thundersterm  frequently forms over  mountainous  ar-

eas  during the afternoon  of  an  otherwise  sunny  day,
and  occasionally  causes  severe  rainfaIl  and  lightning.
Statistical analyses  of  daily precipitation cycles  us-

ing routine  observational  data reveal  that a  peak
is formed in the evening  rainfall  due to the rain

showers  occurring  over  the inland area  of  central

Japan during the summer  (Ftijibe, 1988; Tatehira
and  Hoshina, 19931 Oki and  Musiake, 1994).
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  On  the  other  hand, a  thermally-induced  local cir-
culation  can  develop under  fair-weather and  weak

synoptic  wind  conditions  over  the spring  to summer

seasons  (Shimizu, 1964; Suzuki, 1991; Kuwagata  et

al., 1990), The  thermally  induced  circulation  rff

sults  from  a  horizontally non-uniform  heat source,

and  is strongly  affected  by the topography.  Several
studies  have focllsed on  the relationship  between the

thermally induced circulation  and  the summer  rain

shower,  Udagawa  (1966; 1968) pointed  out  that the

thermally  induced  circulation  may  act  as  a  trigger

for summer  thunderstorms  over  the inland area  of

central  Japan.  A  statistical  analysis,  using  routine

observational  data. revealed  that the sunshine  du-
ration  decreased  at  the weather  stations  over  the

rnountainous  area  of  ceritral  Japan  in the afternoon

of  otherwise  fair-weather conditions  due  to  the de-

velopment  of  clouds  (Kimura, 1994). Kuwagata  and
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Fig. 1. Map  showing  the  area  of  central  Japan. (a) Meteorological stations  are  indicated by  circles  (solid
  circles  denote t-he representative  meteorological  stations),  and  aerological  stations  by  solid  squames

   (S: Sendai, W:  Wajima,  T: [fateno, H: Hamamatsu).  The  broken  contour  lines indicate elevation  for

  every  500 m  above  MSL.  (b) The  analysis  area  represented  by the  rectangular  region  given in (a),
   The  various  degrees of  shading  indicate  height above  mean  sea  level (m MSL).  AMeDAS  stations  are

   indicated  by open  circles  and  automated  rain  stations  by  open  triangles.

Kimura  (1995; 1997) further showed  that the ther-

mally  induced cross-valley  circulation  in a  deep val-
ley can  result  in the formation of  cumultts  clouds

over  the mountain  ridges  during the afternoon.

  In the present study,  both  the characteristics  of

the sumrner  rain  shower  and  the contribution  from
the thermally  induced  local circulation  te the de-

velopment  of  rain  showers  in celltral  Japan  are  in-

vestigated  using  routine  observational  data from
weather  stations  in the  summer.  The  thermally

induced  circulation  can  also  develop  under  fair-

weather  and  weak  synoptic  wind  conditions  during
the spring  season  (as will  be  defined in the present
study),  when  the  daytime sensible  heat flux is at its

strongest  of  the year. However, few rain  showers  oc-

cur  under  such  conditions  in the  spring.  In order

to  examine  the  difference in the therrnally  induced

circulation  over  central  Japan between spring  and

summer,  springtime  weather  data are  also  analyzed.

2. Data

  Figure  1 shows  a  map  of  central  Japan. The  re-

gion analyzed  (the area  identified by  the rectangle

in Fig. Ia) consists  of  many  mountain  ranges,  basins

and  plains, and  covers  an  area  of  123,600 km2. The
horizontal scale  of  topography,  which  corresponds

to the distance between ad.jaeent  mountain  ranges,

the Iength of  each  mountain  range,  or  the  widths

of  each  basin and  plain, is about  100 km  in cen-

tral Japan (ranging from 50 km  to 150 km  for each
topography).  The  vertical  scale  of  each  mountain

range  exceeds  2 km,  There  are  46 meteorological

stations,  281 Automated  Meteorological  Data  Ac-

quisition  System  (AMeDAS) stations,  and  169 au-

tomated  rain  stations  in this region,  along  with  4

aerological  stations.  The  main  data source  in the
present analysis  consists  of  the AMeDAS  and  Auto-

mated  rain  stations.

  In order  to analyze  the characteristics  of  summer

rain  shower  and  the  contribution  of  the  thermally-

induced  loeal circulation  to  t･he development  of  rain

showers,  the summer  season  of  1985 was  selected.

The  summer  of  1985 is suitable  for the present anal-

ysis, since  a  period  of  hot weather  continued  for
a  long time. The  37 sunny  summer  days during
1985, which  were  days of  fair weather  having favor-
able  conditions  for the  development  of  a  rain  shower,

were  selected  by  the  following procedure:
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   (1) First, the 1985 summer  season  was  defined
as  the 50-day period  from 19 July to 6 September.
During this period, Japan was  most･ly  under  the in-

fluence of a Pacific anticyclone.

  (2) The  days when  part of  central  Japan was

covered  by  clouds  of  a  tropical cyclone  or  synoptic

frontal zone  were  excluded  from the analysis.  The
cloudy  areas  associated  with  tropical cyclones  and

synoptic  frontal zones  were  identified from weather

charts,  the visible  and  infrared images  of  the  Geo-

stationary  Meteerolegical Satellite (GMS), and  the

rainfall  and  sunshine  data from AMeDAS  stations.

The  excluded  days were  5-12, 20, 30-31  August, and
1-2 September, resulting  in 37 days  of  sunny  sum-

mer  weather  being selected  from the 50-days of  the

1985 summer  season.

  The  daily mean  wind  speed  at  700  hPa  averaged

for the 4 aerological  statiens  ranged  froni 3.4 to

9.9 ms-i  for the 37 summer  days (6.0 ms-i  aMeraged

over  the 37 days), and  a  westerly  wind  was  dominant
at  700 hPa  during most  of  the period, That is, the

upper-level  synoptic  wind  was  weak  during this  pe-
riod.  On  the other  halld, the daily sunshine  duration
averaged  fer the 281 AMeDAS  stations  ranged  from

6.8 to 11.3 h for the 37 summer  days (9,5 h averaged

over  the 37 days).
  In order  to examine  the  difference in the  ther-

mally  induced  local circulation  over  central  Japan

between spring  and  summer,  fair-weather days dur-
ing the spring  (46 days) with  weak  synoptic  winds

are  also  analyzed.  The  46  sunny  spring  days were

selected  from the  spring  seasons  (from 25 April to
15 June) during 1980  to 1986, which  satisfy  the fbl-
lowing criteria:

  (1) R]r the 12 representative  meteorological  sta-

tions (see Fig. 1), there must  have been more  than

9 sites  where  the  daily sunshine  duration IVLi was

)  10 h, and  no  sites  with  IVIt <  7 h.

  (2) Fbr the 12 representative  meteerological  sta-

tions, there must  have  been more  than  9 sites  where

no  rainfa11  occurred,  and  no  sites  with  the  daily pre-
cipitation  ameunt  P  >  O.5 mm.

  (3) The  absolute  value  of  the  temperature  change

at  700 hPa  from 0900  to 2100  Japan Standard Time

(JST) IA[I}roo hpa[og-2i  JsT, averaged  fbr the 4 aero-
logical stations,  must  have been <  30C.

  (4) The  upper-level  (800 hPa) wind  speeds  at

both 0900 and  1500  JST  I/goo hp.  must  have been
<  10ms-i  at  3 of  the 4 ･aerological stations  at  least,

  Items  (l)-(4) correspond  to the conditions  for
calm  fair weather  with  weak  syneptic  winds,  being
suitable  for the development of  the typieal thermally

induced  circulation  over  central  Japan.

3. Analysis  of  rainfall

  In this section,  the summer  rain  showers  are  an-

alyzed  using  hourly precipitation data from the
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Fig 2. The  daily variation  of  hourly rain-

  fall averaged  for the  450 stations,  The
  values  of  total rainfa11  for the  1985  sum-

  mer  season  (50 days from 19 July to 6
  September)  Prso  are  indicated  by  the

  tops of  the open  bars, and  those for the

  37 days  of  summer  Pr37  by the tops of

  the  shaded  bars (top panel). The  value

  of  Prso  
-

 Pr37  is also  shown  Cbottom
  panel).
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9.I Daily variation

  Figure 2 shows  the daily variation  of  the hourly

rainfa11  averaged  for the  450  stations.  Here, the  to-

tal rainfall  ameunts  for the 1985  summer  season  (50
days from 19 July to 6 September) Prse are  indi-

cated  by the tep  of  the open  bars  (top panel), and

t･he rainfall  for the 37 summer  days Pr37  by the

top of  the shaded  bars. The  values  of  Prso -  Pr37
are  also  shown  in Fig. 2 (bottom panel).  Fbr  the

50 days during the surnmer  season,  a  distinct peak
in the evening  rainfal1  can  be seen  around  1800 JST.
R)r  the 37 sunny  days, although  a  distinct peak  in
evening  rainfall  around  1800  JST  still  exists,  little
rainfall  occurs  from OOOO  to 1200  JST. The  total

rainfal1  for the 37 days  reaches  53.5 mm.

  A  rainfall  event  at  each  site  is defined as  one  con-
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tinuous  rainy  period  having over  1 mm  rainfall.  It is
pessible to haMe 2-3  rainfaIl  events  fbr a  given day at

each  site,  The  duration  of  rainfall  events  occurring

at  each  site for the 37 days was  enly  1.8 h on  aver-

age,  and  over  90 %  of  rainfall  events  had  a duration
of  less than  3 h. That  is, most  of  rainfaIl  events  for

the 37  sunny  summer  days  can  be  considered  as  rain

showers  associated  with  the development of  cumu-

lus and  curnulonimbus  clouds  during the afternoon.

Figure 2 also  shows  little daily variation  of  rainfall

due to summer  tropical  cyclones  and  synoptic  fronts
for the summer  in 1985,

3.2 VtLriation of daily rainy  activity

  The  development of  a  rain  shower  should  strongly

depend on  the vertical  thermal  structure  of  the lower

troposphere.  Therefore, the  upper  air  data at  the
aerological  stations  were  used  to investigate varia-

tions in the  daily activity  of  the rain  showers.

  Figure 3a shews  the relationship  between the

stat･ic stability  for dry convection  Ae  and  the rain-

fall amount  from 1200 to 2400 JST  Pri2..24 JsT,  aV-

eraged  for the 450  stations  for each  ofthe  37 dacys of
sunny  summer  weather.  Herei Ae  (= esfc-sso hpa  -

esoe hpa)  represents  the average  dry static  stabil-

ity for the  3 aerological  stations  (Wajima, Tateno,
and  Hamamatsu,  see  Fig. Ia) at  0900  JST,  where

Osfc-sso hpa  is the mean  potential temperature  from
the surface  to 850 hPa, and  Osoo hp.  the  potential
temperature  at  500  hPa.  The  open  circles  indicate
the  results  of  data for atmospheric  precipitable wa-

ter w  having  values  <  40 mm,  while  the solid  circles

w  ) 4e  mm  at 0900  JST, averaged  for the  3 aero-

logical stations.  The  value  of  u; =  40 mm  also  corre-

sponds  to the mean  value  of  w  fbr the 37 days. The
static  stabMty  for dry  convection  decreases as  t･he
value  of  Ae  increases, According to Fig. 3a, rainfa11
amounts  Pri2-24JsT increase as  the static  stabil-

ity for dry  convection  decreases under  conditions  of

w  >  40 mm.

  Figure 3b demonstrates the  relat･ionship  between
the static  stability  for moist  convection  and  the  rain-

fall amount  Pri2-24  JsT  averaged  for the  450  sta-

tions for each  of the 37 da"Js. In this figure, the

static  stability  for moist  convection  is represented  as

ee,sfc-sso hpa-e.',sDo  hp.,  averaged  for the 3 aerolog-

ical stations  at  0900  JST, where  ee,sfc-sso hpa  is the
mean  equivalent  potential temperature  from the sur-

face to 850 hPa, and  e.',soo hp. the psettdo-equivalent

potential temperat･ure  at 500 hPa. The  rainfa11

aMOunts  Pri2-24  JsT  increase as  the moist  static  sta-

bility decreases under  conditions  of  w  )  40  mm,  be-
ing similar  to the result  for dry static  stability  (Fig.
3a). It should  be noted  that the dependence  on  the

value  of  w  is somewhat  weaker  than  that for the  dry
static  st,ability  since  the moist  static  stability  de-
creases  with  increasing t･he water  vapor  content  in
the lower troposphere.
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Fig, 3. (a) The  relationships  between the

   static  stability  for dry convection  Ae  and

   the  rainfall  amount  Prn-24  JsT  from  1200

   to 2400  JST  averaged  for 450 stations  for
   each  day  of  the  37 summer  days. Here,

   Ae  (= esfcnsso hpa  
-

 esoo hpa)  is the aver-

   age  for the  3 a £ rological  statiens  (Wajima,
   Tateno, and  Hamamatsu)  at  0900  JST,
   where  esfc-sso hp.  is the  mean  potential

   temperature  from  the  surface  to  850  hPa,

   and  esoo hpa  the  potentia] temperature  at

   500 hPa. The  epen  circles  correspond  to

   the  data for atmospheric  precipitable  wa-

   ter  w  <  40 mm,  whiIe  the  solid  circles  for

   w  )  40 mm  at  0900  JST, averaged  for the

   3 aerologica]  stations.  (b) As  in Fig. 3a,

   except  for the static  stability  for moist  con-

   vection,  The  static  stability  for meist  con-

   vection  is represented  by  ee,sfe-sso hpE  
-

   eg,seo hp.  averaged  for the  3 aerological

   stations  at  0900  JST,  where  ee,sfc-sso hpa

   is the  mean  equivalent  potential  temper-

   ature  from  the surface  to 850  hPa, and

  O:,soo hp.  is the  pseudeequivalent  poten-

   tial ternperature  at  500  hPa.

10
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 .

Fig. 4. The  distribution of  shower  rate  for three  periods of  the  37  summer  days, (a) the  lst period (1400
  to 1500 JST), (b) the  2nd period  (1700 to 180e JST) ,and  (c) the 3rd period  (2000 to 2100  JST).
  Here,  the  shower  rate  at  each  site  is defined  as  100  x  n!n...  (%), where  n  is the  number  of  days

  having oyer  1 mm  rainfa11  during a  given  period,  and  nm..  ==  37  (days). Regions of  elevation  higher
  than  800 m  MSL,  averaged  over  10 km  ×  10 km  grid  boxes, are  stippled.

  Flrom the results  above,  we  can  conclude  that rain

shewer  activity  becomes greater when  the precip-
itable water  exceeds  40  mm,  and  that under  such

conditiens,  rainfal1  amounts  due to rain  showers  in-

crease  as  the static  stability  of  atmosphere  for dry

(or moist)  convection  decreases.

9.3 SPatial distribution

  The  spatial  distribution of  rain  shower  activity

is analyzed,  making  use  of  the hourly precipitation
data frem the 450 stations.  Figure 4 shows  the

distribution of  shower  rate  fbr three periods, the
first period  (1400 to 1500  JST),  the second  period

(1700 to 1800  JST), and  the third period  (2000 to

2100  JST).  Here, the shower  rate  at  each  site  is de-
fined as  100 ×  nln...  (%), where  n  is the  number

of  days  having  over  1 mm  rainfall  during a  given

periodi  and  nmax  =:  37  (days). The  active  rainy  ar-

eas,  which  are  the areas  having  greater shower  rates,

are  concentrated  in the mountainous  regions  for the
lst and  2nd periods, where  the  Ist period  corre-

sponds  to the developing stage  ef  the rain  showers,

and  the 2nd period  to the developed stage.  R)r the
3rd period, the decaying stage  of  the rain  showers,

the active  rainy  areas  still remain  over  the mountain-

ous  regions,  whereas  part of  the active  rainy  areas

move  to north  of  the Kanto Plain (the locatien of

the Kanto  Plain is indieated in Fig. 12). The  active

rainy  area  north  of  the  Kanto Plain must  be mainly
caused  by the movement  of  rain  shower  clouds  from
the mountainous  regions  due to upper-level  westerly

wind.

  The  active  rainy  areas  over  the mountainous  re-

gions are  almost  stationary  during  the afternoon  ex-

cept  for the  north  of  the  Kanto  Plain, in spite  of

the upper-level  westerly  wind.  Hereafter, the rain

data from 1200  to 2400  JST  are  analyzed  in order
to clarify  the  spatial  distribution of  rain  shower  ac-

tivity. Figure  5a  shows  the  fl:equency distribution ef

rainfa11  events  that occurred  from 1200  to 2400 JST
for the 37  sumrner  days. The  rainfal1  events  are

concentrated  in the mountainous  regions.  That  is,
the frequencies of  rainfall  events  are  fewer in the

plain and  basin areas,  such  as  the Kanto Plain,
the Kofu  Basin, and  the Ina Valley (see Fig. 12),
while  those are  greater over  the mountain  ranges

surrounding  these plain and  basin areas,  Only  north

of  the  Kanto  Plain, greater frequencies ofthe  rainfall

events  spread  over  the  southeast  side  of  the  moun-

tains, resulting  from the movement  of  the active

rainy  area  with  time  (see Fig. 4). Figure  5b, on

the  other  hand,  shows  the  distribution of  total  rain-

fa11 amounts  from 1200 to 2400 JST  for the 37  days.

Areas of  heavy total rainfa11  amounts  are  also  con-

centrated  in the mount･ainous  regions,  although  the

horizontal extension  of  the  rainfall  amounts  is some
what  greater than  fbr the frequency dist･ribution of

rainfa11  events.

  Next,  the 37  summer  days are  divide into two

groups  according  to the rainfall  amount  on  each  day
Pri2-24  JsT  averaged  for all  stations,  Here, the ac-

tive rainy  case  (4 days, 20-22  June, and  6 Septem-
ber) corresponds  to  the  conditions  of  PTi2-24 JsT  )
4 mm,  and  the  normal  rainy  case  (33 days) to  the

conditiens  of Pri2-24 JsT  <  4 rnrn.  The  spatial  dis-
tribution  of  rain  shower  activity  is also  analyzed  fbr
each  case.  Figure 6 shows  the frequency distribution
of  afternoon  rainfa11  events  (1200 to 2400  JST) and

the distribution of  total  afternoon  rainfall  amounts

for the active  rainy  case,  while  Fig. 7 shows  those for
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Fig. 5. (a) The  frequency distribution of  rainfa11  events  that occurred  from 1200 to 2400 JST  for the 37

  summer  days. Only  regions  of  the frequency greater than  6 are  shown  by contour  lines. Regions of

  elevation  higher than  800  m  MSL,  averaged  over  10  km  × 10 km  grid boxes, are  stippled.  (b) The
  distrtbution of  total rainfa11  amounts  from 1200 to 2400 JST  for the  37 days.
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Fig. 6.As  in Fig, 5, except  for the  active  rainy  case  (4 days).
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FgL7.  As  in Fig. 5, except  for the  normal  rainy  case  (33 days).

nJ

the normal  rainy  case.  Although the rainfa11  events

are  concentrated  in the  mountainous  regions  for

both the cases,  the spatial  concentration  is weaker
fbr the active  rainy  case. The  frequency distribution
of  rainfaIl  events  for the  normal  rainy  case  is simi-

lar to that for the 37 summer  days, except  that the

rain  shower  activity  is not  so  great over  the south-

east  side  of  mountains  to the  north  of  the  Kanto
Plain.

  Furthermore, for the active  rainy  case,  the consis-
tency  between t･he frequency of  rainfall  events  and

the total rainfaII  amount  is not  so  good.  In this case,
a  few severe  rainfall  events  must  have increased the

total rainfa11  amount  in some  areas  and  were  missed

mainly  due  to  lack of  sampling  data. This  inconsis-

tency  for the  active  railly  case  also  affects  the spa-

tial distribution of  the rainfa11  amounts  for the 37
summer  days  (see Fig. 5b). On  the  other  hand,  the

consistency  between the frequency of rainfa11  events

and  the total rainfa11  amount  is better for the normal

rainy  case.  Figure 8 shows  t-he quantit･ative relation-

ship  between the frequency of  rainfall  events  and  the

total rainfall  amount  at each  station  from 1200 to

2400 JST  (top panel: the active  rainy  case,  bottom
panel: the normal  rainy  case).  The  total rainfa11

amount  is roughiy  proportional  to the frequency of
rainfa11  events  only  for the  normal  rainy  case.

4. The  relationship  between  the  rain  shower

   and  the  thermally  induced  local  circula-

   tion4.I

 T7iermally induced  local circulation  in the day-

   time

  The  characteristics  of  the surface  wind  and  temr

perature fields over  central  Japan are  investigated

using  the AMeDAS  data. Figure 9 displays the 37-
day mean  wind  and  surface  air  temperature  fields

(a), and  the frequency distributions of  wind  vector

direction during the daytime (b) at  1500  JST. Here,
the arrows  indicate the wind  vectors  at  a  height of

100 m  above  the ground,  calculated  from the ob-

served  surface  wind  and  the aerodynamic  roughness

length for each  site  (Kondo and  Yamazawa,  1986i

Kuwagata  and  Kondo, 1990), by assuming  a  Iog-
arithmic  wind  profile (see the Appendix  A). The
temperatures were  reduced  to mean  sea  level with
the  adiabatie  lapse rate  of  rd  =  O.O0976  K  m-i.

These  fields represent  typical weather  patterns for
fair-summertime-weather conditions.

  For  fair-weather conditions  during  the  summer,

the  wind  field is charact･erized  by a  thermally  in-

duced local circulatien  over  t･he heated land surfate.
That  is, the  wind  veetors  are  directed inland, except

over  the interior inland basin, where  the wind  speed

is rather  weak.  Although the  wind  field directed in-

land  consists  of  both the  sea  breeze  in the coastal

areas  and  upslope-upvalley  winds  over  the  inland  ar-
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Fig. 8. The  quantitative  relationship  be-

  tween the frequency of  rainfall  events

  and  the  total rainfaII  amount  at  each

  station  from  1200 to 2400  JST  (top
  panel: the  active  rainy  case,  bottom

  panel: the  normal  rainy  case).

eas,  the boundaries of  both  circulations  are  not  so

clear.  The  upslope-upvalley  winds  are  divided into
several  local wind  systems  by the mountain  ranges.

The  afternoon  temperature  increases as  the distance
from the  coastal  areas  increases, whereas  the interior
inland  basin has nearly  uniform  temperatures.  The
statistical  distributions of  the wind  vector  direct･ion
frequency suggest  that the wind  directions at  most

sites  are  almost  invariant from day to day. That is,
the  surface  wind  field patterns  in central  Japan are

mostly  invariant during  the 37  summer  days. The
development of the thermally  induced circulation

is closely  related  to  the thermal  low forrning over

the  inland area  of  central  Japan during the daytime

(Kurita et al., 1985; 1990; Ueda  et  at., 1988; Kimura
and  Kuwagata, 1993); the  thermal  low correspond-

ing to the thermal  contrast  between  the coastal  and

inland regions  (Kuwagata and  Sumioka,  1991).

  Figure 10 shows  the 46  days of  spring  mean  wind

and  surface  air  temperature fields at  1500 JST, un-

der fair-weather and  weak  synoptic  wind  conditions.

These fields are  almost  the same  as  those  for the  37
days of  summer,  The  wind  fields for each  of  the
46  days also  exhibit  similar  patterns  (not shown).

The  strength  of the surface  wind  speed  and  the ther-

mal  contrast  from eoast  to  inland are  greater for the
46  day spring  period, since  the daytime hea.ting of

the ground  surface  due to solar  radiation  is stronger

in the sprin.cr  season.

  The  daytirne wind  and  temperature  fields for both
the surnmer  37-day  and  the  spring  46-day  periods
represent  typical patterns of a  thermally  induced
Iocal circulation  during a  warm  season  under  fair-
weather  and  weak  synopt･ic  wind  conditions.  The
day to day patterns  of  these fields are  almost  invari-

allt.4.2

 71he role  of  the thermally  induced local circula-

   tion in the development  of rain  showers

  According to Section 3c, the rainfall  events  are

concentrated  over  the mountainous  regions,  whereas

the da"Jtime thermally  induced  local circulation  is
also  directed toward  the mountainous  regions.  In or-

der to clarify  the  mesoscale  convergence  of  the circu-

lation, horizontally band-pass-filtered surface  wind

data  from  the  AMeDAS  stations  are  used  to calcu-

lat･e the horizontal mesoscale  convergence.  In this
analysis,  the original  wind  data were  first interpo-
lated to wind  speeds  at 100 m  above  the ground
using  the same  procedure  as  in Fig. 9. The  band-
pass-filtered surface  winds  were  then  calculated  with

the  use  of  the band-pass filter suggested  by  Doswell

(1977, see the Appendix  B). The  parameters  fbr the
band-pass filter are  same  as  those used  in a  similar

analysis  by Nakai (1983). The  horizontal scale  of

the  filter is 100  km,  which  corresponds  to  the  scale

of  the daytime local circulation  over  central  Japan.

  Figure 11 shows  the areas  of convergence  in cen-
tral Japan  at  1500  JST  for the 37 summer  days, cal-
culated  using  such  a  procedure.  It should  be noted

that unrealistic  distributions of  convergence  are  cal-

culated  in some  areas  due to lack of  surface  wind

data. Figure 12 shows  the illustration of  the day-
time  surface  wind  field. inferred from the distribu-                   '
tions of  the  AMeDAS  surface  winds  (Fig. 9) and  the

horizontal convergence  (Fig. 11). Here, the bound-
aries  of  each  local wind  system  correspond  to the
convergence  areas.

  According to this  result,  the thermally  induced  lo-
cal  circulation  dispiays a  distinct convergence  in the
afternoon  over  the mountain  ranges.  Most  of  these
mountainous  regions  also  exhibit  stronger  activity

of  rain  shower  (see Figs. 5-7). There is no  distinct
convergence  in the  active  rainy  area  spreading  over
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Fig. 9. (a) The  wind  and  surface  air temperature  fields at  1500  JST  averaged  over  the  37 summer

  days. Here, the arrows  indicate the wind  vectors  at  a  height of 100 m  above  the ground  (see the
  Appendix  A),  and  the  temperatures  were  reduced  to mean  sea  level with  the  adiabatic  lapse rate  of

  Td :=  O.O0976 K  m-i.  The three degrees of  stippling  denote areas  of  elevation  :  ) 500, 1000,2000 m
  MSL,  respectively  (each elevation  is averaged  over  10  krn ×  10 km  grid  boxes). (b) The  statistical

  distributions ef  the frequency of  wind  vector  direction at  1500 JST  for the 37 summer  days. The
  length scales  for representing  the  frequency of  each  wind  vector  direction  are  indicated by  the  double

  circles  in the uppeT  left of  the figure.

the  southeast  side  of  mountains  in the north  of  the

Kanto Plain, which  result  can  be explained  by the

movement  of  the active  rainy  area  with  time  (refer
the lst and  2nd  paragraphs  in Section 3c). Although

convergence  areas  due to the sea  breeze front also  ex-

ist over  the Kanto  Plain  (indicated by the letters A

and  B in Fig. 12), greater firequencies of the rainfa11

events  are  found only  in a  small  part ef  such  areas

fbr the  active  rainy  case  (see Fig. 6). On  the other

hand, somewhat  stronger  activity  of rain  shower  can

be found over  convergence  areas  near  the inlets of

the Kofu  Basin  and  the Ina Vdlley,

  According  to previous  study,  the daytime  ther-

mally  induced local circulation  contributes  to in-
creased  water  vapor  cont;ent  during the daytime
over  the mountainous  regions  where  the circulation

converges.  That is, the  thermally  induced  circula-

tion over  complex  terrain transports water  vapor

from  the plain and  basin areas  to the mountain-

ous  area,  resulting  in an  accumulation  of  moist  air

over  the mountainous  region  during the late after-
noon  (Kimura and  Kuwagata,  1995). The  greatest

amounts  of  water  vapor  are  accumulated  over  the

mountainous  region  when  the horizontal scale  of  the

topography  is close  to 100 km, which  is nearly  the

same  as  the horizontal scale  of  each  mountain  range,

basin, and  plain in central  Japan.

  Figure  13 displays the daily variations  of  specific

humidity at the 3 meteorological  stations  averaged

over  the 37 summer  days (top panel) and  the 46

spring  days (bottom panel). Here, 7bleyo is located
on  the plain near  the coast  at an  altitude  of 5.3 m
MSL,  Mdtsumoto  at  the bottom of  a  basin in the in-
land area  at  an  altitude of  610.0 m  MSL,  and  Mkleo
in the mountainous  area  at  an  altitude  of  1291.9  m

MSL  (see Fig. 12). Fbr the afternoon  ef  both periods

of summer  and  spring,  the values  of  specific  humid-
ity in the plain and  in the basin exhibit  minimum

values  around  1500  JST, while  those in the moun-

tainous  area  have maximum  values,  which  probably
result  from the water  vapor  transport in the ther-

mally  induced  local ciTculation.  Flirthermore, the

specific  humidity in the mountainous  area  is greater
than  that  at  the basin bottom  around  1500  JST,
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Fig.10. The  wind  and  surface  air  temperature  fields at

1500 JST,  averaged  over  the  46 spring  days.

  The  accumulated  moist  air over  the  mountainous

region  must  contribut･e  to the formation of  cumulus

clouds  during the late afternoon.  Figure 14 shows

the spatial  distributions of the sunshine  duration
from 1500 to 1600 JST  averaged  over  the  37  surnmer

days (a) and  the 46 spring  days (b), anaayzed  using

the  data from the  281  AMeDAS  stations.  Fbr the

37 summer  days, the sunshine  duration decreases
during the late afternoon  over  the mountainous  re-

gions, where  the daytime rainfa11  events  due  to rain

showers  are  concentrated  (see Fig. 5). The  sunshine

duration is also somewhat･  lower in the convergence
area  of the sea  breeze front in t･he Kanto PIain (in-
dicated by the letter A  in Fig. 12). According to
previous  studies,  the sea  breeze front in this region

becomes intensified bv the  heat island effect  of  the

[[bkyo Metropolitan area (Kimura and  Takahash!,
1991i Ybshikado, 1992). It can  be expected  that cu-

mulus  clouds  formed in this region.  Greater activity
of  the rain  showers  is also  fbund in this region  for
the active  rainy  case  (see Fig. 7).
  The  distribution of  sunshine  duration for the  46

days of  spring  is almost  the same  as  that for the
37 days of  summer,  These results  suggest  that the
thermally  induced  local circulat-ion  contributes  to
the formation of  smal1-scale  cumulus  clouds  over  the

mountainous  region  during the late afternoon,  un-

der fair weather  and  weak  synoptic  wind  conditions

Fig. 11. The  distribution of  horizontal con-

  vergenee  at  1500 JST  for the  37 summer

  days, calculated  using  band-pass filtered
  surface  winds  from  the  AMeDAS  sta-

  tions. The  areas  of  convergence  of  the

  surface  wind  are  indicated  by contour

  lines having a  5 ×  10J5s-i interval. Re-
  gions of  elevation  (averaged over  10 km
   ×  10  km  grid  boxes) higher than  800  m

  MSL  are  stippled.

from the spring  te summer  seasons.  The  afternoon

rain  showers  occurred  over  the  mountainous  regions

for the  37  summer  days, whereas  few rain  showers

occurred  for the 46 spring  days. This difference be-
tween  spring  and  summer  can  be explained  by the

fo11owing hypethesis,

  During the summer  season,  the small-scale  cumu-

lus clouds  triggered by the thermally  induced  Iocal

circulation  can  develop into large-scale cumulus  or

cumulonimbus  clouds  under  favorable conditions  for
developing rnoist･  convection,  resulting  in rain  show-

ers  over  the mountainous  region  in the late after-

noon,  On  the other  hand, the atmospheric  precip-
itable water  during the spring  season  is consider-
ably  less than  that in summer  Cunder 40  mrn  for all
days), which  is quite unfavora61e  for the  develop-

rnent  of  moist  convection  . The  smal1-scale  curnulus

clouds  over  the mountainous  regions  can  not  develop
into 1arge-scale cumulus  clouds  under  such  spring-

time  conditions.  That  is, a  rain  shower  can  not  be
triggered  by the  thermally  induced Iocal circulation
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Fig. 12. IIIustration of  the  daytime  sur-

  face wind  field, inferred from the  distri-
  butions of  the  AMeDAS  surface  winds

  and  the  horizontal convergence.  Clear

  boundaries of  each  local wind  system

  are  indicated by solid  lines, and  other

  boundaries by broken lines; letters A
  and  B  denote the  sea  breeze front in

  the Kanto  Plain. The  solid  circles  in-

  dicate the  locations of  3 meteorological

  stations,  T  (Tokyo), M  (Matsumoto),
  and  N  (Nikko), whose  data are  analyzed

  in Fig. 13. The  locations of  the  Kanto

  Plain, Kofu  Basin, and  Ina VlaLlley are

  also  indieated.

during the spring  season.

  It should  be  noted  that the consistency  between
the areas  where  the afternoon  sunshine  duration de-
creased  and  the  convergence  areas  of local winds  is
somewhat  better than  that between the areas  having
stronger  activity  of rain  shower  and  the convergence

areas.  Fbr example,  although  the afternoon  sun-

shine  duration decreased  in the strong  convergence

area  south  of  the Akaishi Mountains (the mountain

range  between the Kofu  Basin  and  t･he Ina Valley),

rain  shower  activity  was  not  so great in this area,
FUrther, in some  mountainous  areas,  the area  hav-
ing strong  rain  shower  activity  spread  in the side

of  the convergence  area  although  the  afternoon  sun-

shine  duration decreased just over  the convergence

area,  The  reason  why  this difference was  evident  is

1918
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Fig. 13. The  daily variations  of  specific  hu-

  midity  q at  the  3 meteorological  stations

  in Fig, 12 averaged  over  the  37  sum-

  mer  days and  the  46 spring  days. Here,

   7bkyo is located on  the  plain near  the

  coast,  Matsumoto  at  the  bottom  of  a

  basin over  the  inland area,  and  Nihko  in

  the mountainous  area  (see Fig. 12).

not  clear  at  the present time,

  Figure 15 illustrates the visible  images  from  the

GMS  at  l500  JST  fbr3cases (2, 17, and  18 August

1985) of  the 37 summer  days. In all  cases,  cumu-

Ius clouds  have developed over  the mountainous  re-

gions, These satellite images are  consistent  with  the

statistical  results  (Figs. 5-7  and  14) ebtained  using

precipitation and  sunshine  duration data from the
surface  meteorological  network.

5. Summary

  The  summer  rain  showers  which  developed in cen-
tral Japan under  otherwise  fair-weather conditions

during the summer  of  1985  were  investigated using

routine  observational  data from weather  stations  in

order  to examine  both the characteristics  of  summer

rain  shower  and  the contribution  of  the thermally
induced  local circulation  to the development of  rain

showers.  The results  can  be summarized  as  fbllows:

  1) According  to the statistical  analysis  of  37
days  of  sunny  summer  weather,  the diurnal cycle

of  precipitation exhibited  a  distinct peak  in rain-

fall around  1800  JST,  while  there  was  little rain-

fa11 from  OOOO  to  1200  JST.  The  distinct aSternoon
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Fig. 14. The  spatial  distributions of  the  sunshine  duration from  1500 to 1600 JST, averaged  for the 37

  summer  days (a), and  the 46 spTing  da"rs (b), analyzed  using  the  data from  the  281 AMeDAS  statiens.

  The  sunshine  duration is shown  by the  value  of  NllVb, where  N  (min) is the  sunshine  duration from
   1500 to l600 JST  averaged  for each  period, and  N6  =  60 min.  The  regions  of  elevation  (averaged
  over  10  km  × 10 km  grid boxes) higher than  800 m  MSL  are  stipp}ed.

peak  was  caused  by rain  showers.  Rain  shower  ac-

tivity increased as  the atmospheric  static  stability

for dry (or moist)  convection  decreased under  con-

ditions that the atmospheric  precipitable water  ex-

ceeded  40 mm,  Rain showers  were  concentrated  in

the mountainous  regions,  and  the areas  where  rain

showers  were  concentrated  largely did not  move  with

time. The  spatial  concent･ration  of  the rain  showers

however was  lower when  rain  showers  were  more  act-

tive.

  2) On  the other  hand, a  thermally  induced  rocal
circulatien  developed over  central  Japan during the
daytime under  sunny  conditions  from the spring  to

summer  seasons,  due to the thermal  forcing from the
heated ground  surface.  The  surface  wind  field was

directed in]and, having a  strong  dependence on  t}

pography,  and  converged  over  the mountainous  re-

gions, Most of  these mountainous  regions  exhib-

ited strenger  rain  shower  activity  for the  37  summer

days.

  3)Water vapor  pressure  rneasured  in the moun-
tainous area  displayed a  maximum  value  in the  af

ternoon  under  sunny  conditions  from  the  spring  to

summer,  This result  is consistent  with  the previ-
ous  study  which  suggested  that the  thermally  in-

duced local circulation  contribut･es  to an  increase in

the water  vapor  coTitent  over  the mouni/ainous  re-

gions during the daytime. According to the previous
studM  the  greatest amounts  of  water  vapor  are  ac-

cumulated  over  the mountainous  region  in the late

afternoon  when  the horizontal topographic  scale  is
close  to 100 km, which  is nearly  the same  as  the

horizontal scale  of  each  mountain  range,  basin, and

plain in central  Japan. The  accumulated  moist  air

over  the mountainous  regions  is faMorable for the
development of  small-scale  cumulus  clouds,  and  the

formation ofclouds  was  confirmed  by the horizontal
distribution of  sunshine  duration measured  at  the

AMeDAS  stations  in the Iate afternoon.  Finall.y, it

can  be expected  that the small-scale  cumu}us  clouds

develop into large-scale cumulus  or  cumulonimbus

clouds  under  favorable conditions  for the develop-
ment  of  moist  convection  in the summer,  causing

the  rain  showers  over  mountainous  regions  during

the  Iate afternoon.
  These results  were  derived from a  statistical  anal-

ysis for the  37  sunny  summer  days  in 1985. In or-

der to  further clarify  the  general characteristics  of

the summer  rain  shower  in central  Japan, it is de
sirable  to make  similar  and  another  kinds of  analy-
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2  Augustl985(1500JST)

17  August1985(1500

18  August

Fig.

1985

JST)

(1500JST)
 15. Visible images from  the GMS  at

1500  JST  for 3 cases  (2, 17, and  18 Au-

gust 1985) of  the  37 summer  days.

ses  for the summer  seasons  over  several  years. On
the other  hand, the analysis  of  some  rain  shower

events  is also  usefuI  to investigate the infiuence of

the  upper-Ievel  synoptic  wind  on  the movement  of

rain  shower  clouds.  Since the present study  has
shown  the possibility that rain  showers  are  triggered

by the thermally  induced circulation,  further studies

will be necessary  to exaJnine  the mechanism  of  the

deveiopment of  rain  shower  cloud.
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                 Appendix

A, Calculation of iOO-m wind  speeds

  Wind  speeds  at  10e m  above  the ground were  cal-

culated  for each  AMeDAS  station  with  the use  of

  vl ,,  .=  vz,,. 
11n.((z.rlf.z,o)),

 (Ao

where  Iiloo .  is the wind  speed  at  100  m,  It2,b. the

observed  wind  speed,  z  the height of  the  wind  vane

abeve  the ground,  zo  the aerodynamic  roughness

length, and  z. ==  100 m.

B. The  band-pass filter for calculating  the horizontal

mesoscale  converyence

  The  band-pass filtered surface  winds  were  calcu-

lated from the wind  data at  the AMeDAS  stations,

in order  to calculate  the  horizontal mesoscale  con-

vergence.  The  spatial  filtering technique  suggested

by Doswell (1977) was  used  in the present study.
The  filtering procedure is described below.

  First, the analysis  area  is divided into a  mesh  hav-
ing 10 km  × 10 km  square  grid boxes. The  wind  vec-

tor is irrterpolated to each  grid box using  the wind

data  at  the AMeDAS  stations.

         M M

  V@;ZWat]za1ZWa,  (A2)
        m=1  m;=1

and

         M M

  t7(b)-Zwbtl.12wb,  (A3)
        m;1  rrL=:1

where  V(a) and  V(b) are  the  interpolated wind  vec-

tors for each  grid box using  the weighting  functions           -

wa  and  wb,  1i;. (Tn =  1,2,･･･) is the wind  vector

at  100 m  above  the ground at  the AMeDAS  station

located within  80 km  (=R:) of a  given grid box (see
the Appendix  A), and  M  the number  of  correspond-

ing AMeDAS  stations,  respectively.  The  weighting

functions are  given by

  w.=exp[-(p2R2)/(4DZ)l,  (A4)
  wb=exp[-(p2R2)/(4D,2)l,  (A5)
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where

  R-R'1(pAS).  (A6)

Here, R'  is the  distance between a  given grid box
and  each  AMeDAS  station,  R  the non-dimensional

value  of  R*, AS  (= 10 km)  the  spatial  grid in-

terval, and  p the  non-dimensional  constant,  respec-

tively. The  value  of pAS  represents  the chamacteris-

tics length scale  of R", and  p =:  2 was  assumed  here,

Further, DZ  and  Db2 ame  the non-dimensional  param-
eters  related  to the characteristics  of  the weighting

functions.

  The  parameters  DZ  and  Db2 must  hokl the follow-
ing equations.

   D:  =21n(ki/ic2)  r-2(ic?  -  k,2)-i, (A7)
   Db2 =21n(k2fk3)  z-2(k:  -  k,2)-i, (A8)
and

   ki =  (TD.)-i{- In[exp(-T2DZk,2)

       +exp(-T2DZk,2)-expC-T2DZkg)]}if2.

                                          (A9)

Here, the non-dimensional  wavenumbers  ki (i =  1 rw

3) related  to the characteristics  of  the band-pass fi1-
ter are  given by

   k,=2AS/L;,  (AIO)

where  L:･ (i =  1 N  3) are  the  characteristic  length

scales  for spatial  filtering. Having ehosen  le2 and  k3,
Eqs. (A7)N(A9) can  be  solved  fbr DZ,  DZ  and  ki.

  The  interpolated wind  vectors  t7(") and  V(b) in
Eqs. (A2) and  (A3) represent  the ]ow-passed fi1-
tered winds  which  have the  non-dimensional  cutoff

wavenurnbers  ki and  k3, respectively.  The  band-

pass  filter in the present study  has a  peak  response

at  the  non-dimensional  waMenumber  fo ==  k2. Fi-
nally, the band-pass filtered wind vector  V(b-a) for
each  grid box is evaluated  by

   V(bma)=(V{b).V("))/6r, (All)

where

   6r =  expC-T2D,2k;)  -  exp(-T2DZk3).  (A12)

The parameters used  in the present study  are  ki ==

O.1143, k2 =  O.2, k3 =  O.35, D.  =  2.0518, and  Db ==

1.1725. The  band-pass filter in the present study  has
a peak response  at  a  spatial  wavelength  of 100 km.
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中部 日本域に お ける夏季の 短時間降雨 に関す る解析

　　　　お よび その 熱的局地 循環 との 関連性

　　　　桑形恒男

（農林水産省東北農業試験場 ）

　1985年夏季の 晴天条件下 に 中部日本域 で 発生 した短時間降雨を、ル
ーチ ン 気象観測 デ ータ を 用 い て 統計

的に解析した 。 解析期間の 中部 日本域 に お ける降水量は 夕方 の 18時ぐらい に顕著なピー
クを持 ち、0時か

ら 12時まで の 深夜か ら午前中に か けて の時間帯に はほ とん ど降水が なか っ た。夕方 の 顕著な降水 ピー
クは、

午後 に な っ て発生す る 驟雨性 の 短時間降雨 に対応した もの で ある 。 日々 の デ ータ に つ い て見る と、こ の よ

うな降雨は 可降水量 40mm 以上 の気象条件下で 発生 しや す くな り、そ の 活動度 は乾燥（また は湿潤）対流に

対する大気安定度の 減少 に ともな っ て 増加 して い た 。 短時間降雨 の 降雨域は内陸の 山岳地帯に集中して お

り、降雨頻度が 高 い 地域 の 時間 に よ る 移動 は あまり大きくな か っ た 。 た だ し降雨域 の 山岳へ の集中 の 程度

は，短時間降雨 の活動が 活発な 日 ほ ど小 さ くなる傾向があ っ た。

　一方、中部日本域 で は春季か ら夏季 に かけ て の
一

般風が弱 い 晴天 日の 日中に 、連日の よ うに熱的な局地

循環が 発達す る 。熱 的局地循環 は 地形 の 影響を強く受け て お り、内陸の 山岳が 局地循環の 顕著な収束域 と

な っ て い た 。 以前 に実施 された研 究 に よ っ て 、熱的局地循環が 平野 お よび盆地 （盆地底）か ら山岳 に 水蒸気

を輸送す る働 きを持 つ こ と と、中部 日本域 の ような 100km 程度の水平ス ケール を持つ 地形で 、夕方 に おけ

る 山岳上 で の 水蒸気 の 蓄積が 最大と な る こ とが 明らか に な っ て い る。すなわち内陸 の 山岳で は水蒸気の 蓄

積に よっ て 午後 に なる と積雲が生成 しや す くなり、今回の 地上 気象デ ータ の 解析 か らも、午後 の 山岳域 に

おける水蒸気量 の 増加 と 日照率の 低下が 認め られ た 。 実際の 短時間降雨 に ともなっ た降雨域 もこ の ような

山岳域 に 集中しい る こ とか ら 、熱的局地循環 の 発達が夏季の 中部日本に おけ る 対流性降雨 の 発生 の ト リ ガ

ーとな っ て い る可能性 が本解析 に よ り示唆され た とい え る 。

N 工工
一Eleotronio 　Library 　


