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ABSTRACT

Radar observations obtained during Winter MONEX describe the three-dimensional structure and development
of the mesoscale stratiform region of a tropical cloud cluster. The magnitudes of the mesoscale updraft and
cloud-ice mass content within an upper tropospheric stratiform cloud deck are deduced from a formulation
of the ice budget of the stratiform region. Measurements of radar reflectivity at upper levels serve as the primary
input data. Aircraft observations of ice particles are also used to guide the calculations. The mesoscale updraft
magnitude and cloud-ice mass content are determined hourly over a period of 12 h. The updraft velocities
were 10-23 cm s7', and the cloud-ice contents were 0.1-0.3 g m™3. The vertical velocity estimates agree well
with estimates obtained for the same cloud cluster by Johnson (1982) using the kinematic method.

1. Introduction

Recent studies have determined the magnitude of
the vertical air motion in mesoscale updrafts and
downdrafts located in the stratiform regions of tropical
cloud clusters (Gamache and Houze, 1982; Johnson,
1982; Houze and Rappaport, 1984). These studies have
inferred vertical motions kinematically from rawin-
sonde data. In this paper we use a different approach,
based on radar measurements and airborne cloud mi-
crophysical observations, to deduce mesoscale updraft
magnitudes in the stratiform region of a tropical cloud
cluster.

The cloud cluster used for this purpose was observed
during the Global Atmospheric Research Programme’s
Winter Monsoon Experiment (WMONEX). It is the
“cluster B” described by Churchill and Houze (1984),
who used data from a radar sited at Bintulu on the
north coast of Borneo to describe the development of
this cluster. Using gridded reflectivity data, with hor-
izontal resolution of 4 km and vertical resolution of
2 km, they applied an objective technique to distinguish
between the convective and stratiform regions of the
cluster. From aircraft observations, they deduced that
ice particles sampled at about the 8 km level in the
stratiform region of cluster B had grown in water-
saturated conditions consistent with the presence of a
mesoscale updraft. Johnson (1982) determined the
magnitude of this mesoscale upper-tropospheric strat-
iform updraft by kinematic analysis of sounding data
obtained from WMONEX ships located in the vicinity
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of cluster B. (Comparison of Fig. 1 of Johnson, 1982,

with the satellite images in Fig. 5 of Churchill and
Houze, 1984, shows that the same cluster was examined
in both papers.) In this paper, we determine the mag-
nitude of the mesoscale updraft at upper levels in the
stratiform region of cluster B by using radar reflectivity
and cloud microphysical observations in an analysis
of the ice budget of the stratiform cloud deck. The
cloud-ice mass content needed to balance the ice budget
is determined simultaneously.

Section 2 derives the ice budget of the stratiform
precipitation region, Section 3 describes the input ob-
tained from microphysical and radar observations, and
Section 4 presents the results of calculations of updraft
magnitude and cloud-ice content.

2. lce budget of the upper-level stratiform deck

a. Formulation and simplifying assumptions

Churchill and Houze (1984) used an objective tech-
nique (referred to as “partitioning”) to distinguish the
stratiform precipitation of cluster B from its convective
precipitation. An ice budget is now formulated for the
objectively determined stratiform region, and the area-
averaged (or “mesoscale’) updraft and the area-av-
eraged cloud-ice content needed to balance the budget
are deduced. The budget calculations will be applied
at the 9 km level, which is the height at which Johnson
(1982) found the updraft to be at 2 maximum.

A scheme of the type devised by Kessler (1969) is
used, except that here it is applied to cloud ice and
precipitation ice rather than cloud liquid water and
rain. The term precipitation ice refers to all frozen
hydrometeors with diameters greater than 500 pm,
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while cloud ice refers to smaller frozen hydrometeors,
The threshold of 500 um was used by Rutledge and
Hobbs (1983) to distinguish between cloud and pre-
cipitation ice. The substantial derivatives of precipi-
tation ice content 7, and cloud-ice content I, in mass
per unit volume, are related to source, sink and con-
version terms:

dl, |
—f=—-4-CH+G, 1
—=-4-C+G (1)
d, .

~L=A+C+F, )

where A is autoconversion from cloud to precipitation
ice, C is collection of cloud ice by precipitation ice, G
is generation of cloud ice, F (defined more precisely
below) is the flux convergence of I, due to precipitation
fallspeeds, and ¢ is time. Adding Eqgs. (1) and (2) gives

%(16+1,,)=G+F.. 3)

The term F is computed as the net convergence of
precipitation falling into and out of a 2 km deep layer
that is centered at an altitude of 9 km. It is expressed
by
F= 9 & 1, 4
(4 ap (vf p)9 ( )

where p is the density of the air (considered to be only
a function of pressure p), g the acceleration of gravity,
and ¥, (a negative quantity) is a fallspeed assumed to
apply to all the precipitation ice comprising I,. The
choice of a value for 9,is somewhat arbitrary. Kessler
(1969) used the median-diameter fall velocity. Here
we follow Atlas et al. (1973) and let 9, be the radar-
reflectivity-weighted mean fall velocity. Full discussion
of 9,can be found in Section 3 and Appendix B.

The source term G in Eq. (3) is assumed to be the
rate at which water vapor is condensed as a result of
upward motion. This is approximated by

/]
G=-w » (0gs), &)

where w is the vertical velocity of the air in pressure
coordinates and g, is the saturation mixing ratio with
respect to liquid water. The vertical derivative is as-
sumed to be constant in time. Expanding the time
derivative in (3) and substituting from Egs. (4) and
(5) gives

d
5;(16+Ip)+V-V(IC+ )+w (I + 1)

a o
e (pqs) + 0g 5; (rl,), (6)

where V is the horizontal wind velocity.
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b. Determination of mesoscale vprzzcal motion

To determine the mesoscale updraft velocity, Eq
(6) is averaged over the area of the stratiform region
and simplified. The areal average of an arbitrary quan-

tity fis defined as
=g"! f fdo,

where the overbar denotes averaging over the area o
covered by the stratiform precipitation region. Because
the area increases and decreaszs during the cluster’s
life cycle, ¢ is treated as a function of time. Applying
Eq. (7) to (6) gives

Q)

d ——— 9
% L+1)+V-VI.+1)+w a—p .+ 1)
+oo (pq) =r8o (vflp) (8
It is shown in Appendix A that
oI, oI,
—I-’i 6 + (I - Ip) (lno) (9a)
ot i
61 al.
% a + - ) (lna), (913)

where the tilde represents an average taken around the
boundary of the precipitation area.

Assumptions must be made about the values of I
and I Along the outer boundaries of the stratiform
precipitation area o, the radar reflectivity and hence
1, fall to very low levels. Additional boundaries occur
along the edges of convective cells embedded in o.
Examples of the distribution of convective regions
within the stratiform area of cluster B can be seen in
the reflectivity patterns shown in Fig. 18 of Churchill
and Houze (1984). Values of I, were obtained by av-
eraging the values of I, indicated by radar reflectivity
observations along the boundaries of ¢. Since the pre-
cipitation area ¢ is embedded in-a widespread cloud,
we assume that the cloud-ice content I, does not change
abruptly at the edge of ¢. For simplicity, we assume
that the value of I, on the boundary of ¢ is the same
as the average value of I, within o; thus, we set

I.=1,. (10)
To test the sensitivity of the results to this assumptxon,
we have also set [. to zero in one case, and to 107, in
another. The resulting values of & and I, changed by
less than 0.3%. The third left-hand term of (8) is written
as :

f) )
0 leH ) =o5 U+1). (11)
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We have assumed that in a deep stratiform cloud, the
vertical eddy fluxes of I, and I are negligible compared
to the mean flux. Using (A10) and (10), we may rewrite

(11) as
) d lna]
op 1’
(12)
The vertical gradient of Iis assumed to be comparable
at most to that of [,. It will be seen that this latter
gradient is much smaller than d(pg,)/dp, hence no large

error could be introduced by omitting 4/,/dp from Eq.
(12). Employing (9a)-(12), recalling that d(pg,)/dp has

_ 9
w&(10+1,,)=w[ d.+L)y+d,-
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been assumed constant, and ignoring vertical advection
of I., we may rewrite (8) as

d Ine

(I+I)+(I ) + V.-V, + 1)
_6‘& a4 Ine i?_
+w[8p+(f )_ap ap(pqs)]
=g 2,1 (13
"Pgap(vfp)- (13)

Solving for @ yields an expression for the mesoscale
vertical motion:

- ' dlneg  —u-—— I d In¢ !
w= [ (vfl,,)+ (I +I)+(I ) £y + V-V, +Ic)][ +(I - ) o +-—(p 5)] .
L"‘W“‘—) L“"—Y'———} s N 7 V—_—} k ;_ﬂf_~‘}
Precipitation Storage Area tendency Horizontal Vertical gradient Conden-
fallspeed flux (Term 2) (Term 3) advection of precipitation-ice sation
convergence (Term 4) content (Term 5) (Term 6)
(Term 1)

Ea. (14) expresses the magnitude of the vertical mo-
tion needed to provide sufficient condensation (Term
6) and vertical transport of ice (Term 5) to balance
the precipitation fallspeed flux convergence (Term 1),
plus the time rates of change of cloud and precipitation
ice content due to storage (Term 2), change in the size
of the stratiform area (Term 3), and net horizontal
advection of hydrometeors (Term 4). Evaluations of
the terms in (14) are presented in Section 3.

¢. Determination of cloud-ice mass content

The diagnostic equation for I, is based on Eq. (2).
The autoconversion and collection terms in (2) are
parameterized as in Rutledge and Hobbs (1983). Au-
toconversion is expressed by

I_c — Ic 7
d=1"7 0 I>1y,
5 (15)
o , IL<I,,
where I, = 0.339 g m™ and & = 10 s. Collection is
expressed as
C = I.C*, (16)
04
T'b+3
c*=2 aES,No(”") —(vg—) (17)

We used a value of 0.1 for the collection efficiency
Eg, as did Rutledge and Hobbs (1983) (however, the
sensitivity of the results to the assumed value was tested
and is discussed in Section 4); N, (given in Table 1)

(14)

is the intercept of the Marshall-Palmer size distribution
assumed to apply to the precipitation particles at 9
km, pg and p are air density at the surface and 9 km,
respectively, a and b are empirical constants relating
fallspeed to particle size (see Section 3d), and T is the
gamma function. The parameter ); is the slope of the
Marshall-Palmer distribution and is given by

x.s‘ = (WpsNO/I-p 0'25,

where p, is the density of the ice particles. We used a
value of p, = 100 kg m~3, which was used by Rutledge
and Hobbs (1983) for regions of mesoscale lifting with
weak vertical air motions (0.1-0.2 m s™!). The sen-
sitivity of results to the assumed density of the ice
particles is discussed in Section 4.

The diagnostic equation for I, is obtained from Eq.

(18)

.(2) by expanding the time derivative, substituting for

F from (4), averaging over area, ignoring vertical eddy
fluxes, and using (9a). The result is

TABLE 1. Thermodynamic and microphysical parameters. Tem-
perature T and pressure p were obtained from the Winter MONEX
mean ship sounding. N, (m™*) was obtained as a function of T from
the results of Houze et al. (1979).

z p T p Nop
(km) (mb) (4] (kg m™) (po/p)™* (m™)
11 225 —45 0.344 1.651 1.6 X 108
9 308 -29 0471 1.472 5.0 X 107
7 410 —14 0.552 1.281 1.3 X 107
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61,, d lna 61,, dlIng
- I,—
ot + (I, - I)— ap + I) ap
+V-VI, —r8y (vflp)—A+C (19)

Since, according to (15) and (16), A + Cis a function
of I, and I,, and I, is determined from radar obser-
vations, Egs. (14) and (19) form a pair of simultaneous
equations in the two unknowns @ and /.. We solved
the two equations numerically for each time period
by initially guessing /. to be zero and obtaining a first
estimate of w from Eq. (14). The value of o was then
used in Eq. (19) to obtain an estimate of I.. The I,
estimate then was inserted in Eq. (14) to obtain a re-
vised estimate of w. Further revisions were made until
the estimates of w and I changed by less than 1% from

" one iteration to the next. We assumed 97,/dt was zero
at the first time period, and employed a backward step
at subsequent time periods.

3. Analysis of radar data

The primary input to the model is the equivalent
radar reflectivity factor Z, from the MIT WR-73 radar
at Bintulu. The data are stored on tape in decibels of
Z, (dBZ,). In the discussion below, the variable E is
used to represent values of dBZ,. Since the 9 km level
of cluster B was well above the 0°C level, the E values
were converted to values of radar reflectivity factor for
ice scatterers, Z;, according to the relation

Zi(E) = 4.68 X 10710, (20)
In this expression, the factor 4.68 is the square of the
ratio of the magnitudes of the complex indices of re-
fraction of ice and water (Battan, 1973, p. 38 onward).
a. Determination of precipitation ice content
Values of precipitation ice content J, (kg m~>) were
determined from the Z; values (mm® m™?) by the re-
lation
I(Z) = 8.0 X 1076Z0¢! @n

(Herzegh and Hobbs, 1980). Area averages of I, were
determined by obtaining a frequency distribution of
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FIG. 1. Area-averaged radar-detected concentrations of precipitation
ice (/) at the 7, 9 and 11 km levels of the stratiform region of cluster
B during 9 and 10 December 1978.
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FIG. 2. Area covered by stratiform precipitation at the 7, 9 and
11 km levels of the stratiform region of cluster B during 9 and 10
December 1978.

E-values, f(E)), where E; are integral values ranging
from 1 to 63, and obtaining a weighted average of 1,
values throughout the stratiform echo according to

= {2 fEMLIZENNZ SEN. (22
j j

If I, is thought of as an arbitrary variable, Eq. (22)
represents the general formula for determining area-
averaged quantities used in this study.

The observed I, values for 11 times, spaced about
1 h apart during the lifetime of the stratiform region
of cluster B, are shown i m Fig. 1. At 7 km, I, increased
from 0.26 to 0.65 g m™> over the penod shown The
9 km I values increased less, from 0.2 to 0.3 g m™3,
and the 11-km level values increased least, from 0.14
to 0.15 g m~>. These values of I, were used in Egs.
(14) and (19). Centered differences were used for all
derivatives in this study, except for d1,/d¢ which was
approximated by a backward difference.

b. Area covered by stratiform precipitation

The partitioning method of Churchill and Houze
(1984) was used to identify the regions of convective
precipitation in the 10 December 1978 cloud cluster
(see their Fig. 18). The regions of echo not identified
as convective were classified as stratiform. Figure 2
shows the time variation of the area classified as strat-
iform at 7, 9 and 11 km. The 11 km area, wh1ch
reached its peak at 2200 GMT, was apparently asso-

" ciated with detrainment of hydrometeors from the tops

of nearby convective cells, which were most numerous
in the cluster at about 2300 GMT 9 December 1978
(Fig. 19a of Churchill and Houze, 1984). The peak
areas at 7 and 9 km occurred at 0000 GMT 10 De-
cember and covered a much larger area than at 11
km. This time corresponds to the mature stage of the
stratiform cloud deck, and we associate the relatively
large area at 7 and 9 km with the development of the
upper-tropospheric mesoscale updraft within the strat-
iform region of the cluster. The 7, 9 and 11 kin areas
were used to determine the factor d(Ino)/dp in Egs.
(14) and (17).
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¢. Advection

Adbvection of I, and [, was estimated in two ways.
The first method, which we call the “Gamache and
Houze” scheme, assumes the horizontal advection of
(I, + I.) was proportional to the condensation rate
within the stratiform precipitation region. This param-
eterization is motivated by the resuits of Gamache and
Houze (1983), who determined, in the case ofa GATE
squall line with trailing stratiform region, that about
1.4 times as much water was advected from the con-
vective line into the stratiform region than was pro-
duced as condensate by the mesoscale updraft. [From
Fig. 12 of Gamache and Houze (1983) it can be seen
that the ratio C,/C,,, where C, is the total condensate
(cloud plus precipitation) transported horizontally into
the stratiform region and C,,, is the total water con-
densed within the stratiform region by the mesoscale
updraft, was estimated to lie between 1.2 and 1.7. We
have taken the average of these two empirical estimates
(1.4) to estimate the ratio of the horizontal advection
to the condensation term in Eq. (14).] Term (4) of Eq.
(14) becomes

S .0
V-V, + 1) = 14w 5 (0g5). (23)

Then, solving Eq. (14) for w, we obtain

—pgd/dp(d,1) + 8/l + L) + (I, — 1,)8 Ina/ot
81,/0p + (I, — I,)0 Ino/dp + 2.48/9p(pq)
(24)

Physically, this equation states that under these con-
ditions the advection of hydrometeors from the con-
vective cells into the stratiform region reduces the
magnitude of the updraft needed to balance the water
budget of the stratiform region. This scheme is an
extreme case relative to cluster B, because this cluster
does not have the solid line of convection on the wind-
ward side as did the squall line of Gamache and Houze
(1983). Therefore, this method produces a lower limit
on the magnitude of .

Cur second advection scheme, which we call the
“precipitation-only” scheme, is formulated by first ex-
pressing the advection as the sum of mean and eddy
components:

VVI L) =V-V{I,+ Ly + V-V, + I).

W=

(25)

We have no information on eddy components of the
wind, and no observational information on advection
of cloud ice I,, so we dropped these terms. However,
the radar data give values of I, so this term may be
retained. By using a mean easterly (x-direction) wind
#of 10 ms™!
and Houze, 1984, for the synoptic setting), we then
estimated the mean advection of I, according to

V.V, + I) = 4 dL,/3x.

(26)
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The derivative dI,/dx was determined by obtaining
area averages of centered differences of I, from the
radar reflectivity patterns at 9 km. This method pro-
duces an upper limit on the magnitude of w by un-
derestimating the magnitude of the advection, thereby
requiring a stronger updraft to provide more conden-
sate to balance the budget. The results of the two meth-
ods are presented in Section 4.

d. Determination of particle fallspeeds

It is shown in Appendix B that for a given reflectivity
value Z; and height z, the reflectivity-weighted fallspeed

f)fls
. _ F(7 + b) Zi b/7 _pl 0.4
Ul 2) =m0 —rey |:P(7)N0(Z)] [,,(Z)] > @D

where p(z) is the air density at height z.

In situ observations of ice particles during the de-
caying stage of cluster B were described by Churchill
and Houze (1984). Particles were predominantly ir-
regular in shape, suggesting that most were aggregates,
and sharp edges indicated a lack of riming. Identifiable
habits included columns and branched crystals, the
latter having the appearance of sideplanes. Accordingly,
we have chosen values of ¢ = 1.88 and b = 0.12, which
correspond to unrimed aggregates of sideplanes (Hobbs,
1974, p. 673). Values of a and b for other types of
unrimed or lightly rimed aggregates do not change our
results significantly. Area-averaged values of 9, are
shown in Fig. 3 at 7, 9 and 11 km altitudes. The
fallspeeds were nearly steady state at all altitudes, in-
dicating that weak change in terminal fallspeed oc-
curred throughout the period. The fallspeeds increased
with height from about 1.1 ms™' at 7km to 1.4 m
s”' at 11 km. This gradient is due primarily to the
density factor in (27); at higher altitudes, rarified air
permits higher fallspeeds.

e. Determination of precipitation rate

Precipitation rates were determined by multiplying
particle fallspeeds by the radar-detected ice content,

-1.4 T T T ]' 1 T T 1 T I T
~ . B P O,
‘»

- |.3_
E Tl e I ]
o
‘Z'_JJ -2 , b
@
ook -
o
& -l.o 1 bt A (] i I | 1 | 1

1800 2000 2200 0000 0200
TIME (GMT)

09-10 December 1978

FIG. 3. Area-averaged, Z-weighted fallspeeds of precipitation ice
at the 7, 9 and 1! km levels of the stratiform region of cluster B
during 9 and 10 December 1978.
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discussed in Section 3a above, then averaging over the
area to obtain values of 9,1,. These are shown in Fig.
4, expressed in units of mm h~!. At all times, the
precipitation rate decreased with height. At 11 km,
relative maxima occurred at 2000 and 0100 GMT,
corresponding respectively to the period of intense
convection and the mature stage of the stratiform cloud
deck. The precipitation rate at 7 km increased
throughout the period except for a relative minimum
at 2100 GMT. The wide separation between the 7 and
9 km levels after 2200 GMT indicates that the me-
soscale updraft was enhancing the difference in pre-
cipitation rates between the two levels. Using these
data, we evaluated Term 1 of Eq. (14) according to

i) d — —= T~ dlnc
— (OpL) = — 071, + (b1, — O], ,
ap (vflp ap Yrip (Uf p S p) ap

(28)
as in Eq. (A10).

f. Other data V

Table 1 lists the values of pressure, temperature,
density and N, needed to complete the evaluation of
the terms in Eq. (14). Term 6 in (14) (assumed to be
constant in time) was evaluated from the sounding
data shown in Table 1.

4. Results

“a. Updraft magnitude

- The terms in the numerator of the right side of Eq.
(14) are shown in Fig. 5a as functions of time. These
are the time rates of change associated with the pre-
cipitation fallspeed flux convergence (Term 1), storage
of precipitation ice (Term 2), and the rate of change

“of area of precipitation (Term 3). The horizontal ad-
vection (Term 4) is the “precipitation-only” estimate,

.1
.
d .
8
~

L 4

w L
T ]
x 24 —
=z T 7
o= o y
p:—; € = N 4
[~ N
a~ I~ .. 1
S L . J
g T ]
o r -
A i i - 1 i | 1 1 . 1 1 -1

1800 2000 2200 0000 0200
TIME (GMT)

09-10 December 1978

FIG. 4. Area-averaged precipitation rates at the 7, 9 and 11 km
" levels of the stratiform region of cluster B during 9 and 10 December
1978.
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F1G. 5. Component terms and magnitude of mesoscale updraft.
(a) Values of the terms in the numerator of Eq. (14). (b) Values of
the two terms in the denominator of Eq. (14). (c) Magnitude of the
mesoscale updraft; the “precipitation-only” scheme (solid line) as-
sumed that only precipitation ice was advected into the cloud deck
by an easterly wind of 10 m s™!; The “Gamache and Houze” scheme
parameterized advection of hydrometeors as proportional to the con-
densation rate in the cloud deck.

computed according to (26). The characteristics of these
curves are consistent with the life cycle of the cluster.
The developing stages of the cluster (from 1600 to
2300 GMT) are characterized by an expanding area
of stratiform precipitation (positive values of Term 3),
with positive storage of precipitation ice (positive values
of Term 2), advection of precipitation ice from nearby
convective cells into the stratiform region (negative
values of Term 4), and a relatively steady rate of pre-
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cipitation fallspeed flux convergence (Term 1) into the
layer of air centered on 9 km.

The mature stage of the cluster, from 2300 GMT
onward, was characterized by a decreasing area of
stratiform precipitation, negligible advection of pre-
cipitation and storage, and a rapidly increasing pre-
cipitation fallspeed flux convergence, which can be
explained by the presence and strengthening of a me-
soscale updraft that generated much condensation
within the 2 km layer.

The denominator terms of Eq. (14) are shown in
Fig. 5b. The top horizontal line represents the assumed-
constant value of the vertical gradient of saturation
mixing ratio, which by means of updraft motion gen-
erates condensation that produces cloud ice. This value
is much greater than the vertical gradient of precipi-
tation-ice content (lower curve) even though the latter
increases with time. Thus the upward transport of pre-
cipitation ice at 9 km by the updraft motion is sig-
nificantly less than the generation of ice through con-
densation associated with the updraft.

The mesoscale updraft velocity in height coordinates
is obtained by dividing w by —pg. The velocity obtained
by the “precipitation-only” estimate of hydrometeor
advection (Section 3c) is indicated by the solid curve
in Fig. 5¢ and represents an upper limit. The updraft
magnitude generally increased with time from 1600
to 1900 GMT, reaching 22 cm s™!, decreased to an
average of about 19 cm s™! through 2300 GMT, then
increased to about 23 cm s™! from 0000 to 0300 GMT.
The dashed curve indicates the updraft obtained using
the “Gamache and Houze” advection scheme. These
values were about half the magnitude of the mean-
advection values and represent a lower limit. These
values of w agree well with updraft velocity estimates
of 6-10 cm s~ deduced by Johnson (1982) from Winter
MONEX ship rawinsondes and aircraft dropwind-
sondes. The cloud-area vertical velocities that he di-
agnosed were for the same cloud cluster studied here,
but he used a mutually exclusive data set and different
physical principles. Thus we conclude that the good
agreement between Johnson’s results and our results
reinforces the credibility of both techniques and the
results of both studies.

The apparently decreasing area of precipitation after
0100 GMT (term 3, Fig. 5a) may have been at least
partly due to the precipitation moving out of radar
range, rather than dissipating. If so, the increasing pre-
cipitation fallspeed flux convergence during the period
0100-0300 GMT indicates that the magnitude of the
updraft was still increasing even though our calcula-
tions show that the updraft magnitude was nearly
steady state through this period.

The updraft velocities were very insensitive to the
assumed values of ice density and collection efficiency,
and to the value of the cloud-ice content itself. The
cloud-ice content, however, was very sensitive to the
ice density and collection efficiency, as discussed below.
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b. Cloud-ice mass contents

Cloud-ice-mass content was obtained by solving Eq.
(19) for 1., and the results are shown in Fig. 6. Using
both advection schemes with a collection efficiency of
0.1 and an ice density of 100 kg m™>, the values of
ice content increased from ~0.1 to 0.3 g m™ during
the period studied. Changes in values from one scheme
to the other were of order 10%. Also shown in Fig. 6
are values computed using the “precipitation-only”
scheme, but with different values of the collection ef-
ficiency and ice density. Increasing the collection ef-
ficiency by an order of magnitude decreased the ice
contents by the same (dashed curve). The dot-dashed
curve shows that doubling the ice density increased
the ice content by roughly 50%.

5. Conclusions

Analysis of the ice budget of the stratiform cloud
deck of a winter monsoon cloud cluster was accom-
plished by use of conventional land-based radar data
and airborne cloud microphysical observations. The
magnitude of the mesoscale updraft within the upper-
level deck was deduced as the vertical motion needed
to supply sufficient condensation and upward transport
of precipitation ice to balance the ice budget of a 2

.km thick layer of air centered on 9 km altitude. The

updraft began during the cloud cluster’s intensifying
stage (as defined by Leary and Houze, 1979, and de-
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FI1G. 6. Magnitude of cloud-ice mass content. The bold solid line
shows the ice content using the “precipitation-only” scheme, while
the thin solid line is for the “Gamache and Houze™ advection scheme.
Both use a collection efficiency Eg; of 0.1, with ice density p, 100
kg m™3, The dashed curve shows the “precipitation-only” scheme,
using Eg; = 1.0 and p; = 100, and the dash-dot curve shows the
same with Eg; = 0.1 and p; = 200.
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scribed for this cluster by Churchill and Houze, 1984)
and attained a maximum value of 10-23 cm s™! during
the mature stage of the cluster. Area-averaged cloud-
ice mass contents were also determined from the
ice budget. Cloud-ice content ranged from 0.1 to
03gm

The updraft velocity magnitude was sensitive to the
vertical distribution of area-averaged precipitation rate
in the stratiform cloud deck. Because the precipitation
rates were determined by empirical relationships be-
tween radar reflectivity and ice mass content, and ice
particle size and fallspeed, it is difficult to state quan-
titatively what uncertainty resulted. The updraft mag-
nitudes were insensitive to the choice of collection
efficiency and ice density. Values of cloud ice content,
however, were sensitive to the magnitude of the updraft
and the assumed values of ice density and collection
efficiency. The updraft speeds agreed well with the
results of Johnson (1982), who used a kinematic
method and different physical principles to obtain ver-
tical motions from soundings obtained in the vicinity
of the same cluster that we have studied. This agree-
ment lends credibility to the two techniques. Neither
study, however, addresses the dynamics whereby the
mesoscale updraft was initiated, and this remains a
topic for further research.
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APPENDIX A
Area-Averaged Derivatives

1. Time derivatives

Given an area o(¢) with length L(¢) around a border
that moves in the direction of the border’s normal
vector at speed u,(t, 6), where 8 is the angular coordinate
~ in a polar frame, an analytical expression for the area-
averaged time rate of change of a quantity in this area
can be obtained.

For an arbitrary quantity f, we define the area average

as
= o f Jdo. A1)
The deviation from this mean is
f'=r-f (A2)
The average taken around the border is defined as
. 1 _
=7 $a (A3)
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and the deviation from the bolrdi,er average is
=f-r (Ad)
By taking the local time derivative of f, we obtain

g{ _'(azf Jdo = _aa)

Using polar coordinates and applying Leibnitz’ rule
for differentiation of an integral with variable limits,

(AS5)

‘we may express the first term in the parentheses as

27
f Jdo = f gy do + f(R)R - d0 (A6)

where f(R) is the value of along the boundary of the
region, and R is the distance-from the origin to a point
on the boundary. The speed of movement of the
boundary normal to itself is u, = dR/dt. Since f = f
+ f" u, = d, + uy, and dl = Rdb, the rightmost
integral of Eq. (A6) may be written as

27 a R : . ~
SRR df = f fundl = L(fit, + f"u?). (A7)

0

In this study we assumed that there were no correlations

between fand u, along the boundary, so we omitted

the eddy term in Eq. (A7). Since

60
~ = __] = —
W, =L §u,,d[ L D (A8)
substituting Eqs. (A6)-(A8) in (AS5) yields
a 5] i) ln
3, (-2l (a9)

The rightmost term can be interpreted as an “entrain-
ment” factor: As the domain changes size, the area
average changes if the average value of f along the
boundary differs from the interior average.

2. Pressure derivative

A similar analysis can be carried out for derivatives’
with respect to pressure. Replacement of time ¢ in Eq.
(A9) with pressure p yields

af af
ap

alna (A10)

+(f-N——

APPENDIX B
Reflectivity-Weighted Fallspeeds

Locatelli and Hobbs (1974) showed that the fallspeed

vrof an ice particle varies with its maximum diameter

D according to
v(D) = aD?, - (B1)

where @ and b are constants for a given particle type.

. Following Atlas et al. (1973), we défine a reflectivity-

weighted fallspeed D, as
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—f ’Df(D)dZ,'
0
o=,
[a
0

where dZ = N(D)D®dD, N(D) is the number of ice
particles in the size range D to D + dD, and the minus
sign is included to make D, negative since it represents
downward motion. Assuming that N(D) has the form
of a Marshall-Palmer distribution,

N(D) = Noe™P,

(B2)

(B3)

and carrying out the integration indicated in (B2), we
obtain

. _ —al(7 + b)
Since
Z = J; Ny exp(—AD)D%D, (BS)
it follows that
As = {INeT(MV/Z;}7, (B6)

and by substitution into Eq. (B4),

'ﬁ (Z, = “'a[ e

/@)=~ NEdn] T L

The density factor [po/p(2)]** accounts for the increased
fallspeed of precipitation in less dense air (Foote and
du Toit, 1969). This is the formulation used to deter-
mine ¥ as discussed in the text.
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