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1, INTRODUCTION

A najor problem in ths provisicn of short period weather forecasts. that
is forecasts for up to 24nr =head, is the estimation of local rainfall wnich
may be modified by local topographic effects. An important operational require=
ment is the forecasting of 6hr accumulations of rain in hilly aress., lMethods
of forecasting based on the extrapclation of the movement of precipitation echos
derived from radar observations are only useful for forecezsting for a short
period ahead and even these forecasts will require modificaticn if local tcpographic
effects are large. The resolution of the present numerical weather foretasting
models is too coarse to 2llow the effects of smalil scale topographic feat'.res to
be incorporated into the rainfall forecasts produced by these models but it is
probable that sub-grid scale topography does not affect the larger scale 11lowe
We can therefore rezard the effects of small scale tovography as 2 process wbioh
need not be incorporated into the numerical models but which must be consicered
when interpreting the output of the models. A further provlem with interpreting
the output of these numerical models to provide short period forecasis is t;at,
beceuse of the methods used to derive the initiel data for the models, the
properties of the forecast parameciers sre noi ccnstant throughoui tne forccast
pericd. These changes are very evident in the first few hours of the forecast.
This problem will not be too important because of the time takcn af'ter the nominal
dats iime to derive the numerical forecast, This period 15 ot the order of
3hr and it seems probable that for a local forecast valid at, for examplejg8OOGMT

to be of any use it would be necessary to interpret an 18hr forecast based on

000CGET deie rather than & 6hr torecast based on 1200GMT data. The forecast

based on the later data time would be issued tod late to be of practical use
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2lihough it is possible that later observations couid be incorporated into the
method of interpretation. Although it is desirable to improve the early
behaviour of the numerical rorecast models this will not in practice limuit the
use of the output of’ large>scale models as input into a local rainfall forccasting
nodele

Collier (1975) has fermuiated a model of orographic ecainfall which heo bLeen
used, with scme succcses, to esiimete rainfall accumulations in North Wales wsing
observations as input data, As Collier (1976) points out the model cen over—
estimate precipitation in situations where {he orographic clcuds are of limited

oxtent &s under these conditions the droplets do not have sufficient time to Frow

to precipitation size. In these cases the model of Badcr and Roach (1976) is
more applicable as this calculates orographic precipitation enhancement assuming
thet rain from upper levels falls through, and removes water from, low lev-l
orographic cloude An additicnel ceficiency of Collier's model is thrat it assunes
after the slightest ascent, all of the depth of the model will be saturated with
precipitation from all levels where there is rising motion. In contrast to this
simple approximation to the various cloud physical processes, the mode) proposed
by Collier provides for a sophisticated method of estimating the vertical velocity
in the vicinity of topographic features. The results suggest that, wien
observations are used as data, this trealment provides an improvement in the
accuracy of the accumulations of rainfail over areas of a few tens of sqﬁar
kilometres. However, the accuracy achieved using rorecast large scele dnta
would bc determined to a great extent by the accuracy of the largze scale numcrical
forecast and it was thought that such suphistication was, at least initially, not
necessary aad that the cloud vhysical treatment shculd be improved,

Tnis note describes a simple model of orographic rainfall intended for use
in the interpretation of nuwmerical forecast outputs It uses a simple formulation
for obtaining tke local vertical velocity with the formulation of the cloud '

rhysics including the effests of finite cloud extent and the effects of.the.-a:hé

ouvt from dlow level cloude The model is intended for investigations of the
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feasibility of using siumple, essentislly one dimengicnal , models to interpret
numerical forecasts and is desizned “c use data of the type available from numericzl
forecasts.s The results can be compared with thoase obtained using climatologicsal
or statistical techniques or with those obtaired from mesoscale primitive equation
nmoGelse

2, THE RAINFALL ENHANCEMENT MODEL.

Several assumptions are made in developing ihe modcl of rainfall enhance ment.
As has been mentioned 1t is assured that the data is representative of the large
scale flow and that these values are in some way 'mean' values of ihe flow in the
absence of topography. We consider that the locel perturbation of the flow due
to topography is only to introduce an additional component to the vertical velocity
and to modify the relative humidity at fixed pressure levels. The ef'fects of
topography are assumed to decrease to zero above 500mb and it is also assumed that
the relative humidity can be converted to a mixing ratio at 2 particular level
assuning that the vertical temperature structure is that for an ICAO stardard
atmosphere although this approximation is easily remcveds It is assumed in the
present work th,t precipitation falls vertically although the effects of in-
corporating precipitation drift will be discussed later, ané that there is no
evaporation of precipitation,

We can write the equation governing the local rate of rrecipitation derived

by Collier (1975) in pressure coordinates in the form

P= -wor/op (1)

where ® is the vertical velocity and 9‘2]9,@ represents the derivative of
saturation mixing ratio with respect to pressure. Collier assumed that PsO
when @ D O, that is when there was local descent. In the ‘prescnt wodel we
assume thai at any level there are two ~ontr1butions to the prec1pitat1ono

The first, F, s resu]ts frum the :wcretion by precmit.at:.on of cloud water at
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the levele This can be written in the form P

/
p 3 IS
P =P (P,r,rs) (2)
/
that is, it is a function of the precipitation 4 falling through the level
"and the cloud water content, assumed to be determined by the reletive numidity
f'/rg e The precipitation formed at a level is written in the form

'P‘z —h,k‘waf,/ap (%)

where h, s takes the value O if w20 or if f/f5<, v In this way the i
possibility of producing precipitation from layers which are not saturated, cven
after they have been raised by topographic effects, is preventeds The constant
k:, is introduced to take account.-of the effects of ithe finite extent of the
cloude For cloud of limited extent it is assumed that hz—i'o while for more
extensive cloud kt-fl e It has been assumed that, although the relative
humidity used lor testing for saturation is representative of a deep atmospheric
layer, no precipitation forms until the local relative humidity r/r's exceeds
100% after topographic uplifte In the atmosphere condensation will occur at a
lower mean relative hunidity but this is offset by the retention of water in the
cloud, neglected in Collier's model,s The present approximation is equivalent to
taking both of these factors into account, For example if all of the water in
excess of 2 mean relative humidity of 85% is assumed to condense but 15‘,’3 of the
total water content is retained in the cloud we would expect, in an infinite
cloud, R, # 1 .,
In the modezl the suriface rainfall is calculated by summing the coniributions
P, =na P, from a series cf levels at 100mb intervals from 550mdb to 950mt.
The contrioution f'rom each iayer 13 obtained Jrom a series cf approximate formulae -
and requires knowledge of the large scale horizontal =and vertical velocity and of
.

the relative humidity at each level in adaiticn to the local topographic height sznd

the gradient of ithe topograply. Tor the present model as has been mentioned the
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precipitation is assumed to fell vertically and there is no evoporstion in
subsaturated layers. The effects of washout on the water content within a

cloud is treated in an aprreximate manrere The model uses a 3+km hurizontal
grid which is larger than that sugzested by Coilier (1976) but is convenient

for the present calculations since topographic data was readily aveoilable on this
grid.

It was assuned in these calculetions that Lhe vertical velocity is

given by

w:= ‘\"f 01- (1;)

where &, is the large scale vertical velocity and @, is a topographically
induced components The latter was assumed to be given by -k, v. VH where the
facior k' was assumed tc vary linearly with prescure from zero at 500mb to
Ot 1L4mb m—1 at 10Cinbe. x is the horizental wvolocity at the level and VH is the
gradient of the topography,. It is clear trat a more complete model would include
the effects of stability on the magnitude 2nd vertical extent of the ascent.

For simplicity an empirical relation was derived for the variation of
saturation mixing ratio with pressure, For an approximately ICAO atmosphere we

have

-2
2.” z lo e '°‘7)

= 300 (5)

where 3"./9}1 is expressed in 9 '-3.' "‘b.' and the pressure P is in millibars,
In order to calculate the precipitation it remains to calculate the

coustanis R, and k,' « The constant R, is set to onec if W& O and if after

ascent the air becomes saturateds Assuming that the ascent due to Lopography

decreases from H for air initially at 1000mb to O for air initially at 50Cmb, and

that the temperaturc profile is similar to the ICAQ profile it is possidle to

derive empirical relations for the increase in the relative humidity due to
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forced ascent over hills of arbitrary height assuming that no water is loste
There are approximately linear relationships, at least for hills of less than
about B0Cm heighte The relative humidity of the air after ascent,hu,‘ls given

n terms. of the large scale relative humidity ho end the tovosraphic height /i

F.

ha % ha f},(P)H (6)
where the wvalues of F, CP) are given in the table helow:
p (mb) 950 g0 750 ¢50 550
4 4 4 4 ¢

3.2%/0°7 2.45xi0 0-95x/0”

J’n(P) ("'.') 445107 4.0%/0

Using (6) hg can be calculated and if he < 1.0, R,, is set to zero.

' 2
Estimation of kz. is rather more difficult since it involves lnowledge or
the extent of the cloude For the present calculations a rough approxination can
be made., We assume that the time taken for a drop to grow in ihe cloud is
given by
€=~ (he- he) /w0
- (7
where l\T is the extent of the topegraphically induced ascent and h’ is the
height at which the air becomes saturated and it =ssumed that the droplets
follow the air motion, The approiximation arises from the use of the local
value of w rather than the mean vslue during the motion through the cloud and
will result in an overestimation of the life of a drop in regions close to the
max imum topographye. e know that h’.f‘ =eq H (p-Foo)/é‘OD'md that the topgsraphic
height H’ over wiich the air just beeoniues satureted is M = (l-lg.) _/j'-‘ (p) 2

If we assume K,* €9 H'(p-foo)/ﬂ'co we have

Er <pa (#:goo) (s ke I (&) :

(7 soo f. ('g)

b
)

oy




But H f, (,‘)} = hq ~&e hence

t= -€8 (_t-__ﬁf_‘fg)[h._—']/':‘*’f‘.(l’)) (9)
= 1/

which car. be written in the foim

te (ha-t) fl(")/(“’f. (p)) (5a)

where the values cof ]’; (p) are given in the tablle:

p (mb) " 9g0 50 750 450 550

. -& ’ - -% . »
fa(r) (mb m ') ~10:14 ¥10  -7-97%(0 Y setwo | -3.37Txl0 iR

The value of Ry is deterrined bybe If £ is less than 5 min, Ry is set to
zero and if IQ is greater than 20min, kb is set to | o+ A linear interpolavic
is made between these valuese

Equation 2 gives the rate of removal of water in the form of precipitation
in terms of mixing ratio changes. This can readily be cenverted to the
precipitated water from a 100mb deep layer assuming that & is constant throughout
the layer, Incorporating this conversion into the approxinate equation 5 for

al‘g /ap we can write

Fpn: R Ry f5(p) 0 (10)

where f‘z(p) is ziven in the table and ppn is the precipitation rate {rom the

layer due to Pz =

-

: fr (mb) 950 g0 750 650 550

. falp) (wm nb") 241000 2133007 .g0%0* —1_-4»7:/0"" -1-13%007%

\




A .
A simple approximatinon to the enhancemen* of rainfall falling through a
lower level cloud nan be obtained aazuning that the drops collcet all of the
c¢loud drnplets lying in their path. In this case it may be snowm that for
monodispersed raindrops of initial radius a, the ratio of' the r'inal rainfall to

‘the initial rainfall is
3
enhancement ratio = (' +led )
"&:"‘o

where 0 is the clouc water mixing ratio, @ =and €, the densities of air

and water and d is the depth of the cloud loyer, Assuning that a, ¥ Zfo/wr
. 3 -4
and thst for 100mb deep layers ed = /0 /C, m we Lave i
’ -
enhancemcnt ratio s (/7¢) (11)

where L is expressed in q hs-'. For water contents of about |/ ? k"' vie see
thet on eightfold enhancement is possible for rain falling through a 100mb deep
cloud layere There remains the problem of calculating L « TFor the present
ealeulations we assume that the contribution to the total mixing ratio in excess ~
of 90% of the saturated mixing ratio is condensed. The liquid water mixing

ratio is assured to be limited by precipitation and washout in a layer to 10%

of the satursted mixing ratio and that this figure is achieved when the mean

reletive huaidity of the air after forced ascent reaches 110%. We have therefore
Lehyry (12)

where Ra=© for hga€0:9 , Rg= 0.1  for hed (-1 with Rg=(ha-9-3)/2,0 obrervise,
The values of fg used are those appropriale for an ICAC atmospheres Vinile
this formulation he2s been u;sed in the present calculations it iz clear that it -
will tend to overestimate the amount of washout in cceasions where heavy pre¥
cipitation falls through lower c¢louds In these conditions the liquid water

content will be reduced by the washout and will tend to zero for high precipitation
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ratese A formuletion which would e more mscurate in these conditiens would
decrease { as the precipitation rote increases an attempts arz being made to
improve this aspect of the model,

The local orngraphically enhanced precipitation cen be obtained by

calculating the precipitetion falling freom the top layer of the model, allowing
o P P L2 * )

for enhancement in the next lower layer and adding the coatributiosn to the
precipitation frem the layere The process is repeated for all of the model
layers until the preciﬁitation reachirg the surface is obtained. The results of
ccleculations using this very simple model will be described in the next secticii,
3¢ RESULTS

The model has been used to calculate orographic rainfall over Vales using =
3%l gride The area covered by the study is shown in Fig.1 which also shows the
topography which was used in the céiculations. In order to test the model real
data bvased on that presented by Collier (1975) was used as this enables tne
predicted and cbserved rainfall to Le compared. It was assumed that the large
scale paramelers used as input to the model were representative of conditions
for the whole area for a 30 min. periode Rainfall accumulations were then
derived from the mean rainfall rates predicted by the model for successive 3Omin
periodse The time sections of the input wind components, vertical velocity and
relative hunidity are shown in Fige.2. In order to obtain results which would te
comparable with those of Collier; who used vertical velocities averaged over Hkm
squares, the grid point values of rainfall accumulation were smoothed using a
1=2-1 numerical filter.

Ihq rainfall accumulations obtained using the medel are shown in Fiz.3s The
resulis demonstrate the effects of small verticsel displacements of the éir, which
would not te incorporated into synﬁptic scale models, on local rainfall, 'Although
the large sczle relative humidity does not exceed 906 the model predicts rainfall
over almost #11 of Wales, Over most resions the accumulations are smell, less than

2mm but much heavier accumulations are predicted over the hignest areas.s In

particuler accumulations of 30mm are predicted for the Szhr period over Snowdonie
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while accumulations of 20mrw are predicted over the Brecon Beacons and in the ’

area to the southwest of Llandegia Tor which the rainfe2ll cbzervations were

presented by Collier (1975) « It is daifficult to obtain objective verifications
of the rainfall except for the area analysed by Collier but it can bve argued that

there is quelitative agreement between the predictions of the present model and
the precipitation distribution which mizht be cxpected.

In Fige 4 & comparison is made between the rainfall accunulaztions predicted
by the present model (a), the rainfali observations (L), and the accumulations .
predicted by Collier (1975) for the 50x30km areas, Tt can be seen that the
variation between the rainfall maxima and minima is much greater in the present
model than was observed or was predicted by Collier. It is thought that this
results from the neglect, in the present model, of the horizontal drift of pre-
cipitetions This has the effectxof smoothing the rainfall distribution over
distances of several tens of kilometres along the direction of the wind,

As has Yeen mentioned the wodel used bv Collier (1975) did not include the
sffects of wzshout but it was assumed that all of the layers were saturated by
{the slighast ascent so that precipitation fell from all of the layers within
which there was rising motions The finite growth time of the drops was also
neglecteds The present model was modified by the removal of the washout term
and of ithe factors relating to the relative humidity and droplet growth that is,
the constzanl R*in Eq,12 was set to zero and the ccnstants k,and hz,in £Q.10 were
set to one. : These changes make the present model similar to that used by
Colliier in the %treatment of precipitation, except for the negiect of drift,
although it contains the sinplified treatment of the verticul velocity. Tha
results obtained with the modified model are shown in Figebe It can te seen that

the minima in the rainfall accumulations are greatly enhanced by the simpiifications

-

and the model predicts accumulations of S5mm over the sea. This resulis from the
- much deeper layer from which precipitation is assumed o fall and the general
upward motion of the air, These =ffects more than compensate a3 the reglect of

washout in this version of the model. The rainfall mexima are only slightly
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incressed in the simplified formulation but close inspection of the results shows
thes they have been moved from the areas of high topozraphy and low grzdients to the
regicns of maximum topographic gradients This is to be expected since washout

Genends not on the local vertical velocity but on the cloud water content while the

direct precipitaticn depends on the vertical velocily =nd not, in this experinent,
on the veritical displacement of the aire Tuspection of Figeb also shows that the
rainfa1l accunulations on the downwind slopes of the mountain are %co loew suggesting
agein thot the cbserved orecipitation in these areas has drifted from the areac of
high rainfall production ratee

A more direct nssessment of the effects of washout on precipitation was
made by rerunning the original model with the effects of washout only removed, Tre
results of this calculation ere presented in Fige6e The rainfall accumuldation
when washout is not included seldom exceeds about 2mm. As would be expected however
the regions of the maxima are the same es those calculated using the full model and
the regions over which some precipitation is oxpected are the same using bvoth

versions of the model,

Le DISCUSSIONS AND CONCLUSICNS,.

The results presented in this note have demonsirated the sensitivity of
orographic rainfall to the micrephysical processes. In contrast to this, the
broad similarity between the forecast results and those of Collier (1975) suszests
that a sophisticzted dynamical model is not necessary to obtain realistic rainfall
acecumilations; it could be argued that the present results are tetter since the
orientation of the isopleths in Fi;.h(a) is closer to the cbserved orientation than
the resultc of Collier.

A major deficiency of the preseat model is the nsglect cf precipitation
drift and an experiment has been carried out to assess the importance of this on
the precipitation accumulations, It was aassumed that the preeipitation fell
through each of the lower %“wo 10Umb deep layers in 200s and tirough the upper two

layers in 1000s, The layer from 70Cxh 4o 800mb was assumed to be traversed in 600s.




Using these figures the horizontal drift of the preciritation was allowed for '
and wlth the data described earlier the rainfall ezcunulations shewm in Figel were
vbraineds It can be seen by compardng ihese results with those of Fige3 that the
drift has a considerable smoothing effect on the precipitation accumulations and
that the maxima are in reasonable agrcement with the observations presented by
Collier (1575).

It has been demcnstrated that date derived from radio-sonde observations
can be used with the simple model presenied in this note tc predict orngraphically E
enhanced rainfall accumulationce The data was chosen to be consiztent in t/pe and
vertical resoluticn tc the data which is obtained from the gynoptic forecasts using
the Meteorological Office 10-levil model (Benwell et ale, 1971) and it is suggested
that the present model could be used in conjunction with the forecast data to
obtain short period rainfall forecasts. Viork is ot present being carried out on a
scheme for interpolating the syncptie scale mcdel data which 15 derived at 6hr
intervals to the 30min interwvals used in the present model, Consideration is also
being given to a spatial interpolation over the grid of the present model rather -
than the yse of the same large scale parameters at all grid points as in the
calculations described here

Various improvements are being mace to the modele In view of the sensitivity
of the results to washout attempts are being made to improve the formulations of |
this process and the cffects of evoporaticn are being investigated, The limitation
of the clcud water content bv the washecut process is a further subject for investi-
gation. The vertical motion has been assumed 4o be independent of stability
giid this could be improvede The removel of water as precipiteticn will clearly
have some effect an the downwind precipitation and this could be inportant when
calculations ere carried out over an exicnded area. This was neglected by Collier

{1975) using observations as data but when using large scele foreccast data it may be

sufficient to mcdify the large scale humidity field to take account of the loeal

renoval of water,




The orogrephie influence on rainfeil from large scale systems has "oéen
considéred in this note but such systexﬁs often contain meso=scale ar(-sas of intense
précipitation (see fer exzuple Browning and larrold, 1969). The use of conventional
data or of synoptic scale forecast date with “he present model cannot enahle tle
rainfall froa such cystems to be calculated, I may be possible to estimate the
movenent and development of these systems from radar observaticns and if this is
possible they could be trested as rerturbation to the larger scale flow which could
be incorporated into the scheme for interpelating the synoptic seale data ontc the
present model gride It may “herefore be possible to estimatc rainfall from such
systems with a model of thre vresent type whereas the use of a primitive equation mezo~
scale model could involve difficulties with the initlalisation procedures when small

scale features are 'present as well as being expensive in terms of ccaputational

resources,

ke 1
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Fige 1 The srea used for the nresent caleulations on e 33km gride The
topographic contonrs are at 100w intervals with hesvier lines at
0 and 500m, A 20kn grid is superimposed. Hote that tnc contour
drawing routine tends to draw the coast line displaced tovards the
S0Ae

5 aﬁCulwns of the data used in calculations of orographic pre=-
tation from a baro c‘xn-c systeme The times are GIT on 27 October
and te data have heen extrectied from Collier (1975). At any

it was sassured ihat these large scale parameters were the same
over the area shown in Figele
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.Fig. 3 Simoothed razinfall accurulations predicted using the model described in
thia note for the 3 hr period on 27 October 1572, The isopleths are
st Zmm intervals,

Fige & A comparison of the forecast reinfall accumulations for a restricted
rea predicted by the present model (a ule model of Collier (c) =nd
the observed rainfall sccumulaiizns (U . isopleths are at 2mm
intervals except that for elariiy tne A and aOnn isopleths have been
onitted from (a).
Fige 5 Smoothed rainfall accumulations when the effects of washout and finite

droplet growth time are omitted frrm the mndel and 2ll of the layers
are assumed to ve saturated, The %ime and key are the szme 2as for

Fige 3

Fig. 6 Smoothed rainfall accumwlations wheu the effects of washout are omitted
from the modeles The time and key are the same as for Figel.

Fige. 7 Smoothed rainfall accumulations when the effects of precipitation drift
are incorporated into the models The time and key are the same as for
Fig. 50
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