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these oacifiations clearer. The w “jet” wes descending
from x = 63 10 25 km where reflectivity was relatively
feeble. Weak ascent is seen at x = |5 just upwind
from the weakening and southeast of MIT. Shacp
descent of 40 X 107 mb ¢! (w = —55 cm 17')
occurred more or less over MIT culminating in a
zone of minimum reflectivity at x = —10 km, where
band scparstion was occurring. Then, strong sscent
with pecak w = —90 X 10 mbs' (w= 110 cm 5°')
was seen st x = ~25 km, opstream from the largest
reflectivities in the section, in the vigorous band
between x = =30 and ~55 km. (The general descent
beyond x = —65 km may have been oversiated, since
it is mainly the resull of strong apparent divergence
st the lowest levels. This is probably & spurious
consequence of beam broadening and loss of shallow
positive ¥ componenis below the radar horizon at
this range. Surfscc observations in and beyond this
region showed northerly wind components.) Finally,

ARl aant b bR PP T DR W T by

manima of secent at the top of the Doppler data near
X =35 km and x = ~]5 km sppesar 10 be separate
perturbations on another barely detectable sireak of
mazimum negative ¥ components at snd above the
450 mb level. The prominemt minima of radial
component magnitude mear 500 mb, and near 750
mb between x = ~25 km and —40 km are further
evidence of vertical layering.

Both this layering and the longitudinal osciflations
in the cromfront circulation (amocisted with the
band breskup in Fig. 1) indicate structure not ex-
plainable in terms of a single zone of frontogenetical
forcing. Hoskins er al. (1984) have demonstrated the
theoretical possibility of muhtiple frontal structure if
Targe-acale frontogenesis operates on an initiaily irmeg-
ular temperature held, but the mulliple character is
apparently shallow, conlrary 1o our observations.
Seltzer et af. (1985) have recenily shown evidence for
symmetnc instability, in this case in the layer 2.5-

——— 1, i N L PO e T I

e camen -




; | 3

1402 JOURNAL OF iHE ATMOSPHERIC SCIENCES Vou. 42, No_ 13 ‘ 1404

q

JOURNAL OF THE ATMOSPHERIC SCIENCES YoL 42, No. 13
E
' [ {am) t .
o) - - H %
- i
. 6,. .
PR o
k1] 60 )
Pz X (hm from WIT} : 5
(mb) (km
400 T T —¥ L) T v T T T T 3 T T T

T
— = ——— ris

b} ‘
-0 "1 =8 1 : al
;ﬂ-ﬁ:\a)\hff\f:‘«f‘/h’ -

3-
0 60
2 X thm from MIT) 2r n
(md) (k)
4007 T T T T T T T T T T T T T T T 5
3004 ‘\\_’\— c) > 'r 0 :
600> \— — — 1 e":‘----—-"E-;‘\ {s
\ j_ - -~ .
700 -_— e #- [+] i 1 L e M " " P i + A 1'000-35
800 i GMTB 12 0 09 08 07 06 B3 o3 03 0z of

Fo. 3G ontimurcd }

5.25 km, but on the basis of the shear of the obscrved  with data taken at vertical intervals of approxii

wind. Sanders and Bosart showed that this shear was 300 m. (To provide this vertical resolution upto 6.8
highty ageostrophic, but that instability was present  km with the limited available number of scanning

in about ihe same layer on a geosirophic hasis. Seltzer clevation angles up to ISdcmilmnecmq o

et ol (1985) examined ihis casc at 3 time when  use radii ranging from 14-26 km.) A vertical time

only a single precipitation band was visible on radar,  section of arca-averaged wind direction and speed is wen
but found in other cases an expected spacing between  shown in Fig. 3a. Some subjective judgment was used
hands ranging from about 50 km o about 150 km. st both the bese and the top of 1he display. At the

The layering implies a horizontsl spacing  bottom, points in the northeast sector were found 1o

near o above the upper limit of this range, while the  represent return from high waves in Massachuserts

LI 2 B

: oucillations and the multiple bandedness show spacing  Bay (visible because of the high ahitude of the radar,
X (km from WIT} : ne:rtheshoncndofthenn.eandemndmror nollnalamin.-umte)mdwereignon-d.m
\ belawlhelowernuemity of the unstable layer, Thus, upper limi was taken as the highest clevation at
Fi0. 2. RHY crom sections w 07400743 GMT 12 Feloranry: (8) ender seflectivity (4B2); (b) radind Posnponent of wiad, with isctachs st imtervaly while symmerric instability provides & plausible ex-  which dats points were available m more than half
o8 m ™Y, e} W (mt imternls of § 10° mb tm +™'% ) o (s vmtcrvais of 20 X 10> mh ). : planation of these irregularities, we cannot rule out oflhelﬂ’:moucomprisin;lhedmle.Th:mumed
other candidates, qt_usi-si‘nusoidul vanistion of ndigl wind component
e 16 m 57') at its limit of detectability {ncar x = —60 ing from 13 X 107" mb 3~ o 750 mb(w= ~13cm : 4. Velacity ariowih displays (VADs) ;':;ﬁr‘:mml:;g:ﬂe mi::;hi':uuol:tlihv:ry p
A km). It clearty rescmbles. the speostrophic wind-sip-  1-1) $TAXI07 mb a0t 430 mb (w s 20 ] The time hisiory of the motion feld and its impli- large. In Fig. 32 we see that nonheasterly winds 7
hature m&'oﬁwm‘:‘e rh':"'”'“ﬂ“' forc- cm ¢ ) ' oscillat ith bs of the & cations for precipitation were obtained from & scries  occurred throughout the siorm at and below | km, :
ng. d"'“ " 5. The cener of § r“"""'be'l;w"";""' Pror o ';.':60":“ "°";_ wi "'""'fh":'hm i of hourly VAD (Browning and Weler, 1968) calcu. hecoming gencrally stronger with time. In aif but the
maiely ‘“""“’dt;m"’:“‘d'“' “’.“"'7'. "';'} The h'::‘ order g k"'.".;" teen "'":‘ ] M“’“; lations through the duration of the siorm, from 7145 latest pan, the wind veered with clevation, reaching ‘
ascending ones above (as seen in Fig. 2c). - fibbon in Fig. 2c. vertical motions obtai to 1245 GMT. These refer 1o & vertical cYlindrical  south or south-southwest around 5 km. Maximum
zontally averaged vertical motions were modest, rang- differencing ¢ over 10 km distances (Fig. 2d) make volume with nominal radius 20 km centered a1 MIT speed in this southerty curvent descended and weak. i
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F10. 4. Vertical profiles of precipilstion mass content derived
from radar reflectivity faclor measurcowats on 3 and 14 January

1975, ‘f’\‘:alb

Shown in Fig. 4 are vertical profiles of M, cal-
culated from (1) using average values of Z measured
above the radar. The curve for 13 January covers the
time period shown in Fig. 3a. The values of M in
Fig. 4 are averages and are based on measurements
obtained both within and between precipitation trails,
Values of M in the radar bright band region are
not shown in Fig. 4 since (1) is not necessarily valid
in this region. Incresses of M with decreasing height
are indicative of precipitation growth, while de-
creases of M with decreasing height (c.g., below
3.3 km for the 14 January curve in Fig. 4) are due to
evaporation. It can be seen from Fig. 4 that the par-
ticle growth which took place in the seeder zone on
both days resulted in average precipitation mass
contents which were ~20% of the maximum mass
contents in each profile. The remaining 80% of the
precipitation mass was produced in the feeder zone.
These figures demonstrate the importance of ice par-
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a particle nucleated at upper levels and g i

deposition at the observed relative humidi
have reached a diameter much larger tha
while falling into the lower parts of the clo
it seems likely that some form of ice mu
was responsible for the high concentratio
ice particles observed in the lower porti
clouds. Multiplication by the fragmentat
liding precipitation particles, which has
cussed by Hobbs and Farber (1972) and
(1978}, could have been important, espec
region below the —16° level where der
moderately rimed aggregates were presen
nent increase in the concentrations of smy

can be seen in this region on 13 and -

(Fig. 5). A second possible ice mv
mechanism is the ejection of ice splinters
droplets involved in riming in the temper
from -3 to —8°C (Hallett and Mossop,
servations of rimed particles (Fig. 2c) and
patches of liquid water in this temper:
suggest that this mechanism may have !
on 13 January. On 14 January, when p
centrations were generally lower, liquid
not observed in the necessary temper:
for the Hallett-Mossop mechanism to o,

d. Vertical air motions in and out of rhtF.

The widespread stratiform cloud and
cipitation growth which was observedy
hours within the feeder zones suggests I.
spread stratiform updraft was present
sensitivity of direct measurements by
Doppler radar is generally not sufficien
measure such updrafts (usually a few ¢
meter per second), their magnitudes ‘F
infaread theanah indirert methade One &
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Feo. 5. Ny-) trajectories for the three spitals. Sce text for details.

*his type of spectral dispiay is convenient because
raight line in Ng-)\ space corresponds 10 & con-
1t moment of an exponential distribution, since
Jth moment of a spectrum is

_M‘J:'D"an"’dﬂ" M.

A”l (9)

< w logarithmic Ne- space, the moment M;
;nstanl along any straight line having slope (J

I;e behavior of the spectra in Fig. 4 can be dis.

ed in terms of the trajec ory of the spectral evo-

m in No-X space in Fig. 5. The first spiral is

natanivad ki a LT PP I P

acterized by an increase in N, accompanied by rel-
atively little change in A Stage 2 is characterized
by & rapid decrease in both N, and X Stage 3 is
marked by an apparent cessation of spectral evolu-
tion. The third spiral only reveals stages 2 and 3,

The No-A trajectories for the second stage of
growth are roughly paralie! for all three spirals, hav-
ing slopes ranging from 1.80 to 1.95. This suggests
that during this phase of spectral evolution, the sum
of the diameters of snow particles is a conservative
property of the distribution. These three cases also
suggest that the distribution slope, A, has a minimum
value of ~10 cm™ which characterizes the third
stage of evolution.

.
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Fa. 6, Amnunichdinwunfnmiuofwie
beading for spirals 1 and 2. Diameters in ram.

Ist and 2nd spirals. Each loop is represented by a
scparate graph and the loops are stacked vertically
in accordance with their height. The approximate
diameter of cach loop is 6 km. The loop in which the
spectra transformed from first to second stage growth
(the peak in the Ny~ trajectory) is indicated by a
star in each case. Before the transitioh, the mean
diameter is essentially wniform within ecach loop and
gradually increases with depth. (Not all upper-level
loops are shown). However, after the transition, hos-
izontal inhomogencities develop very rapidly. Note
that the features are correlated from one loop to the
acxt.

In order to examine the point-to-point behavior
:If the spectra, we arbitrarily divide cach loop into

is different for each quadrant in order to s
the four quadrants. Note that the four Ny-2
tories all show the same gencral features. H
the west-north quadrant starts rapid stage 2
earlicr than the other quadrants {c.g., cxamii
9 snd 10 in Fig. 6). ‘

Fig. 7 illustrates that even il we examine |
of a loop the speciral evolution is cohcrent.
consistent with the previous discussions. A
rapid development of horizonta! gradients o
diameter are apparently related to the fact th.
tra in different regions undergo the transitic
stage | to stage 2 at different heights.

R Phuclral lntacnrntntlom af 4T canas..
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exists in the literature,
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more appropriately applied 1o single
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crystal snow and othens
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Fig. 1 (a) Map of Central and Western Japan.

(b} Topographic map

around the Suzuka

Observation points of rainfall: ® by local
mountains. Contour lines: 100 m intervals,

Metcorological Observa

lories and Regional

Construction Bureaus; ® and X our special

observation points set
1970 respectively,

up until 1968 and

2y

along the south-east bounda
Lake Biwa and are centere
1,210 m in height (Fig. {a)
topography around the Suzu
aged with a grid of 1 km is
tains extend nearly north ¢
average height of about 800
points are also shown in Fig.
is believed to be one of the i -
laid out, with a mean densit l
60 km?,

This area is the rainiest i '
cording to our observations,
Cipitations (9™-9% JST) of 100
300 mm occurred about five
year, respectively, and one o
of more than 300 mm occur
on the average, during a 1.8
(1967-1976). The maximum
recorded here was 626 mm o ,
(Gocho, 1973), ,

Two examples of typical oro
fall without association of a s
scope, as shown later, were |
curred on 29 July and 25 Sept
distributions of daily precipitat
are shown in Fig. 2(@a) an
(Gocho and Nakajima, 1972).
maximum daily precipitation
mm was observed at a point
ridge, while the heavy rainfall
ridge. Typhoon 6804 travel
westwardly in the vicinity of .
shu on 29 July, and typhoon

stagnant west of Kyushu on 2

e

dly in the vicinity of Shikoku and Kyu-

mm was observed at & point just west of the
ridge, while the heavy rainfall area lay along the
stagnant west of Kyushu on 25 September. The

(Gocho and Nahjima, 1972). In eiv_} case a
ridge. Typhoon 6804 travelled slowly north-

@ by local
100 m intervals.
giona)

(

and Western Japan. maximum daily precipitation of more than 200

(b) Topographic map .around the Suzuka

Observation points of rainfall:

mountains. Contour lines:
p until 1968 and shu on 29 July, and typhoon 6816 was almost

; ® and X our special Westwar

(b)

(a) Map of Central
Metacralogisal OUservatories and Re
ervation points set u

Construction Bureaus

obs

1970 respectively,

Fig. 1

, on 29 July (a)

(9h-9% JST) around
istributions of wind

is)

(a long darb 10 knots) for 21* a1 Hamamatsu

the Suzuka mountains and the vertical di
and 25 September (b) in 968,

Fig. 2 Distributions of daily precipitation in mm
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he sea and by forced orographic ascent over hills, The release of this PI and the
ng localized outbreaks of convection led to prolonged rainfall at rates between 2 and
hr~* over the Welsh hills and extensive light rain over central England.

model illustrating the dependence of the rainfall distribution in the warm sector on
ease of PI has been synthesized from the results in Sections 4 and 5. The model is
in Fig. 12 and an explanation of the symbols used in the model is given in the Key.

100+
sl OF STARE LATA $) _ 52
a0 Rukhy "
Pk
g NN
STABLE  LWER ¢ STABLE S
00 -
LYy wow
"
| w1 ™=
- - T L T -
- 300 b - -] +100 + 300
wwo [Ty Powmene
12. Modet showing dependence of warm secior rainfall on posential instability and orography.
See Key for esplanation of symbols,

'_ Mean sireamlines within the strong west-south-west flow crossing the Welsh hills, drawn
to be consisient with the olwerved pattern of precipitation development; although the
precise form of the streamlines is arbitrary, notice that ihe middle-level air beging to

ascend far upwind of the hills.

Layer with rather high static stability separating the potentially unstable air st low levels
from potentially unstable air at middie levels.

Base of the region of high static stability that extends throughout the upper troposphere.

Small scale convection occunting where the Jow-level or middle-level potential inatability
(PD) is realized by peneral ascent.

cecrystal {anvil) *cloud’ resulting Precipitation trajectories relative 10 the
from 1the middle-level convection ground, strongly inclined because of the
and perhaps also, above 500 mb, high winds ; the change in slope occurs
from stabie aswcent over the hills, at the mekting level at about $40 mb,

Middie-level convection within isolated MPAs due (0 areas of mesoscale ascent that oocur
in the warm sector cven over the sea,

1;—  Abundant middic-level convection triggered by orographic uphift over the hills, occurring
a3 fresh outbeeaks within and between existing MPAs,

1, Decaying middie-level convection mainly associsted with MPAs previously in existence
far upwind of the hills {i.c, M),

- Rapid low-level growih of precipitation [alling from aloft, producing & large increment in
rainfall rate tied closely 1o the hills,

3 Evaporation in the lee of the hills, decreasing the amount of precipitation from middle-

levels that reaches the ground over central England. however, because of the enhanced

B of precipi over the hills (M, ) widespread rain continues 10 fall up 10 100 km,
downwind of the hills.
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1 Prosiphesion snbensonest snd slowd top sirsamiins Imotine of dstones
m‘l-I-Jur'.‘l‘hnmrhm-ﬂ?l::m_‘dum

sloud near the summit reach the greuad downwind 1opography where the lheder
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Over the short bl whea wind deift s lnslnded she of washowt E_,
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Figure 27, Mix

" " "
Sure 27. Mixk ratio of wtal ice fgm kg ™'} aloag

seconds inlo the integration,

Figure 29. Mixing ratio of

igm kgm ') along the w
Integration.

ially rimed crysials
at 3750 seconds inke the

2 N i
L] ad [} '™ [ AR
5 M

Figure 30. Mining ratio of cloud water igm kgm ')
mrt-_ul 1o Ihe wind a1 3750 seconds into the inte-
gration.

Figure 28. Mixing ratis of unsimed crystals |
tg-"l aleng the wind at 3750 seconds into I‘l:
inlegration.

Tam

F X -t
e i at 5% s o T aas

. N . N

] - Q) ) T N
5.

Figure 31. Mising ratie of total e {gm kgm-')

norma] le Ihe wind at 3750 seconds into the inte-

grition. Dotted ares dencies ¢, > 0.40 gm kgm ',
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DISTANCE FROM CP-3 ALONG OTO* RADIAL

Vertical cross-sections of King Air data on
30 Mar 1982 along the 070° radial from the
CP-3 radar. The crest line is near 100 km
and the CP-3 radar was near the upwind edge
of the barrier. The analyzed fields are: a)
2D-C concentration of hydrometeors, A few key
isotherms are indicated. The flight track

is shown with arrows at 5-min intervals.

Fig. 3a
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Profiles of condensation supply rates and

Fig. 7.

deposition depletion rates for 30 Mar 1982.

See text for details,







