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ABSTRACT

A set of remote sepsing instruments of Peking University, which includes majnly a dual-channel(22.235GHz and
35.5GHz) microwave radiometer, a 8mm microwave and a Smm microwave radiometer, bas been developed for the
Western Morth—Pacific Cloud-Radiation Experiment (WENPEX). The instruments were used to observe the cloud
and marine atmospheric boundary—layer in the southsvest sea area of Japau in winter time from 1989 to 1991.1n the
weather change process, the characteristics of the marine atmospheric boundary—layer and liquid water content in
cloud of this area in winter time are studied from observation data. A one-dimensional mixed layer model is pres-
ented for the growth and evolution of a cloud~topped marine boundary-layer. The model is used to study in the
WENPEX. The simulation results are in agreement with observation data, especially the integral water in cloud.

L INTRODUCTION

The Western North—Pacific Cloud—Radiation Experiment (WENPEX), which was a re-
gional experiment of the International Satellite Cloud Climatology Project (ISCCP). It was
designed to investigate the physical mechanism of climate change, the influence of cloud and
radiation on climate change. WENPEX was mainly conducted by Japanese scientists, under
the leadership of Prof. Takao Takeda. Peking University was invited to take part in this ex-
periment and used a set of remote sensing instruments to observe the cloud and marine at-
mospheric boundary—layer. The analysis and parameterization of these processes are very
important in the research of climate change.

WENPEX was conducted in winter time from 1989 to 1991. The pilot experiment was
carried on in February of 1989 in Shionomisaki of Japan. The main experiment was in Janua-
ry of 1990 and January of 1981 in Amami Oshima of Japan. There were satellite observation,
aeroplane observation, ship abservation, and ground—based island observation,

In this paper, the results and analysis of Peking University's ground—based island obser-
vation are presented.

11. OBSERVATION INSTRUMENTS

The instruments, Peking University brought to WENPEX are mainly a set of microwave
radiometers made by Peking University. They are as follows:
dual-channel(22.235GHz and 35.3GHz) microwave radiometer;
8 mm (35.3Ghz) microwave radiomefer; 5 mm (54.5GHz) microwave radiometer;
infrared radiometer (window channel 8-13 pm), barometer, dry and wet bulb
hygrometer, eic.
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The observation items are total atmospheric vapor, atmospheric vapor profile, integral
liquid water in cloud, distribution of cloud liquid water in whole sky, cloud base height, rela-
tive rain intensity and low level temperature profile, ete.

(1) The dual-channel (22.235GHz and 35.3GHz) microwave radiometer is shown in
Fig.1. The radiometer has an antenna for 8 mm—1.35 cm wave band. Signals enter a circular
wave guide feed and are separated by waveguide polarization with different frequencies, then
go into 8 mm and 1.35 cm receivers independently. There are two reference loads with tem-
perature of 313K and 413K. They are put into each receiver, and used to calibrate the
receiver’s gain. Signals pass through mixer and amplifers and then output to an Apple~-I1
computer for sampling and data processing. With antenna zenith observation, the profile of
atmospheric vapor content may be derived. Microwave radiometer observations can be car-
ried on with elevation and azimuthal angle scanning, then the distribution of cloud water con-
tent of whole sky is obtained. The data processing and radiometer observations are automati-
cally conducted by use of the Apple—1I microcomputer. Microcomputer is used to control the
scanning and sampling. Both elevation scanning observation (in & direction) and azimuth
scanning observation (in ¢ direction) are available. From the received information of the two
frequencies, the total atmospheric vapor and the integral liquid waler content in cloud can be
deduced (Zhao 1989, 1990).

(2) Smm microwave radiometer is Dicke’s type radiometer. It is controlled and takes
samples by Apple-II compulter, as shown in Fig.]. A set of brightness temperatures can be
gained by elevation angle scanning observation. The temperature profile from surface to
700hPa can be retrieved from the brightness temperatures (Zhao et al., 1991).

{3) 8mm microwave radiometer is Dicke’s lype radiometer also, and takes samples by
Apple—II computer. This radiometer is designed to set under caves and to observe at 45° ele-
vation angle, so that the cloud and rain in all weather can be observed (see Fig.1). [ts bright-
ness temperature varied with the integral liquid water in cloud and rain intensity.

1. OBSERVATION AND WEATHER CONDITION

The ground-based island observation of WENPEX was at Arkasaki (28° 24'N,
1297 29’E), Amami Oshima, Japan. Two periods of observation were from Jan. 10 to Jan. 26
in 1990 and from Jan. 9 to Jan. 28 in 1991. It is common that there are clouds in sky, which
are cumulus, stratocumulus, and nimbus—status with weather changing.

Cloud and werther processes are closely related. In winter, the weather process of Amami
Oshima can be characterized by that it is controlled in turn by dry cold air from Northwest
China continent and wet warm air from South China Sea aera. The variations of surface pres-
sure, lemperature, sea surface temperature and total atmospheric vapor are shown in Fig.2.
The dry cold air is accompanied with high pressure, low temperature and small atmospheric
vapor, and the wet warm air is accompanied with low pressure, high temperature and large
total atmospheric vapor. These two kinds of air take place alternatively and the cyclicity is
about four days. Although the surface temperature variation is very large (* 6.0K), the sea
surface temperature only changes a little {+ 1.6K). Except under strong south wind, the sea
surface temperature is keeping higher than surface lemperature.

I¥. CHARACTERISTICS OF CLOUD AND MARINE ATMOSPHERIC BOUNDARY LAYER

In witer, the change of weather process in Amami Oshima, Japan, is in a cyclical way.
This cyclicity makes the marine atmospheric boundary layer also change periodically. In
Fig.3, from radiosonde data, the variation of temperature and humidity profiles from Jan. 16
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to Jan. 17 of 1991 are given. Fig.3(a) is at 08 hour of Jan. 16. At that moment Amami Oshima
was controlled by dry cold air. When the dry cold air from Northwest China continent came
1o the warm sea water, the heating in low part of air due to the warm surface sca water led to
unstability. So that the turbulence was active and convective boundary~layer, mixed layer
formed. As shown in Fig.3(a), the potential temperature and mixing ratio are constant with
height, indicating that the layer is well mixed. At the top of the mixed layer, there were
discontinuities in temperature and humidity, a strong inversion and a sharp decrease in mix-
ing ratio. Because of the warm sea surface waler, the mixed layer gained heat and humidity
flux from sea surface. Fig.3(b) is at 20 hour of Jan. 16. At that moment the surface pressure
decreased, surface temperature increased, total atmospheric vapor increased. There was a re-
gion at about 700 hPa where the relative humidity was large, that attributes to the wet warm
air intruded and climbed on the dry cold air. The inversion at about 800 hPa was pearly to
disappear. Fig.3(c) is at 08 hour of Jan. 17. At that moment the surface pressure lowered fur-
ther, surface temperature further increased, total atmospheric vapor increased more and some
rain came. Amami Oshima was controlled by wet warm air. Fig.3(d) is at 20 hour of Jan. 17.
At that moment the sur(ace pressure returned to high, surface temperature decreased back,
total atmospheric vapor lowered. Amami Oshima was controlled by dry cold air again. The
mixed layer came back, the temperature and humidity profiles were similar to that in Fig.3{a).

The periodic variation of the marine atmospheric boundary laver determines the charac-
teristics of cloud in this area. Cold and warm front cloud systems are due to dry cold air and
wet warm air taking place in wurn. The cold front can develop to the height about 500 hPa, the
integral liquid water in cloud is large and often accompanied with rain, Another kind of cloud
is the low level cumulus and stratocumulus in the marine atmospheric boundary layer. It is
due to the fact that the dry cold air comes to warm sea water, thus a mixed layer forms, water
vapor is constantly transferred from sea surface into the mixed layer. So that condensation
takes place in upper part of the mixed layer and cloud forms.

Some characteristics of the integral liguid water in cloud are concluded from the observa-
tion results in Amami Oshima, Japan, in January of 1950 and 1991.

1. The low level cumulus and stralocumulus in the marine atmospheric boundary—layer
occur very frequently. The integral liquid water in cloud is about 0.lmm, seldom more than
0.3mm. And generally the integral liquid water in cumulus is less than in stratocumulus, In
Fig.4, the continuous observation resull of dual-channel microwave radiometer at zenith
from 13:30 Jan. 20 te (3:30 Jan. 21 in 1990 is given. As shown in Fig.4, the integral liguid
water in cloud is below 0.3mm. [n Fig.5, the whole—sky scanning (8: 30°-90° . @: 0° —-360°)
observation result of dual-channel microwave radiometer in cloud in whole sky can be seen
in this figure, and maximum is 0.25mm. :

2. The integral liquid water changes obviously when rain comes. The cumulus and
stratocumulus in marine atmospheric boundary-layer rarely cause rain, For a few cases that
the convective cloud is very active, there is a very—short—time shower. In Fig.6, the observa-
tion result of continuous azimuth scanning at an elevation angle of 45° from 17:13 to 20:18
on Jan. 13, 1991 is given. As shown in the figure, the integral liquid water in cloud varied un-
der 0.2 mm. Beginning from 19:35, there was a region where the inlegral liquid water in cloud
surpassed 0.3 mm and the microwave Doppler—radar of Nagoya University detected a small
shower, it lasted only 6 minutes,

There is a rapid increasing in integral liquid water in cloud, surpassing 0.5 mm, and then
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the rain of the cloud system came. In Fig.7, the continuous observation result of microwave
radiometer at zenith on Jan. 18, 1990 is shown. There was a rapid increasing in the integral
liquid water included at 12:10, and the frontal rain cloud system came and rain took place.
The variation of the total atmospheric vapor and integral water in cloud from 15:00-20:30 on
Jan. 17, 1991 are shown in Fig.8. There was a continuous rain in the morning of Jan. 17 due
to the wet warm air intruded. In the afternoon, dry cold air came, the total atmospheric vapor
and the integral liquid water in cloud were in decreasing.

3. 8 mm microwave radiometer was set under caves and the antenna directed at 45° ele-
vation angle. So that it can observe continucusly when it rains. The variation of observed
brightness temperature of this microwave radiometer from 09:00 to 20:00 on Jan. 25, 1991 is
shown in Fig.9. There were some rains in this observation period and brightness temperature
gave change with rain. That is, when there was rain, the brightness temperature was at a
greater value. This result agrees with the microwave Doppler—radar observation result.

4. 5 mm microwave radiometer remotely senses the temperature profile from surface to
700 hPa by elevation angle scanning observation. The continuous variations of temperature
profile can be gained by every 3 hours microwave radiometer observation. The variation of
temperature profile retrieved from the radiometer observation from 8:30 to 20:30 on Jan. 16,
1991 is shown in Fig.10.

V. MODEL STUDY OF CLOUD-TOPPED MARINE ATMOSPHERIC BOUNDARY LAYER

A one-dimensional mixed layer model is presented for growth and evolution of a
cloud—topped marine boundary layer. In this model, the entrainment rate is determined from
the turbulence kinetic energy budget. The mixed layer depth or ¢loud top height, the conden-
sation level or cloud base height, the integral liquid water in cloud are main subjects to be
simulated. The parameterization adopted in the present model is uysed in the mixed layer
model of Lilly (1968). The entrainment rate in a cloud —topped atmospheric boundary layer
developed by Stage and Businger (1981}, is adopted. The model is designed to simulate the
convective atmospheric boundary layer, which occurs when dry cold air comes over warm
water. The cumulus and stratocumulus developing and maintaining can be simulated. (see
Fig.11).

Horizontal homogeneity is assumed, so advection terms are neglected. The governing
equations are

06, (W’B’l“—W’ﬂ’llt—Rr—Rb)
il \ n
ot Z,
g, (W'l — Wig'|,>
o1 _ , @
at Z,
8z,
o wW_+W,, (3)

where 4, =4, —C—I-q,, #, is liquid water potential temperature, L the latent heat of
r

evaporization,, C, the specific heat at constant pressure, and ¢, liquid water mixing ratio.
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_ 9ty when saturated
g, = { g

{4)
when unsaturated
#, and g, are conservative equation, and assumed to be same within the mixed

layer, W', |‘ and #'g’, |: are turbulent fluxes at the top of mixing layer.

W, = —W. A8,

Wy, l, = ~W Aq,, (s)

AP, and Ag, are mean jumps of @, and g, across the mixed layer top.
W'¥,|, and W'¢’, |, aresurface turbulent flux,ie.,

W], =CyU (B8, —6,) ,

W' |,=C,U (g —a,), (6)

C, and C, are transfer coefficients of moisture and heat, U is the wind speed at 10 m
above sea level, #, is the sea surface temperature, g,, the saturated mixing ratio at this tem-
perature. R, is the infrared cooling rate near the cloud top and R, the infrared radiation
warming rate near the cloud base, i.e.,

- ¢ ot
Rb_ﬂcp (T‘z T:)9

- _0 _

r

¢ is Stefan—Beltzmann constant, p is the air density, T, is the radiative sky temperature, T,
T, and T, are temperatures at cloud top, cloud base and sea surface, respectively. When no
clouds are present, R, and R_ are set to zero. The solar radiation, has been neglected in
presented model. W, is lifting rate of mixed layer top due to large—scale convergence.

W,=—2,V,+V, : ®

Z; is the depth of the mixed layer. W, ¢ V is divergence. According to Stage and Businger
(1981}, the dissipation rate is a fixed fraction {1-A4 ) of the production rate and the buoyant
production # and consumption N of kinetic energy can be writicn as

Z3
P=pT [ W¥, W“md2=lgt"'z,. (P, +P,+W Py,
. ]

2
N=gT_l-fiPV16’V Lunsumpl.iondz=%g!_lzi (Nl +N2 +W0N3) 4 (9)
]
and
N=4-P {10}

=A(P1 +P2)_(Nl +N1)
. N,— AP, ’

{11)

for no cloud
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W =i_”/_i{?,"_0 an
¢ A6,

the production and consumption terms can be divided into non—entrainment (P, ,¥, ), ra-
diation (P, .N, }, and entrainment (W, P, W, N, ). 8, is the virtual potential temper-
ature. A denotes mean jumps across the inversion base (upper minus lower). See Stage and
Businger (1981).

Simulation study of WENPEX:

The initial condition is based on the Amami Oshima radiosonde data, and sea surface
temperature is taken as 18°C, sea surface wind speed 7 ms™! , and large—scale lifting rate is set
to zero. The simulated evolution of the mixed layer of this case is shown in Fig.12. Because of
the constant sea surface turbulent transfer to the mized layer and entrainment from above air,
the mixed layer depth deepens at a small speed, as shown in Fig.12. Within 7 hrs, the increase
of the mixed layer depth is about 200 m. And the lifting condensation level gets lower and
lower due to the changes of the heat and moisture in the layer. In this case the cloud top gets
higher while cloud base gets lower, that makes the cloud layer develop and thicken. As shown
in Fig.12, the integral water in cloud increases from 0.039 mm to 0.371 mm.

The large—scale lifting rate W', is very signilicant in the evolution of the mixed layer.
Unlike the entrainment rate which only makes the mixed layer deepen by entraining air from
above, the large-scale lifting rale # , can be postive in convergence and negative in diver-
gence, so that it may deepen or shrink the mixed layer. Especially, when the mixed layer is ful-
Iy developed, the entrainment rate is small, so the large—scale lifling rate plays a key role in
the mixed layer evolution.

In the convergence area, W, is positive. The mixed layer develop faster and cloud layer
grows thicker. The integral liquid waler in cloud also increases fast, and there will be rain. As
shown in Fig.13, the same conditions are taken as in Fig.12, but the large—scale lifting rate is
set to 0.01 ms ™’ . Compared with Fig.12 the mixed layer grows faster, and integral liquid wat-
er in cloud grows from 0.039 mm to over 0.500 mm. According to observations of the integral
liquid water in cloud by microwave radiometer, when the integral liquid water in cloud be-
comes more than 0.30 mm, rain may come. The large—scale convergence makes the cloud de-
velop and breaks the limit of atmospheric boundary layer, no further simulation is conducted
by the present model.

In the divergence area, W, is negative. The mixed layer is determined by both
W, and W, . OnJan.18, 1991, Amami Oshima was under a high pressure, there was a di-
vergence. From the radiosonde data of 08:30 and 20:30 on Jan.18, the mixed layer became
thinner. And in this period, the stratocumulus transited to cumulus, and then disappeared.

The initial condition is based on the 06:30 Jan.18 radiosonde data, 57,V is set to
0.000015 s'and 0.000025 s7'. Simulation results are shown in Fig.14 und Fig.15.
W, is gotten from Eq.(8). In Fig.14, the W, is only a little greater than entrainment rate
W .. the mixed layer depth gets thinner very slowly, also the integral liquid water in cloud de-
creases very slowly. In Fig.15, the W, is much larger than W, , the mixed layer becomes
thinner faster than that in Fig.14, and integral liquid water in cloud decreases to zero. The
simulated evolution of the mixed layer in Fig.15 is more agreeable with the real circumstance
in WENPEX.
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No.4 Zhao Bolin et al. 389

take part in WEXPEX and having provided financial support when they stayed in Japan. In China this work is sup-
poarted by National Natural Science Foundation of China (MNSFC).

REFERENCES

Lilly D.K. (1968), Madels of cloud topped mixed layer under a strong inversion, . J. Roy. Meteorol. Soc., 94:
292

Stage 8.A. and J A. Businger (1981), A model for enirainment into a cloud topped marine boundary layer, J.
Atmos Sci, 38 1213- 2229 '

Zhao Bolin (1969), Study on cloud and rain by microwave radiometer observation, A tmospheric Research, 24(4):
33-43.

Zhao Bolin (1990), Study on microwave remote sensing of atmosphere, cloud and rain, Advences in Atmos. Sci., T:
475- 430.

Zhao Bolin, Fu Qiang, Hu Chengda and Li Huixin (1991), Study on microwave remote sensing of atmospheric
properties and weather process, Science in Ching, 348: 352-362.




3% Advances in Atmospheric Sciences Yol.9

antanna anterne

notse touroe Bem braneh |
413K

IP map 1F arp Y/T convarter callb
acdulater

sompater

nntanna

nodulator 12 amp LF app y/c converter

1aoleber

L.a, 1.35om hranch

1and

Nk twd PF[PFFHELJ—_I_
Loed 31K

nolsa BQUrces
LR

|
|
I
f
!
|
|
!
I

Blanal L.F. &
Renmrator ayohron, ! syahron.
antanna tesnp Tat, . t.
e T -
8r2-2,15es 1l cAragel anale seanning ={ =)
Rirrewmys raiisustar control coepater SoupataT
Smn mlirowsve ralloneter 9nx alerewnve rlloseter

Fig.1. Muitifrequency microwave radiommeter {a) and their schematic diagrams (b); 8 mm—1.35cm
dual channel microwave radiometer(left, 8 mm, 35.3 GHz, and 1.35 ¢m, 22.235 GHz), 5 mm
microwave radiometer{middle, 5 mm, 54.5 GHz),and Bmm microwave radiometer (right, § mm,

353 GHz).




No.4 Zhao Bolin el al. 391

(%) ninr)
22 338 tENpaTRBUDS Tainfall
20 W"\f\ zn
[£]3 h
14 re

nr t-;:llnrlhnrl sea Lapparature

o (29 ]
n \/—\,\/\ Py /\_"I'/‘—\/.\____‘
s’ T —
12 185, Y, fA Y &

)
o | =17 teapsraturs f J y 1‘\ 3
L 184 fsurfacs) 1A Vo N
2 e \-1\ ~ S kS
!
Py(h:;:; 12 v ".—J
—
J,’% !’-\J/ S 0
L/ .
o raAgLTE
* 1/ iadbe metent? » wir teupvrabure l2g3a)
,
990 PIPL 2aye wetgnt presaure \
vime) 980 VAN NG
30 '
S50 i
20 vian) [
i S T
4y ~ f'l i LA :
10 20 LR RNy AN
total atmosphars wapor e r\/\f 1™ potel stmosphers vapor
1] S— . —
o 12 4 16 18 20 2z 24 a6 Data 2 b & & 1C 12 1 16 18 ¢ 22 3 z6 28 30 Data
(o) January 1930 {k) January 1991

Fig.2. The variation of meteorological elements of marine atmosphere. (a) January 1990 (b} Janu-

ary 1991,
L] 13
s 0 100 10 L sa 100 7e w ¢
Plarey [ [ Binfal
R T v ) B - v
[
500 s00
700 00
a0n 800
]
1220 ¢ 1060
-2¢ =1 Bl 10 20 n%C) -2 -1¢ o it 2 (%)
() 16 0B20D (b} 16 20300
0 50 100" p 15 W
B{ni's ) 2(hPay i L ————
) ]
1
8
0O 500
700 200
s00 00
L]
1000 1000 L 1 h . s
=20 =10 [ w0 20 1%} ~20 -1 0 10 20 (%
le) 17 33192 Jumiary 1991 Anenl dshlom {4) 17 2210

Fig.3. The weather process and the structure of marine atmosphere. (a) 16 08:00 (b) 16 20:00 (c)
17 08:00 {d) 17 20:00.




392 Advances in Atmospheric Sciences Yol.9

o
L{nz) T("C} W{o/oo) U{mm)

3u
C.h4o
1
0.20
e 5
0.00 e,
14 16 18 20
Linm) T(OC} TIMEt 90-01-20 W{o/go) Ulmm)
< 30
0.40
0
] 20
0,20
5
1 10
0.0 Ty ————rr R A
00
Lun) %) oz ol 06
. TIMEr $0-01-21 W{osoo) Ulmm)
30
0.40
10
20
0.20
5 lo
0.00
T T

14
TIME: 90-01-21

Fig.4. The diurnal variation of liquid water content of cloud £, the total water content ¢, the
surface temperature 7 aod the surface mixing ratio W. R: relative humidity, 7' temperature,f:
polential temperature, % mizing ratio.

90,01,21 & 0% go*
1522

Fig.5. Distribution of liquid water content of cloud in the whole sky.




No.4 Zhao Bofin et al. 393

azinuth

Lon 230 270 350

ume ¥

T

{ ¢ a5t

T

= @ 190%- 350
T

71 = alewation #52

tlam 1703720118 January 13 1951 Adsni Oahima

Fig.6. Cloud liquid content distribution in sky and its variation.

(a2} 7(%C) Ww{o/oo} gium}
JLima

TLHEL 90-01-18

Fig.7. The variation of liquid water content of clond L. the total waler VApOr content U, the sur-
face mixing ratio ¥ and surface temperature 7 (before rain).




Atmospheric Sciences

5

394 Advances

(%1 .
Lisal ¥io/on) Ulmar
w

b
TINEr 91-01-17

Fig.8. Asin Fig.7. but afier rain.

Ty (KD
1ignt rain dizzle Tatn

/ /

80
&0
%0

20 L L o - N
3 10 1 12 13 i tih)
Ty lE)
Bo)ught min/ rain 11ght raln
Fe

50
40
20 L —_ L 1 '
15 16 17 18 12 20 tlh )

25 January 1991 DPBOO-2000

Fig.9. Variation of 8 mm brightness temperatuss at eleyation angle 45°.

B ¢ woo¢ 10 ¢ FUR w0 1 g%

1% Janusry 1391 Azaml Caklza

radiommte
==e==  TAALOTOras

Fig.10. Diurnal variation of atmospheric temperature profile observed by 5 mm microwave

tadiometer in comparison with that of radiosonde observation,




No.4 Zhao Bolin etal. 395

._,‘».

Entrainment
and lifting Cloud top
We¥Wa  Radiation Ry

Entrained fluxes
wf fa HGA Q¢

i.-. LI T -
.- Condensation and": - |
| - 8vaporation n |

| Cloudl base
Wind mpeed U I|:|'>’ radiation B, au
U+ — dg
is

e ™. ——
e IS o=, 8en walar

Fig.1l. Schematic diagram of process acting on a cloud—topped marine boundary (Stage and
Businger, 1981).

Llquid wuter Entmalpeent fais
H lemis )

Haight (ml

-
20z0 s, 20
150z o s
% .
320 9.3 v 12
L
ES
anz . [
Lo% RS N
= ~
N L |
N H M T * M 5 H g

e (0 )

Fig.12. The evolution of the boundary layer(Z,: depth of the mixed layer, Z,: condensatinon

level, £.; integral liquid water in cloud. W, . entrainment rate) lifting rate = 0.00.

satant el Llquid seter Entralnment Rats
atant e g

(enind
2003 - b.$ &0
B F {
1300 Tak 18
w207 3 b
3
2
A0 0.2 -4
L2 - 0. fu
— e
T T T a.oke
e 1 2 3. n 5 s ?

Taze (hi

Fig.13. Asin Fig. 12, bul for lifting rate =0.01 ms ',




396 Advances in Atmospheric Sciences Yol.9

Halght (w Liquis Wter Ertratnwent dets
- lem! lense)
ELH] a5, 22
1402 Eo.h 14
, 12 nj Z L.; 12
2, -
oa 4 4.2 8
Loz ot
L
" -
'R — . a.alo
0 : 2 J - H 4 7 ]
Tiwe \h*

Fig.14. The evolution of boundary layer {Z,: depth of mixed layer. Z.: condensation level. L:

integral liquid water in cloud, W, : entrainment rate) divergence = 0.000015 5™

Feigrt (m) Liquit wter Eztraineent bt
(LT} (onial
ziot 0.5 20
1600 L.x 18
1200 \ e
R N ra e -
a00 % o | B
90 SoaL
. }
3 ! L _loele
a 1 2 3 L 5 b a L]
Tima (n1

Fig.15. Asin Fig.14, but for divergence = 0.000025 5.




