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Abstract. A modified version of an operational 3- of simplified systems whose solutions can be found by the-
dimensional, non-hydrostatic, limited-area atmosphericoretical meansGossargd1975 Holton, 1992 Houze 1993.
model (MM5) was used to perform high-resolution, ideal- Another relatively new technigue is using numerical models
ized simulations of the interaction of an infinitely long sin- which represent the physics of atmospheric processes at the
gle ridge with a steady, lateral large-scale wind field. Thegrid level Pilke, 2002. Usually the former helps the analyst
effect of different mountain ridge dimensions, wind speedsto have insights into behavior of physical laws in very much
and patterns and moisture profiles on the quantity and distrisimplified contexts, while the latter is more often used for
bution of orographic rainfall was investigated. The simula- the analysis of the real atmosphere and forecast of weather
tions demonstrated a number of commonly observed mounfor research and operational purposes. Physical simulations
tain flow features like formation of cap clouds, foehn wall, with many model descriptors and boundary conditions ide-
convective break-out associated with mountain topographyalized, can be seen as a compromise between the above two
interaction of downslope winds with sea breeze, and differ-approaches. Idealized physical simulations can be used to in-
ent stages of cumulus development. It was found that theéroduce the conditions of actual atmosphere into a numerical
rainfall maxima associated with the mountain always occurmodel in a controlled manner, thus making it possible to iso-
upstream of the ridge peak. Changing mountain dimensiondate them from the other complexities of the real atmosphere
wind speeds and patterns and moisture profile had clear effor a closer study (e.ddoyle and Durran2001; Nance and
fects on amount and pattern of accumulated rainfall. LowDurran 1997, 1998.

wind speeds resulted the maximum accumulated rainfall to |nteraction of large topographical features with a wind
occur considerable distance upstream of ridge peak. Revefield has dramatic effect on the generation of rainfall. It is
sal of wind directions in upper atmosphere caused rainfall toobserved and widely accepted that mountainous terrain gen-
be largely restricted to the wind-side of the peak. The ob-erally receives more rainfall than lowland in the same geo-
served rainfall patterns are explained by the different flowgraphic region and as a result there is a general positive cor-
patterns observed in the model output. relation between elevation and average rainfall yield at large
time accumulations. Rainfalls in the world’s most rainy cli-
mates are determined by the different atmospheric mecha-
nisms that are critically dependent on the presence of moun-
tainous terrain, making the knowledge on orographic rainfall

Rainfall prediction remains among the toughest chaIIengeé'i much needed ingredient of strategic planning on susta|_n_-
ever faced by modern science. While the physics of mosf"‘bk.a use of water resources or on' water rellated disaster miti-
of the processes involved in atmospheric dynamics has beegat'on_' Water ava}llablllty of wor[d s major rivers depend on
long understood, the interaction of the different processe§he ralnffall occurring on mouthan.wous yvatersheds.

combined with the complexities of underlying terrain results 1€ airflow over a mountain ridge is a problem that has
in a system that is extremely hard to capture. One traditionaP®€n Subjected to extensive theoretical investigation (see

approach to comprehend the atmospheric processes is the uSEMth 1989 for a review) and more recently to a number
of numerical studies involving both real and idealized set-

Correspondence toA. Pathirana tings. Sufficiently simple systems can be arrived at by uti-
(pathirana@hqg.unu.edu) lizing Boussinesq approximation (air density is treated as

1 Introduction
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constant except in buoyancy) and linearizing about a hydro2 Idealized simulation system
static base stateHplton, 1992. Hibino et al. (1993 used

linear theory (frequency domain analysis) to study the flow2 1 MM5 Model

above aridge. They investigated the range of internal Froude

number thaf[ generatgs trapped lee waves and reported th%e fifth generation Pennsylvania State University/National
the flows with small internal Froude numbers that are notCenter for Atmospheric Research mesoscale model, MM5
strqng en.ough to flow ab(_)ve the ridge top, generate_s Stag('Dudhia 1993 Grell et al, 1996 solves a fully compréss-

nation points on the lee-side. However, often many impor-j e non-hydrostatic set of governing equations (for prog-

Itant featurlgtsdof mountalntjlfIO\t/\r/1 are as?00|atedh with rotors, i variables of velocity, pressure perturbation and tem-
arge-amplitude waves and ofher non-lineéar pnénomena s erature) on a terrain followings(z) coordinate system.

that the linearized-Boussinesq systems fail to represent the he model requires the specification of the initial conditions

adequately. The use of non-hydrostatic numerical models i%ll over the modeling domain and the lateral boundary con-

a preferred choice in the situations where the linearity aP-itions during the whole time period of model integration.
proximation is not viable. In the recent literature, several

tudi ing limited hvdrostati dels t Boundaries need to have specified horizontal winds, temper-
Studies using imited-areéa non-nydrostatic modeis 1o examyy,, o pressure and moisture conditions and optionally mi-
ine various aspects of the problem of flow over a mountain

. : crophysical fields. In an operational scenario, the lateral

”dg? havde appefarredNa?ce anddDut;ral?(1997, ﬁgﬁa In- | boundary data are usually obtained from global scale model
vestigate t_e € _ects of unsteady ackground Tlow on 1€&qgjis or analyses at some intermediate spatial scale, which
wave behavior using a fully compressible model develope

. ltimately depend on a global model. Additional observa-
bySD(;,!rran gnd Il<lemr(198?. Pat(;urlan'\;\Me; aIf(ZOOQ .lfsed tions like radiosonde data and surface reports can be used to
a 3-dimensional mesoscale model ( ) or simifar pur- improve initial/boundary conditions.
poses.Doyle and Durran(200]) used the two-dimensional he bound diti fth del : d
version of the Coupled Ocean-Atmospheric Mesoscale Pre- T € boundary con |t|on_s 0 _t e MMS5 model are Impose
diction System (COAMPS) developed by U.S. military to using the so-called relaxation/inflow-outflow scheme. A five

investigate the dynamics of rotors associated with the IeeCell thick layer all around the rectangular model domain are

waves. They observed that there is a threshold value of ridg ffected by.th.e lateral boundary conditions. Th? outermost
height, only above which the flow separation due to rotors ayer (consisting of two rows and two columns) is specified

will occur. Those idealized studies have focused on the dy—by the time-dependent boundary condition value. The next

namics of dry air, without incorporating the phase change of];)Our |gner Ia)I/ers are rr]elaxe:j tOV\_/ard the mode:] valéjes from
water substance and the rainfall generation. oundary values, with a relaxation constant that decreases

linearly away from the boundary.

] _ o _ Performing idealized simulations is not a standard usage
_ This paper presents a series of idealized numerical expefsf the modeling system and therefore a number of additional
iments conducted to elucidate the atmospheric flow past gogifications of the preprocessing programs are needed be-
single mountain ridge and the resulting modification of rain- t5re the model can be used for the purpose similar to the
fall and related microphysical phenomena. The objective wagne of the present research. However, there are a number of
to understand the effect of different topographic and atmo-gjstinct advantages in using MM5 as the basis for an ideal-
spheric parameters on the rainfall due to the interaction of,qq study. The model has been in operational and research
topography with large-scale wind fields. Mountain dimen- ;s worldwide for more than a decade, resulting in a well-
sions, wind speeds and moisture profile were each varieqested numerical system. It's source code is freely available
while keeping all the other parameters constant and the rego yse Further, due to the model's ability to perform simula-
sulting changes in rainfall quantity and patterns were investi+ions hased on real observational data and large-scale model
gated. Rain clouds were explicitly resolved to demonstrate gtputs with relative ease, it is feasible to extend the ideal

number of classic atmospheric phenomena that are importan§imyjations to those using real data in future work, without
to understand orographic precipitation. An effort was madeswitching models.

to identify conditions under which the rainfall is mainly lim- The available preprocessor proarams of MM5 model sets
ited to the wind side of the ridge, causing rain-shadows in the brep prog

up the model grid including surface topography and other
leeward slopes. . .

land-surface features using standard geographical datasets
like GTOPO-30 elevation data and 24-category landuse data

Section2 describes the numerical modeling system usedof United States Geographical Survey. They produce initial

for the study and the special modifications/enhancements reand lateral forcings using standard three dimensional pres-
quired to perform idealized simulations. Then the details ofsure level datasets (first-guess fields) together with surface
different numerical experiments are given in S&t. The  observations and soundings. In order to perform idealized
results of those experiments are discussed and reasoned simulations both these steps have to be altered to ingest ide-
Sect.4 and finally conclusions are stated in Séct. alized conditions.
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(a) Typical MM5 modeling system operation  (b) Idealized MMS5 operation

Fig. 1. Differences between original MM5 modeling system and the present modification. Modules that are not present in original system
are shown in blue color

The MM5 model has a number of options for selecting The velocities inc andy directions ¢ andv, respectively),
different physical packages to represent different processesemperature and humidity profiles are specified for different
Some of these selections for the present set of simulationpressure levels, and the geopotential height is computed to

are discussed in Se@. obtain a hydrostatically and geostrophically balanced input
dataset for MM5. Layer thicknesses in terms of geopotential
2.2 Required Modifications height is computed using the following relation derived from

hydrostatic equation{dp=gpdz, wherep is density)
There have been two successful attempts to develop sys-
. . . L Rg log(P1/ Po)(Ty2 — T,
tems to generate idealized terrain and boundary/initial con- (Z> — Z1) = =d 9(P1/ P2) (T2 v1)

ditions for MM5 model: Leutbecker(1996 developed the 8o log(Tu2/ Tvl/)
Terraini/Datagridi system to generate terrain data for a numfor lower layers wherd, ~ T,0 — I'Z and
ber of two and three dimensional terrain types and user- Ry
P - .. Zy — Z1) = —T,log(P1/P 1
specified idealized initial/boundary conditions for the ver- (Z2 2 0 ' 9(P1/F2) @)

sion 2 of the MM5 model. LateRdgnvaldssor{2002 in- for isothermal layers

trodt_Jced idealgrid syst.em to generate idealized f_orqng forwhere Ra, g0, T’ are dry gas constant, globally averaged
version 3 (current version) of MM5. These were limited to

) X ) , ravitational acceleration and lapse rate of temperature with
dry-simulations. We have developed the present |deaI|zecﬂ

eight, respectivelyT, is virtual temperature defined b
simulation package to incorporate moisture fields into the g P Yo P y
initial/boundary conditions so that the model can simulate ., RH
idealized rainfall. Figurel shows the main differences be- Tv="T [1+ 061 (wY 100 @

tween operational version of MM5 system and the presen(Nherews is the saturation mixing ratio of water aniF

idealized one. ) relative humidity. Saturation mixing ratio can be computed
In the present setup, a routine was developed to create akom saturation vapor pressure ) as : w,~0.622%, /p. The

tificial datase';s conforming to the data format of GTOPO- resent system uses the sixth order polynomial equation pro-

30 topographical data and USGS 24-category landuse dat§Osed based on experimental resultsFlatau et al(1992:

with the desired idealized topography and landuse features.

These datasets were made available for the standard prepro- 6

cessor program. With this approach the need to reprogranfis = Z [ai(T - 27315)[] ®3)
the model domain setup preprocessors (TERRAIN) is elimi- i=0
nated. whereq; are constants.
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Fig. 2. Common details of the simulation setup. Top: Vertical section. Middle: Plan view. Bottom: Important model settings.

e perimentation a value of 22 grids (44 km) was used. In
the following sections the results are produced along the
cross sectiolX—X (central line, see Fig?) unless otherwise

P(hPa) 1000 950 850 700 500 400 300 100 stated. This is thg row that is least affegted by the boundary

T (K) 300 298 293 284 269 259 246 200 effects. The possible effect of boundaries on the results are

Table 1. Temperature (T) and moisture profiles (M.P.). Relativ
humidity given in percentages.

M.P. | 95 95 95 95 8 75 50 30 discussed in Sect.
MPIl 95 95 8 8 75 40 30 30
MPII 90 8 70 60 50 40 30 30

3 Simulations

In order to minimize the development of spurious acceler-Figure2 and Tablel show the important model parameters.
ations due to unbalanced Coriolis forces, the pressure field®ue to the possibility of cloud formation at relatively high al-
should be adjusted to be geostrophically balanced. In thditudes under tropical conditions, the model top was selected
present System’ this is done by adjusting the surface geop@.t 70 mb (about 16 km) \ertical distance was divided into 32

tential height by adding a Coriolis correction factax%): layers of unequal thickness (Starting with a small value near
The correction at the center of the model domain is taken asurface and gradually increasing thickness with elevation).
zero and for other points the value is computed as: Since the grid size is relatively small (2 km), it is desirable to
neglect the cumulus parameterizatidtilke, 2002, leaving
AZ = A (—ulx +vAy) (4)  the explicit resolving of moisture as the only rainfall mech-
80 anism. Here, the Goddard Mixed-Phase scheme, which pre-

where f =2Qsing (Coriolis factor) where2 and¢ are angu-  dicts ice, snow and graupel in addition to cloud water, rain
lar velocity of earth and latitude, respectivelsx and Ay water and vapor stategdqo et al, 1989 Lin et al, 1983
are the offsets from the central point. was used. The planetary boundary layer was modeled using
The dynamical problem of the interaction of a single long the MRF scheme also known as Hong and Pan PBang
mountain ridge with lateral wind is essentially a two dimen- and Pan1996. The temperature profile was selected such
sional one. In order to use a 3-dimensional model with com-that the Brunt-@isala frequency §%=g/T [8T/8z+g/C,,])
putational economy, a long, thin model domain was adoptedfor dry air, (seeDurran and Klemp1982 for several defini-
However, due to the use of relaxation boundary condition, thetions for moist air, ) is roughly a constant value of 0.012
smaller of the two domain dimensions can not be made arbi{N?x10*~1.5). The effects of clouds and diurnal cycle on
trarily small. Further, in order to simulate important atmo- atmospheric radiation were taken into account. The model
spheric processes like convective cloud development propwas integrated at 6 s time-steps producing output at every
erly, a minimum breadth is required. After some initial ex- 10 min.
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Fig. 3. Cloud development after 10 min of model start.

In order to understand the effects of various topographic
and atmospheric factors a number of simulations were done ~
with different model parameters. The first model run (here- E
after referred to as the control run) was conducted using a
mountain withH=2000 m and»=16 km. The wind condi-
tion was set at 10 s, constant with height. The moisture
profile was such that the lower layers are nearly-saturated
(RH>90%) and then dropping to a value less than 30%
above 450 hPa level (M.P.l). Table 1 lists the temperature

and moisture profiles used.

Several minutes after the model initialization, the clouds
first start to appear above the wind-side slope of the moun-
tain. These clouds are of very low altitude (only several hun-
dred meters above mountain surface). FigBrehows the
cloud structure after 10 min of model start. The low-level
cloud’s base is at the level of the surface, so that this type
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of clouds may appear as fog to an observer on the moun-
tain top. These clouds, due to their appearance as a WaIJ—’ig. 4. Development of clouds (200 min after start) and the cor-

to an observer on the lee-side, are known as a foehn waIIJ

T
180

219

esponding rainfall. Top: cloud water mixing ratio and rain water

and are generally non-precipitating due to their lower ele-pixing ratio. Middle: cloud ice mixing ratio and total precipitation

hydrometeor mixing ratio. Bottom: rainfall during the next 10 min
low-elevation clouds can sometimes precipitate by workingperiod.

vation Houze 1993 Wallace and Hobhsl977). However,

together with clouds aloft that are capable of providing large
precipitation particlesHouze 1993. Though the simula-

tion has generated a high-elevation cloud system aloft, there

is no precipitation formed at this time. Small amounts of
rainfall (<1 mm/10 min) start to form after about 20min of

model start. However, significant amounts of rainfall (e.qg.
>2 mm) occur only after the start of convective development.

(i.e. about 1 h after model start.)

www.atmos-chem-phys.org/acp/5/215/

During the next several 10 min periods, the clouds develop
rapidly in height aided by convective break-out due to the
combined effect of topography and land-heating. In atmo-

sphere, these dense clouds with sharp outlines that develop

vertically in the form of rising mounds (Cumulus) later de-
velop into Cumulonimbus under favorable conditions. Cu-
mulonimbi are often characterized by the development of an
anvil — the top part of the cloud that develops rapidly in the
direction of wind. Figuret shows the development of anvil

Atmos. Chem. Phys., 52282005
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Table 2. Model parameters used for different experiments.

Code  Parameter(s) varied Value for control Run Experiment
a b c d

H Ridge Height (km) 2 0.5 1 3 4
w Width factor, b (km) 16 4 32 64
U Wind Speed (m/s) 10 2 5 20
M Relative Humidity M.P. | M.P. 1l M.P. 1l
R Wind profile/Moisture Uniform Reverse

/M.P. 1l
S Wind profile/Moisture Uniform  No Wind

M.P. 1l

in the control run. It was observed that when the topography4 Discussion of Results
is higher, this growth takes place faster (within 2 h in 2000 m
whereas 500 m takes about 4 h). A significant amount ofAfter solving the model for a 24 hperiod, the rainfall amount
rainfall starts to appear only after this cloud escalation andaccumulated over that period was plotted. Fighrshows
anvil development. The rain starts near the peak and thethese distribution for all the experiments including the con-
spreads towards the lee-side slope as the clouds spread tH#ol run.
way. The precipitation leaves clouds often as snow or ice (see There are some features of accumulated rainfall that are
the contours of rain water mixing ratio and total precipitation common to all the simulations performed: The general ten-
mixing ratio), but later transformed into liquid rain as it de- dency is that the plains that are further away from the moun-
scends to warmer lower levels of the atmosphere. Some ofain gets relatively less rainfall compared with the slopes.
the precipitation never reaches the surface (e.g. about 150 kidowever, non of the cases had the rainfall maxima at the
downstream of the ridge-peak) and gets re-evaporated dupeak of the ridge, but at a point some distance upstream
ing the decent through the atmosphere (virga). While theof the peak. This is in agreement with rainfall patterns of
air aloft is cool and moist enough to generate large amountsome monsoon climateZiibair, 1999. All the cases using
of hydro-meteors, the lower reaches of lee side has warnmoisture profiles | and Il (Table 1) show a significant rain-
and dry air due to the moisture depletion above the ridgefall amount falling on lee-side plains, in addition to the rain
and resulting release of latent heat (classical foehn effect)on windward slope and ridge-top. Rainfall amount gener-
When the hydro-meteors arrive at these warm reaches, theglly increased with elevation — particularly on the wind-side
get promptly evaporated. plane, where most cases showed a nearly linear relationship
between rainfall accumulation and elevation (Fg.

The mountain height has a positive correlation with the
rainfall: Rainfall peak over the mountain as well as the to-
tal rainfall amount increased with ridge height. However, the
rainfall amount on the downstream was not significantly af-

In the following sections the effects of changing Mountain fected. The increase of the width of the mountain leads to a
height, Mountain width, Wind speed, Moisture profile and decrease of ridge-top rainfall and an increase of rain on lee-
wind profile, on rainfall are discussed. Tallshows a sum-  side. This is contradictory to some of the accepted patterns
mary of various experiments conducted. Simulations wereof orographic rainfall. For exampl®mith (1979 has stated
performed for the following cases, in addition to the control that wider mountains cause lee-side rain shadows.
run: Ridge height - 0.5, 1.0, 3.0, 4.0 km (H-a,H-b,H-c,H-d); The large-scale wind speed has a dramatic effect on rain-
Ridge width — 4, 32, 64 km (W-a,W-b,W-c); Wind speeds — 2, fall distribution. Wind speeds of 20 /s and 10 rjs causes
5, 20 m/s (U-a,U-b,U-c); Moisture profiles — M.P.ll, M.P.lll  the rainfall peak to occur on the windward slope, quite close
(M-a,M-b, Profiles are given in Tablg). Experiment R-a to the ridge top. However, it was observed that for low wind
was done with a vertically varying wind profile with rever- velocities (5 m/s and 2 m/s) this rainfall peak can occur a
sal of wind direction above 6 km height and moisture pro- significant distance upwind of the mountain ridge. For 2
file M.P.Ill. Experiment S-a had no large-scale winds andm/s case this distance was more than 50 km from the ridge
M.P.III. A large stretch of ocean (about 200 km) on the wind- peak. The overall rainfall pattern shows a distinct wavi-
ward and leeward sides were provided in experiment S. Imess, suggesting the possibility of mountain wave action.
each of those cases, all the parameters except the ones listetbwever, while all the cases generated gravity waves due
in Table2 were kept equal to those of the control run. to the ridge, they are of un-trapped nature progressing nearly

Atmos. Chem. Phys., 5, 21826 2005 www.atmos-chem-phys.org/acp/5/215/
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Fig. 5. Distribution of rainfall accumulated over 24 h period for different cases. Top-left: Control Run. (H-a,b,c,d): Different ridge heights.
(W-a,b,c): Ridge width factors}. (U-a,b,c): Wind speeds. (M-a,b): Moisture profiles. (R-a): Presence of reverse flow in upper atmosphere.
(S-a): A case with no large-scale winds. (Corresponding ridge profile is shown below each plot with height in m.)

vertical above the ridge. The cloud structure (Fiyyindi- ities in front of the mountain for the former case. The flow
cates that the rainfall at lower velocities is driven mainly by separation and resulting rotor formation provides an oppor-
deep convection triggered due to the flow modification by tunity for the potentially unstable air flowing from upstream
the mountain as discussed Bpuze(1993. Figure8 shows  to form convective columns quite ahead of the topography.
the contours of horizontal velocity component parallel to the When the wind velocities are sufficiently large, the topogra-
flow-direction for the cases of 2 fa and 10 njis velocities.  phy does not cause wind-blocking.

It clearly shows the occurrence of negative horizontal veloc-
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Fig. 6. Relationship between rainfall accumulations and elevation over the mountain ridge. Values for windward and leeward slopes are
shown with different symbols.

Most of the rainfall accumulations show a second smaller
peak on the lee-side of the ridge (e.g. PayV-a,W-b,U-c)

T T
Shading : Cloud water mixing ratio (g/kg)
Contours : Rain water mixing ratio (intv. 1g/kg) ki
Time : 4h after model start

" whose occurrence can be attributed to the convection trig-

gered by the interaction of the moist sea-breeze, warmed up
over the land with drier and (relatively) cooler downslope
wind. Figure9 shows the wind vectors on the lee-side of the

B, . cases M-b and S-a. While the latter case with no large-scale
= oo . wind-field causes rainfall mostly on the ridge top, the former
'é‘)a.o w causes convective clouding and rainfall on lee-side slope.

7.0

CONTOURS: UNITS=g kg™! LOW= 0.10000

Distance (km)

HIGH= 8.0000

INTERVAL= 0.10000

The drier moisture profiles cause reduction of peak over
the mountain top (see FigM-a,b). However, when the
moisture profile is reduced to that of M.P. Il (Table 1) the
convective rainfall on the lee-side becomes very much re-
stricted (Fig.5M-b). As shown in Fig.10, with the low
humidity of large-scale flow, the air leaves the mountain
ridge top so critically depleted of water vapor that the rainfall
does not progress much downstream beyond the ridge top.

The actual wind profile of a location on earth can hardly

Fig. 7. Clouds and rainfall generated by convection triggered by be invariant with height. Many climatic regions feature re-
mountain flow. (Case U-a after 4 h of model start.)

Atmos. Chem. Phys., 5, 21826 2005

versal of winds and resulting shear at the middle levels of the
troposphere. For example, the typical wind pattern during
the summer monsoon over the Indian Ocean, is very much
different from the constant wind fields used in the preceding
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while 10 ny's (right) does not.
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Fig. 9. Situation on the lee-side in the afternoon (13:00 h) for cases M-b and S-a. Combination of sea-breeze and large-scale wind, causes
lee-side enhancement of convective activity (left).

analyses. Due to the action of the tropical easterly jet in theand there is almost no lee side rainfall. This pattern is quite
upper troposphere, the wind velocities gradually drop from ain agreement with what is happening associated with moun-
maximum near surface to a flow in opposite direction abovetains in some monsoon climates, e.g. Sri Lanka: The sum-
a 6—7 km height. FigurBR-a shows the results of a sim- mer monsoon enters the island from west and passes through
ulation with wind reversal above 6 km height. The rainfall the central mountains, causing heavy rainfall on the western
peak has moved further upwind compared with case M-bslopes, while the eastern slopes and plains remain relatively

www.atmos-chem-phys.org/acp/5/215/ Atmos. Chem. Phys., 522852005



224 A. Pathirana et al.: Idealized orographic rainfall

(a) (b)
12.0 . . = % 12.0 , ; =%
ok Shading: Relative humidity w.r.t. water E 110of  Shading: Relative humidity w.r.t. water E :
' t : Total cloud + ixi ti ontours: Total cloud + vapor mixing ratio
E,Aoﬂeglghs o'tl‘?n?)dcelosutart)‘/apOr By 88 &t[tler 6rh or{model start) P & H 88
100 E 100 & ElS
Moisture profile: M.P.II 80 Moisture profile: M.P.III H g0
9.0 F E
8.0F ine
) 0 H 64
g g i
- -
E" 5 56
) ] L
=
= — 48
— 40
H 3R
L] = 24
1.0 . 48 1o g =10 16
10 Ll
; ~ N AN o ; ‘ ‘ i
0.0 7 100 200 300 - "o 100 . 200 300
Distance (km) Distance (km)
CONTOURS: UNITS=g kg™! LOW= 5.0000 HIGH= 20.000 INTERVAL= ~ 5.0000 CONTOURS: UNITS=g kg™ LOW= 5.0000 HIGH= 20.000 INTERVAL=  5.0000
Fig. 10. Relative humidity and total water in the air for case with moisture prédijeM.P. 1l and(b) M.P. I11.
(a) )
12.0 T T T g/kg 12.0 T = T g/kg
Lok Vectors: Wind along cross sectjon\(far field, near ground 10m/s) - iR.. Vectors: Wind along cPos§se§/tiQ_n (far field; near ground T0n/s) ~ N
“ £ Shading Total Cloud Mixing Ratio (g/kg) . . . . . . . %L Shading Total Cloud Mixing Ratio(@/kg) — ~ - - - - - 3
Contours: Rain water mixing ratio (g/kg) i Contours: Rain water mixing ratio(g/kg) i
10.0 E (After 6k of i S - - A 0.0 p = OEOTESe AT METRL TS - - - = - = -4
(NAfte!‘ 6dh (;]f mot?el sAtarf) PN o o 5 (After 6h of model start) S e
oo [ No wind shear - . El 9.0 £ Wind shear T - L - E s
S oL N . . N - - - - -~ - - T s s s
80 [ - T - : : El B sob - -~ : T .
_— ) ) ) N 7 ’ ° . ‘: = - - i . . i . i ®
g 7.0 £ S : N, g 7.0 Sl : T El
E sop B El - 60F o T Ty s T T El W
T so0f R N El = sof - =
~ , 3 3
40 F E 4.0 F -
B ’ 25 I, 2
30F - - - - - - - E1=F 30F - - ¢ ot - - - 2
20F ‘\" b ' . . | .16 20E - - _ _ - - ~ .15
' N 1= e 4
E W H “ 4 W . B - E - - - - - - -
1.0 : : : B . @ 05 el S, - - 05
0.0 i i i i B E . it } t { ¢ ' H : : Y === ===
0 100 i 200 300 _T 0 100 J
Distance (km) Distance (km) A
CONTOURS: UNITS=g kg™* LOW= 0.10000 HIGH= 3.0000 INTERVAL= 0.10000  CONTOURS: UNITS=g kg~* LOW= 0.10000 HIGH= 0.40000 INTERVAL=  0.10000
MAXIMUM VECTOR: 20.8 m s~! (HORIZ) 322.2 cm s™! (VERT) MAXIMUM VECTOR: 19.8 m s~! (HORIZ) 118.7 em s™! (VERT)

Fig. 11. Wind, clouds and rainfall after 6 h of model start for the cégeavithout wind shear an¢b) with wind shear in upper troposphere.
Presence of wind shear limits the convective development and restricts rainfall to windward slope.

dry during the season. FigutEl shows a comparison of previous cases) on either side of the land. Due to the dif-
clouds and rainfall after 6 h of model start, for cases with andferential heating of ocean and land, the convergence of wind
without wind shear. It is clearly indicated that the presenceoccurs over the ridge, causing small amounts of rainfall on
of wind shear in troposphere restricts the overall develop-and around the mountain peak. However, it is interesting to
ment of convection and largely limits the convective activity note that the rainfall yield is much smaller than the case with
to windward slope. large-scale wind field and same moisture profile (M-b). This
Finally, Fig. 5S-a shows the results of a simulation with ¢Onfirms the hypothesis that the second peak on the down-

no large-scale wind field. It should be noted that this partic-Stréam is caused by the interaction of large-scale wind field
ular simulation was done in a nested grid setup in order toW'th opposing sea-breeze —rather than a result of sea-breeze

provide about 200 km of ocean (as opposed to 80 km in the*'0Ne-
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4.1 Boundary effects 120 " C o0 Ol

In order to economically use a 3-dimensional model to rep- 100 | o C-1 —-C+

resent a dynamically 2-dimensional problem, a long, thin _

model domain (20Q22 grids) was used. Since a five-cell E 80

thick relaxation zone was used on the sides, the effect of lat- & A
eral wind shear due to the enforcing of boundary conditions g 60 ’ﬁ?
on long sides of the domain is small. However, still the lateral F e = = o
boundary conditions may have certain effect on the rainfall -5 40 fne Lo Lo 7 o8

simulations. Figurd2 shows plots of 24 haccumulations of
rainfall along several longitudinal sections. The systematic 20
differences of rainfall alon@ (X—X in Fig. 2) and its neigh-
boring lines C+1), clearly show that even the central part o Eee
of the domain feels the boundary effect. However, this does 0 500 1000 1500 2000 2500
not prevent using the system for qualitative understanding of
orographic rainfall. One other restrictive effect of the lim-
ited lateral size 'S, th? negative mfluenge it may have on theFig. 12. Rainfall along several longitudinal sections (control-run).
mesoscale organization of the convective cells. ‘Standard’ distribution along central liné-X (see Fig2) is shown
asC. C+nindicates a sectiom, cells north of central line.

Elevation (m)

5 Conclusions rainfall yield. Instead, convective precipitation due to sev-
eral different mechanisms was the main contributor.

A number of idealized simulations of the atmosphere sur- Numerical simulations with idealized terrain and atmo-
rounding a single mountain ridge was done, with changingspheric forcing revealed a number of important features of
different model parameters. Most of the simulations agreethe rainfall and associated atmospheric processes, related to
with the common observations of increase of accumulatedhe interaction of large-scale wind fields with a mountain
rainfall with altitude, relatively larger rainfall amounts on ridge. The approach used was to systematically change a
upwind slopes compared with downwind slopes and the ocsingle model condition like ridge height, wind speed or mois-
currence of rainfall maxima on some distance upwind of theture, while keeping others constant and to examine the re-
mountain peak. However, the exact distribution of rainfall sulting changes in atmospheric processes and rainfall. Due
is remarkably different among simulations with differing pa- t0 the computational expense of the approach only a lim-
rameters. Convective activity at different locations seems toted number of cases could be simulated. Hence, the ef-
be the main contributor to the orographic rainfall. Sea-breezdects of a number of other factors that are known to affect
interaction with the wind descending the slopes, caused conthe results were not examined — landuse patterns, unsteady
vective rainfall on the leeward slopes and plains. Slow large-Winds, three dimensional topography, to name a few. How-
scale wind speeds caused flow separations to occur more tha&Yer, present simulations produced some useful insights into
50 km upwind of the mountain, causing the incoming warm- the orographic rainfall process that are not possible with only
moist air to rise in convection and produce large amountsanalytical studies.

of rainfall. Reduction of moisture reduced the rainfall vol-

ume as well as dispersion of rainfall towards the lee side AcknowledgementsThis work was funded by a grant from
However, even with low moisture, lee slopes received a smalthe Japan Society for Promotion of Science during the period
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importantly together with a low moisture profile, it seems to
restrict the rainfall largely to the windward side.

Classical explanations of orographic rainfall often give
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