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ABSTRACT

Observations indicate that some squall line systems moving from
the Taiwan Strait towards the mountains would decrease in intensity
and dissipate. Obviously the terrain effects on the squall lines are
very important. A two-dimensional terrain following coordinated cloud
model was used to study geographical effects on a squall line. In the
model the mountain peak was assumed to be 1 or 2 km in height with
the squall line forming over the plain area and propagating towards
the mountains. In the plain area new convection continually formed
on the forward side of the squall line so that the squall line could
maintain itself. When the squall line moved over mountainous areas it
slowed down and began decreasing its intensity due to.the weakness of
new convection. The decrease in intensity resulted from less moisture
flowing into the squall line at the higher altitude. The terrain effect on
the restriction of the development of the squall line was more evident
the higher the mountain.

1. INTRODUCTION

The effects of mountainous terrain on precipitation systems have been dis-
cussed very extensively in the past (Smith, 1979). Recently Yoshizaki and
Ogura (1988) demonstrated that orographic lifting could induce heavy precip-
itation in a moisture-rich low-level flow environment. In Taiwan the mountain
ranges go north-south-ward and are very lofty, and they can inhibit the devel-
opment of some precipitation systems propagating eastward from the Taiwan
Strait towards the mountains. During TAMEX (Taiwan Area Mesoscale Exper-
iment) a north-south orientated squall line system moved from the strait toward
Taiwan island in the late evening of May 16, 1987. It dissipated in the moun-
tainous area the next morning (Cunning, 1988). Another squall line affected
by mountains occurred on May 2, 1989. It did some damage in SW Taiwan but
decayed when it reached the mountainous area (Chen Wang and Lin, personal
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communication). Naturally the question arises as to why the intensity of these
squall lines decreased in mountainous areas.

For this paper we artificially formed a squall line using a two-dimensional
cloud model in the environment based on a sounding observed at Makung during
TAMEX on May 16, 1987. This model squall line was propagated towards the
mountains. Investigation of the evolution of the squall line in these mountainous
areas will enable us to have better understanding of the influence of terrain on
a squall line. This TAMEX case was chosen for use here because Dopplar data
were collected for a squall line occurring near mountainous areas. We may thas
be able to compare our model result about the topographical effect on the squall
line to that in the Doppler analysis after the analysis is finished.

2. THE NUMERICAL MODEL AND INITIAL FIELDS

In order to study the effect of a north-south orientated mountain on a north-
south orientated squall line a two-dimensional cloud model was designed. This
model was derived from a two-dimensional version of a three-dimensional con-
vective cloud model from Klemp and Wilhelmson (1978). Some modifications
have been made: a terrain-following coordinate system was introduced; a wave-
absorbing layer was added to the top of the domain; a turbulent mixing pa-
rameterization depending on the relative strengths of stratification and shear
(Lilly, 1962) was used. The equations used in our two- dimensional model are
shown in the Appendix, however a more detailed description of the model is
shown in Durran and Klemp (1982).

The terrain structure used in this study is shown in Fig. 1 and the following
equation:

ha?

()= 5

h is the mountain peak and a is 2400 m or 144000 m depending on the z on
the west or the east side of the mountain peak, respectively. On the east side
of the mountain the altitude decreases more gently than on the west side. This
terrain shape is intended to represent the high mountain area on the east part
of the domain. :

The base of the domain (z = 0) and the pressure there are assumed to be
0 m and 1000 kPa, respectively. A warm rain micro- physical parameterization
of Kessler (1969) is used, where water is divided into three forms: water vapor,
cloud water, and rain. The grid size in the z-direction is constant and is taken
to be 1 km, where it is stretched in the vertical to allow finer resolution in
the lower atmosphere. There are 361 and 22 grid points in the horizontal and
vertical directions, respectively. The model domain is 360 km by 18.2 km.
The location of the horizontal velocity u, vertical velocity w, non-dimentional
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Fig. 1. The terrain features used in run A and B (a) and run C (b).

pressure perturbation 7/, potential temperature 8, subgrid scale mixing for
momentum K and scalar K,,, the mixing ratio of water vapor Q,,, cloud water
Q: and rain @), in the vertical direction z are shown in Table 1. Their location in
the vertical direction 7 for the terrain following coordinate system is calculated

by

2(z — z5)

Zt— 24

where 2; is the top of the domain 18.2 km.

Table 1. The location of variables in the z direction. Vertical velocity is located at ZRW

position and all other variables are located at ZRT position.

ZRT (m) - ZRW (m) ZRT (m) ZRW (m)
18175 18200 5240 4833
16684 17422 4442 4067
15257 15963 3707 3363
13892 14566 3035 2722
12590 13233 2425 2144
11351 11963 1879 1630
10175 : ’g;ﬁ 1396 1178

9062 8529 975 789
8012 7e11 618 463
7025 6555 324 200
6101 5663 92 0

Absorbing layers are assumed on the top of the model and are about 11 km
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thick. Rayleigh damping has been used as in Durran and Klemp (1982).

The initial temperature and moisture conditions for this simulation were
based on the sounding taken at Makung at 14 LST on May 16, 1987. It was
relatively moist in the troposphere except near 700 hPa (Fig. 2 ). Based on
the temperature and moisture profiles the profiles of potential temperature 6,
equivalent potential temperature 8., and saturated equivalent potential temper-
ature #* are presented in Fig. 2b. It was potentially and conditionally unstable
below 80 hPa. If an air parcel was lifted from 950 hPa it would acquire a tem-
perature excess beginning at 850 APa (& 1.5 km), the height where its 8, would
exceed the environmental 8. However if an air parcel was lifted above 900 hPa
it would not easily gain positive buoyant energy with respect to environmental

ox.
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. Fig. 2. (a). Initial sounding used in the model simulation taken at Makung at
14 LST, May 16, 1987.

Initially the observed east-west wind component was assigned everywhere in
the model above the mountain top. Below the mountain peak wind was grad-
vally increasing over an hour from zero to the observed value of the sounding.
Meanwhile all the progonostic variables were integrated forward except cloud
and rain. Then we let the model adjust itself by integrating forward without
considering any microphysical process for another 11/2 hours.
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Fig. 2. (b). The profiles of potential- temperature &, equivalent potential
temperature #,, and saturated equivalent potential temperature 8 derived from

Fig. 2a.
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Fig. 3. The flow pattern after the initialization in run A at 9000 5. The simula-
tion result is shown in a portion of the domain on every other point horizontally.

At 9000 s (2% hours) convection was initiated by cooling a region in the low
levels 8.0 km long by 3.8 km thick. This technique was applied to the region
located from 60 to 68 km away from the left side of the model boundary at a
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cooling rate of 0.007 K s~ ! for 10 minutes. Beside that, 10 ¢ kg~! of water
vapor was added in that region for 10 minutes to accelerate the formation of
the precipitation cloud. If the cooling rate was reduced or the magnitude of the
extra supply of water vapor was decreased, no precipitation cloud could last

longer during our simulation.
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Fig. 4. Model estimated radar reflectivity (dBZ) presented at 30 min intervals
from 10800 5 to 30600 s in run A on every other point horizontally. The contour
intervals are 10 dBZ. Wind vector is superimposed on the reflectivity. The shaded

area encloses the vertical velocity greater than 2 m §71. The heavy solid line
represents 0.1 ¢ kg~ ! the mixing ratio of cloud water.
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3. SIMULATION RESULTS

There are three experiments in this study namely, run A, B, C. The terrain
features of the three runs are shown in Fig. 1. The mountain top for run A
and B is 1 km but 2 km for run C. The difference between run A and run B is
that the width of the domain is 300 km for run B but 360 km for A. Since the
cooling region that triggers the initial convection is 60 km away from the left
side of the domain for run A, B, and C, the initial convectioni formed in run B
was much closer to the mountain.

a. Run A

In order to study topographical effects on a squall line we examined in
this experiment the evolution of a model squall line propagating towards the
mountains, After initiation of the wind field the flow pattern at 9000 s is
shown in Fig. -3 where westerly wind was observed. The simulation results
were only presented for a portion of domain in the horizontal and vertical
directions, respectively, This implies that simulation results above 7 km in
the absorbing layer are not shown here. If no significiantly upward motion
existed in the model, no squall line could occur. Therefore we had to artificially
supply upward motion to form a squall line. This upward motion would come
from some artificial cooling in the low levels. After the artificial cooling and
moistening effect applied to the region between z = 61 to 68 km in the next 10
min from 9000 s a model sqall line formed near 81 km at 10800 s (Fig. 4 ). This
position was about 160 km away from the mountain peak (at z = 241 km).
The squall line formed near the leading edge of the cooling air moving toward
the the mountain. The intensity of the squall line was represented by the radar
reflectivity (dBZ) which was proportional to the mixing ratio of rain (Fovell
and Ogura, 1988). The outlines of upward motion ( > 2 m s71) and cloud
( > 0.1 g kg™!) are superimposed on the dBZ contours. While the model
squall line was propagating eastward new convection continually formed on the
forward side of the squall line (east side) and the older convection decayed at
the back side. The gradient of dBZ was tight near the front edge of the squall
line which implied that the convection was strong there. The upward motion
was over 2 m s~ at the forward side of the squall line as shown in the figures
before 19800 s. Before 19800 s the model squall line roughly maintained a speed
of 14 m s~! towards the east with the maximum intensity over 50 dBZ in the
plain area. The magnitude of the westerly wind was reduced on the back of the
squall line while it was increased on the leading edge. After 19800 s the squall
line climbed the mountain to where the altitude was over 300 m. Less moisture
content was observed in Fig. 2 at the higher terrain. The squall line slowed



30

Z~AXISCx1 KM)

Z-AXIS(x1 KM}

Z-AXIS(w1 KM)

TAO Vol.1, No.1

T=  14400. SEC WIND SPEED 100-H/5
0B/ 100 .4/5

Q drrrrrrrrns A R e I T I T I T,

_b))))))b))) "ii’)’b?i)b))))b?)))b))))”)))bhlrbl)))’bDDD)”n
- FErrrrppres s .$)bbbblb;bb))bDD))PDDDDD’,”D’DDDPOb*OD&’ihib)>
- _bbi’)iibi)bi AR SRS SRR R T IS I I I T Y

1}

B rEEEIEIEENIS ))F))bi))))bb))FD,’)))))b#bbl')”’iib)))))b)b‘*’b
o L))ibb))bb))bb 31 (EERES S +f:>£)b))bpbb))b))bb))))»by))!b)p)bbb
& EEEEBRERERIERS IR S R R R R RN L N O R N e §

PEEEFIRIRRINID » SR E SRS Sl I S S I T
FEIFIPPIIIEEIN r )'l’>>)>>))))})))))))))))))>>>>>7>>>))))>)>)>}>)
FEIFIIDIIIIIIFPIIPPPIN TEREXXRIIIENBSINIIFINIONINIIBISSSNIISLISSISSD

o ))))0)))})))))))) 3 )>>>>)))>>)>>>>))>>)>>>>>M

M lE+B 35 ESE ST LRSS b3 PRE X PRI DDIN >N

o i I [ I I I T | I 1 I I I i

91.0 1.0 131.0 151.0 171.0 181.0 211.0 231.0
X-AXISC=10 KH)

T= 16200. SEC WIND SPFED 100.4/5
0BZ 100.K/5

Q3> rr3302223 5500332233335 e Y S S IR
w

L R R S R ISR SRS Y AR Ry L Al I S TS SN,

S Y T [ L L L L YT Y
o
T o brrrrrrrrrrrrrrrrasrrrarras RS2SR S R Y Y

e ddd st NS R RSN L EEET TR LY | AR R S R RS LY S R Y )

PrEa2srsssrr bbb b rbrdsssrssprre 2322 R R R R R R
(=}

Pl N YT I T T T T raeaay S22 4T R E IR N e N

b s b ssssrrsnrbrrsrsrrsrrssrsrsl ;. PEEFIREFIFIREFRRIIFIRINIIIIIIIIILS

NidEEE LSS SRS S SRS TSRS FPEFIFFIFIIFIIIIISINIRIIFIIIINIIDDD

PIFXIIIEIIIFFIFIFIIIIIIIIINNA F 2220225252322 5555535333333
O QP23 rrIDINIBIIIIRIISY FIIPFIIXP A CELCCCCELC
(s 33335 EE I TTEITS ST TS S5 S 3 Sh>2>> £ AL g
o. I i [ i [ I 1 i | I I I I
8.0 110 131.0 151.0 171.0 191.0 211.0 2310

X-AXISCxlQ KM)

T= 18000. SEC WIND SPEED
Q_J)>>>>>)>>>>>>:>>>b>> >>“ T R T B S e
@ |

+)>>>)»v>>)>)>r>’r)» AR L SRl IS TSI S NSRRI F T TN S Y

FrrrrsEsEErssrarrras ARl e I I s
o |
b _th#bb’)b>9’¢*a>););r A 222 S 2 i I Y PR R R Y YN Y

3

daE R EEEEEE T Y EEE P ))bb)b)’)))bii)l)))’i”P)§>}>>D99?+
o [ S Y I T LEEEE SR EER RS a2
o~ L I N A T T Y AR R R S Y ]

RS S N B PEIXPIPIIIIIFIPIIIINIIIRIBEIISIIFIEIRIPD

—EEIIIEIEFIRRIREINIIIYY PIEIF I IIEIIIIIIIISNI

brrx333r320303230533535 PIIFIFIFFNF LK
o 3335323323353 50522055 0) 4 KELLLLL
i FE S S S TS ST RS ST Te!

o | I T I [ i I I I I 1 I I

i21.0 141.0 161.0 181.0, 201.0 21.0 241.0 251.0
X-AXIS(x10 KM) '

Fig. 4. (Continued)



March 1990 CHING-SEN CHEN

= 19800. SEC WIND SPEED 100.4/5
gB/ 100.4/5

O 135353320333 533553332353232232 k30> PRI EEIIEEEIEIRRIRRREIIRIDD
@ ]
- L R N ) [ N S22 Y S RS
&
o SRR SRR ER NN RS RS E R RS S S AN SR 3 (B R R R R R R R EENEIE RN RS
— - |
5 A e eI T ety L N N S S Y
%)
— S EIIIIIIFIIIFIFIFISFIRIISE IR R RSP ES S Y R T Y Y
> .
q’: o 4))’%’))%3&3-}’)')F')'))é‘)b#)’l’i*"’)i-)’) ?)))))))))))))))))‘))D))’D
L e L T T RIS T T T I T YT YSaeeY FRERFEREERISIFIEEIIRIFRRD L
SRR RS S R RS RN D EEENEEERERERZENEEEESS] FIIRXIIRIIRIFIRIIFNEEREND
FFREEIBPPEEFFIIIIIIIIIIRINIIRIIRIIIINDS
e e S S R R
O IFF23333333333333335555553323333222>
2 3223233333 5¥ 2335555323533 350
o I I I T I I I I I I I I i
121.0 141.0 161.0 181.0 201.0 z21.0 241.0 251.0
X-AKISC=1D KM)
Q Arsrrrrrrrrrarrrrrrrarr>iP N A I I R TR R R
©
- e I N R Y i P N N S S R R RS R
.
X SAE S EEREERERELETERERERESHNS TRLEE DR R EEE SN RN RN DN EE SRS
— 2
: A s T T T TN Y S Y I I R TS SR RS NS Y
o
— P REFEREEIIISISISIEESFFFSI DY FIEFEEFESFIIFIERIIRIIFEIRNNL
Pt
$ Bssssrsssssrssssrsssrbrrassrbrsfarss FEEEFEIFIIIRIEIEIRIIRIPRE)
o
N G rrrerrrrrarrrrprrrrrbbbrrrd P N S S T RS S
FPFFPFPPEPFPEPPEREFELEEP PP PR [ Z R R R B FER NP EDPS RS RS RS
“E P3P EIFEIIFRIFIIIIIIIIIRIIIDN Aatry
FP2IRBFRIBBIRIIRIPININIIIND
o FEFIINISHISIINIIIRIIID
3 >35> 533> yaana
=1 T I I I I I T T T I I I I
151.0 171.0 191.0 211.0 231.0 251 .0 21.0 291.0

X-AXISCx10) KM)

23400. SEC WIND SPEED 120-#73
0BZ 100.1/5

-
|

PERRIEREIIPIREIDPIIISIIIIEY

bzdfy>2z -\
SIS
b >
A

b S S F R RS R R RS RS L R R RS L RS s \>)
>>

Q 1 r3>3333333232322535323333323323>48>

FRE222 203 23RS RS RSS R REE R 'E I EE RS EES FEERERSEE SRR DS

XS RIS S ISR SIS R RS R R R L A S A R 2Ry PEEIFPE>RIFFFTIFIIIIP

IS SR RS2 R R R RS
. I XTSRS RS RS R R R E X S S L S S R R kR R d FPIFFEEFFFF

RS IS I T EAE LRSS SRS R RS LRSS R RS S S R R R &g LEE SRR SENSY]

Z-AXIS(=1 KM)

o T T NN RS N RN R R A S N N S ] LI R R R R R NS

pr)p’}pp)rr;bppr)bth)b)))r’))))t)>>p> LI 22 2 2 04

EFEFEFPEIIEPRRRIRIIIRIRNIRINRIIRLIFSINIDD
3229533300033 FXFDIIRIBRIIIIIFII>LY

AP >3 r22r 2> 22X 22223237 8L L
LLCCeCd 2 r el

[+] o
o I I T T T T T i T T T T T
151.0 171.0 191.0 211.0 231.0 251.0 271.0 201.0
X-AX1SCx1D KM)

Fig. 4. (Continued)
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Fig. 5. Same as in Fig. 4 but for run B at some selected time.
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down and its intensity began decreasing as the new convection on the front side
of the squall line weakened as shown in the w pattern. The magnitude of the
upward motion was smaller than 2 m s~! after 21600 s. This was due to the
fact that the moisture flown into the squall line was less in the mountains than
that in the plain area. Less moisture supply resulted in less condensation which
caused a decrease of the upward motion. As the squall line came over the top of
mountain (after 23400 s) it shrank very quickly and dissipated. However some
low level clouds could still exist in the mountainous area.

b. Run B

What would happen to a squall line if it formed much closer to a mountain?
Run B was set to investigate this phenomenon. Similar initiating procedures
to those in run A were used but the coolng and moistening effect to initiate
convection at 9000 s was applied to an area much closer to the mountain. Thus
a squall line formed much closer to the mountainous area. At 10800 s a squall
line (Fig. 4) occurred near 81 km which was about 100 km away from the
top of mountain ( at 2 = 181 km). As before this squall line occurred at the
front edge of the cooling air moving toward the mountain. Before 14400 s the
maximum intensity of the squall line was over 50 dBZ in the plain area. New
convection continually formed on the front edge of the squall line to maintain
the intensity of the squall line. The magnitude of the upward motion was over
2 m s71. After 14400 s this squall hne climbed a mountain with an altitude of
over 300 m. The intensity of the squall decreased and eventually it dissipated
after 19800 s. In the previous experiment the intensity of the squall line was
still over 50 dBZ at 19800 s while in this run the intensity was less than 20 dBZ.
Both experiments indicated that mountains could inhibit the development of
the model squall line when it was in the mountain area no matter how far away
from mountain the squall line formed.

¢c. Run C

This experiment is designed to study the impact of terrain on a squall line
moving toward a mountain if its peak is higher (2 km in this run). A similar
initiation technique to that used in run A is applied for this experiment. At
10800 s a squall line was found near 81 km about 160 km away from the top of
mountain { Fig. 5). Since new convection continually formed on the front edge
of the squall line, it could keep its outskirts and its maximum intensity over 50
dBZ untill 18000 s as the squall line moved eastward. Since the lifting due to
the mountain was stronger in this run than that in run A, the intensity of the
squall line was a little higher in run C before 18000 s as shown in the 50 dBZ
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Fig. 6. Same as in Fig 4 but for run C at some selected time.
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contour and the upward motion (Figs. 4 and 6). After that the intensity of
the squall line began decreasing as it climbed upward above the 300 m height.
The magnitude of the upward motion and the radar reflectivity both decreased.
As this precipitation system came over the top of mountain precipitation only
remained near the ground. The model squall line began to weaken earhier
(after 18000 s) than that in run A (after 19800 s) since it encountered higher
mountains in run C. The higher the altitude the less moisture supplied to the
squall line in the model.

4. CONCLUSION

A two-dimensional terrain following coordinated cloud model was used to
study the geographical effect on a model squall line moving toward mountains.
The results indicated that a squall line can maintain itself through continual
formation of new convection at the front edge of the squall line in a plain
area but as the squall line encountered mountains it slowed down and began
Wea.kemng as a result of the weakness of the new convection. The decrease
in intensity was due to less moisture flown into the squall line at the higher
altitudes. If the mountain peak was higher, the terrain effects on the inhibition
of the development of the squall line was more evident.
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APPENDIX

The momentum, thermodynamic, continuity equations and microphysical
processes used in this study for the terrain following coordinated system are

au du i ou
Oow Jw ow 6,HOr
at +u—é~—+(Gu+H )an+cp—(9—17—

6
=g |5 -1+0.61(gs = &) ~ ¢ — 4| + Do

or Or
5 + ugs + (Gu + Hw)—(vr +7)=20
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a6 a6
n -I—ua—-{-(Gu-}—Hw)——- =My + Dy
9 , I 94y
Yy +u6m+(Gu+Hw)6n = My, 7
69‘0 aQC 8
dgr 0¢r 3q,~ _
at +uam+(G +H ) MQr+DQr
where
_ zi(z — z4)
(2 — z)
z¢ is the top of domain ( 18.2 km).
ha?
#()= @y a)

Vol.1, No.1

h is the mountain peak and a is 2400 m or 144000 m depending on the z in the
west or the east side of the mountain peak, respectively.

_On
G*aar
_on
H=3

0, = 6(1 + 0.61q,)

R
T={—)Cr
%ﬂ

Dy, Dw, Dy, Dy,, Dy, and D, represent the subgrid scale mixing for u, w,
potential temperature @, mixing ratio of water vapor ¢,, mixing ratio of cloud

water ¢., and mixing ratio of rain water g¢,.

They all are taken from Lilly

(1962) and the mixing coefficient was dependent on the relative strengths of
My, M, , M, , and M, denote the microphysical
terms assoctated with warm rain processes for potential temperature, water
vapor, cloud water and rain, respectively. (Klemp and Wilhelmson). Bars over
individual variables refers to the initial undisturbed state.

stratification and shear.



March 1990 CHING-SEN CHEN 89
REFERENCES

Cunning, J. B.,1988: Taiwan Area Mesoscale Experiment: Daily operations
summary. NCAR Technical Note, NCAR-TN-305+STR, 360pp.

Durrain, D. R., and J. B. Klemp, 1982: The effect of moisture on trapped
mountain lee waves. J. Atmos. Sci., 39, 2490-25086.

Fovell, R. G., and Y. Ogura, 1988: Numerical simulation of a midlatitude squall
line in two dimensions. J. Atmos. Sei., 45, 3846-3879.

Kessler, E., 1969: On the distribution and continuity of water substance in
atmospheric circulation. Met. Mon. Amer. Met. Soc., 10, 84pp.

Klemp, J., and R. Wilhelmson, 1978: The simulation of three-dimensional con-
vective storm dynamics. J. Atmes. Sei., 35, 1070-1096.

Lilly, D. K., 1962: On the numerical simulation of buoyant convection. Tellus,
14, 148-172.

Simth, R. B., 1979: The influence of mountains on the atmosphere. Advences
in Geophysics, 21, 87-230.

Yoshizaki M., and Y. Ogura, 1988: Two- and three-dimensional modeling stud-
ies of the Big Thompson storm. J. Atmes. Seci., 45, 3700-3722.



90 ' TAOQ Vol 1, NO.1

Hi Tl S e 3 82 S B FHSE

‘ BRARZ
Bl 37 choR K B K SRUANER T ST A

W m

BLBR A— 2K Rt B & BB BE SMILE » &9l 0N EETRE
HBE - REHE - B BEAEER - TAFA— 5170886 S X508 E i ik
HEReER . EERAR ULRBR1 N2 286 - BRAPHRBEDFRE S8 BluEs
B o 38 2R R FE R SR HRE R T BT A Ak BN A BUAR - RERBURAY BT - BEEE
RREA IR - BEDEERE - MERERS - BBVREE  REAFENTES  THt
HMA M ERE . REAEILERA BB KEZED - B REHE RETIUNBERSE - 01
IR R B R BUER &K -



