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The forecasting of orographically enhanced rainfall

accumulations using 10-level model data

1. Introduction

A major problem in the provision of short period weather forecasts is the
estimation of local rainfall which may be modified by local topographic effects.
An important operational requirement is the forecasting of rainfall accumulations
in hilly areas (Holgate 1973). Methods of forecasting based on the extrapolation
of the movement of precipitation echoes derived from radar observations (Hi11,
Whyte and Browning, 1977) are only useful for forecasting up to 6 hr ahead end even
these forecasts will require modification if the local orographic effects are
large. For forecasts up to 36 hr ahead a numerical model is required. Uafortunately
the resolution of present numerical models is one to two orders of magnitude greater
than the scale of the orographic features, and the effect of these features is not
incorporated into the resulting rainfall forecasts. One solution is to use the
output from a numerical model as input to a separate, numerically simple model
vhich has a grid size small enough to resolve the topography adequately and which
contains the essential physics of the orographic rainfall process. |
Collier (1975) has formulated a model of orographic rainfall which provides
for an elaborate method of estimating vertical velocity in the vicinity of
orographic features. This model has been used, with some success to estimate rainfall
accumulations in North Wales using radiosonde observations as input data. As
Collier (1977) indicutes,the model results are only valid in special circumstiances
when there is efficient conversion of orographic cloud to liquid rain water. The
cloud microphysical processes which are not parameterised inCollier's model play .

en important role in determining the extent of the orographic influence cn the

.




rainfall., The model about to be described is similar in concept teCollier's model
but a simpler formulation for obtaining local vertical velocity is used together
with a scheme for treating the cloud physics processes. It is based on the
original scheme devised by Jonas (1976). The method described by Bader and Rosch
(1977) for calculating the washout of droplets in a low level orographically
produced cloud by raindrops from a higher cloud has been adapted for use in this
model.

2. Model Features

(a) General Description

The model hae been designed to use the output from the fine mesh version
of the Meteorological Office 10-level model (Benwell et al 1971) as input.
Althqugh the 10-level model does include topography, it is in a very smooth
form. The local perturbations of the flow due to smell sub-grid scale
variations in topography are assumed not to affect the large scale flow, they
merely introduce an additional component to the vertical velocity and modify
the relative humidity at the fixed pressure levels.

Precipitation is formed at a given level by adiabatic ascent. It is

assumed that the rate of rainfall so formed may be written as

AT,
Py = <kjk, W ('3'5' SALR fAz sm/'iec.m' (1)

This is similar to the expression derived by Collier (1975) VzD?/Dt, is
the vertical velocity in P-coordinates, ( %;%' ) SALR is the derivative of
saturated humidity mixing ratio with respect to pressure for a saturated

. ediabatic ascent, F is the air density and Az the thickness of the layer or,
in the case of the lowest level, the height of the level above the snriace.
The parameters k, and ka depend on the way in which the relative humidity is

modified by ascent, this will be described in section 2(c).

The precipitation so formed falls to the next layer and is further




enhanced by the accretion of cloud water. This washout process increases the

rainfall rate by P2 to give a total rainfall rate PzP1+P2,we assunme
(k=1) Q(k)) (2)

(x)

P 2 ® PZ (p .
{7 P . (x=1)
> is a nction of the precipitation rate P from the layer

(k)

that is P
(k-1) above,and of the cloud liquid water content Q in the layer k. Details
of this process will be considered later, see section 2(d).

The surface rainfall rate is calculated by summing the contributions of
P1 and P2 from five 100 mb ;fvels. from the top of the model at 500 mb to the
surface.

The large scale velocity components (u,v,w), the layer thickness h'
and the humidity mixing ratio r,“available from the 10 level model are interw
polated to the orographic model grid points. The resclution of the orographic
model is 3] km and the topographic height is defined at each grid point.

AT,
{b) Formulae for W and ( ’/BP) &

A very simple parameterisation of the effect of topography has been adopted.
The vertical velocity W is given by

V=W +VW mb/s (3)

L T

W. is the large scale vertical velocity.

L

HT is a topographically induced component which is assumed to be
proportional to the scalar product of horizontal velocity V and local
topographic gradient ‘73

Vp = ky (L.VE) pg  wv/e . ()

The effect of topography is assumed to reduce linearly to zero at 500mb.
Accordingly the factor k3 varies linearly with the height of the level above
the surfsce, from zero at 5COmb to one at the surface. An elaborate treatment
of the dynamics of airflow o;er hills has not been attempted because the

accuracy of the forecast input parameters is the dominating factor in

determining the accuracy of the model results and the improvements gained by

such sophistication are likely to be small in comparison. The effect of stability

on the magnitude and vertical of the ascent is also neglected.




The rate of change of saturated mixing ratio with respect to pressure

along a saturated adiabat may be readily derived from thermodynamic arguments.
The energy conservation equation may be written approximately as

L 47 = C_dT + BT, dhp (5)
where L is the latent heat of vaporisation and Cp the specific heat at conatant
pressure.

In terms of the saturated vapour pressure és, the humidity mixing ratio
is r o €@s/, | where £2.622, in differential form this becomes

e\r,/n > ae,/e’ - ‘aP/P 6)
€5 may be eliminated from equation (6) using the Clausius-Clapeyron

relation to give

_e LIT  _ 9P
aT3/1—,‘; R 3 7

manipulation of equations (5) and (7) gives

?51:5 - Ts &;_r (E L- CpT)/( LlETS'Q'RCpTz) (8

(¢) Modification of the relative humidity by forced adiabatic ascent

The topographically induced displacement is parametericed in the same
way as the topographically induced component of vertical velocity. At =
given level, the displacement is given by HT = kBH where k3 is defined in (2b)
and H is the topographic height.

We can use approximately linear relations for a dry adiabatic ascent
relating the final relative humidity Xt to the initial relative humidity Xi
and the topographic height.

Xp =% (1+ o¢ (P, T)H,) (9

G( is a function of temperature and pressure only.

K1 is assumed to depend on tﬁe vertical velocity and the relative humidity
equations (3) and (9). Thus k,=0 if W 2 0, that ies where there is local descent
or if Xf<1 when the air is unsaturated even after ascent.

Otherwise kq is set equal to one and precipitation is allowed to form.

The parameter ka is introduced in an attempt to take into account the depth

of the cloud. kz = 1 if the air is already saturated before topographic .




uplift. Otherwise kz iz determined by the length of time the growing

droplets spend in the orographic cloud. The vertical displacement Hs

for which saturation occurs is given by substituting X, = 1 in equaticn (9).
Hs = (1-Xj)/ Xy (10)
The droplets are assumed to follow the air motion with a vertical

velocity - W /fg m/s for the remainder of the forced displacement (HT'Hs)'

Hence the time taken for droplets to grow in the cloud is given by

t = "FS/w (H-r s ('-—x-Q) (11)

& X
A typical time scale for droplet growth is 20 minutes, thus we assume

t 21200 secs, kz = 1
300 <t € 1200 secs k, = (t-300)/900
t < 300 secs kz =0

If the air becomes saturated during ascent the remainder of the ascent
is taken along a eaturated adiabat. The final value of the saturated mixing
ratio r_ is found using equation (8). Using this value of r_ and the initial
value of the mixing ratio r (considered as the sum of cloud rain and vapour
mixing ratios) an apparent value of Xf 'Q%%) ijs found which is greater than
unity. This is used to derive an estimate of the cloud liquid water content
q, &ssuming 10% of the condensed water is retained in the cloud and allowing
cloud to form at 90% relative humidity to allow for partial saturation of tke
grid point : . : :

q = 0.1 (X, = 0.9) Ty x 1o‘3f kg/m (12)

(a) washout

Kow that an estimate of cloud liquid water has been made the rainfall P2
due to accretion of cloud liquid water may be calculated. For simplicity a
single clcud drop radius of 10r is assumed. Now for 2 raindrop of radius a,
with a fall speed Va and a collection foiciency Ea‘ the rate of accretion N1
of cloud liquid vater is simply W'sEV wa'q  since wdV, is the

volume of air ewept per second. If the raindrop distribution is Na AQ tren




the total washout summed over all drops is given by

W=gq Ed NaEava T & Aq (13)

This expression is used by Bader and Roach in their model. Na Aa is
defined by the ‘Best’ dropsize distribution which is a function only of
precipitation rate (see Mason 1971). The terminal velocities and efficiency
factors are also taken from Mason. The summation in equation (13) is then
only a function of precipitation rate. The increase in precipitation rate
ie P*WAZ where AZ is the layer thickness.

2
Thus the total precipitation derived within a layer is

. m '
P=P,+P, =.kkw(a )fAZ + WAz s/m.mz-
This is subject to the conatralnt that the maximum allowable rainfall
rateisP--V(a-a&)(DAZ
; P

(e) Other features in the model

Three other features included are evaporation, precipitation drift and
spatial averaging.

If rain falls through a layer of unsaturated air, some or all of it will
evaporate. The evaporation scheme uses empirically derived relationships due
to Best (1952), a version of this scheme is also used in the 10-level model.
A raindrop of radius a.‘ reduces to a radius 0‘ when falling from height

21 to height 2 The empirical relation between Q. and Q, is

>°
at-at = E(zz,)(1-X )Ms (W)

where X is the relative humidity and E is an empirical parameter derived
by Best which depends on the height of thé levels. The initial precipitation
rate is resolved into a dropsize spectrum as in 2(d), a new dropsize spectrum
can be computed using equation (13) and from this the final precipitation rate
derived.

fhe horizontal drift of precipitation as it falls ?an have a considerable
effect on the distribution of surface rainfall.. Although the thermodynamics

of the ice phase is not included in the model, the precipitation is considered




as snow for the purposes of calculating drift if the temperature of the layer

is less than 273K. For example, we readily calculate that the time taken for

snow to fall from one level to the next is about 1000 secs assuming a fall

speed 1m/s. In a strong wind of 25m/s the snow will have drifted 25kms (ie

about 8 grid lengths). If the precipitation is in the form of rain with a

fall speed of approximately 5 m/s, the drift is correspondingly reduced but is

still appreciable.

Finally to avoid unrealistic gradients which might arise since the ‘

rainfall rate at each gridpoint is calculated independently of its neighbours,

a 1-2-1 smoothing function is applied in both the x direction and the y

direction at each point.
3. Resulfa

The aim~ of this study has been to provide a potential forecasting model. To
assess the performance of the model it was tested over an extended period using input
data derived from a 10-level model rectangle forecast. Had the input data been
perfectly accurate the results from the model would no doubt have been better,
however an accurate analysis of the large, scale variables is difficult to obtain
on an hourly basis. The method of assessment used here shows how the model would
perform in an operational forecasting situation.

The model was used to provide forecasts of orographic rainfall over Wales
and Central England. The area covered by the study is shown in Figure 1. The
orientation of this area is the same as that of the fine mesh 10 level model whose
grid points are marked by crosses. Figure 1 also shows the topography which was
used in the calculations and the 23,50 km X 50 km areas used for verification. The
trial was for a period of fourteen consecutive days starting on the 3 October 1976.

Throughout the period a westerly or south westerly situation persisted with
fronts and depressions crossing all areas, notébly on the 14th when a deep depression
reached S W England and moved slowly Northeast.

The input data for the wmrographic model wag extracted hourly from the 10 level

P ———



model fine mesh forecast which wae based on a midnight analysis. The data from

T+9 to T+32 hrs was used, thus the forecast period of the orographic model

coincides with a rainfall day. The large scale parameters used as input to

the model were assumed to be representative of conditions for a sixty minute period
and were updated each hour. 24=hour accumulations were obtained by summing the hourly
rainfall rateﬁ predicted by the model.

The only suitable observational data with which to compare the model results
was the daily rainfall totals from the national raingauge network. Programs
developed by the hydrometeorology section of the Metecrological Office produce
objective estimates of the areal rainfall totals (Shearman 1975). These estimates
may be in error over data sparse areas but in the absence of any other information
they will be considered as 'trﬁth'. A further problem with the verification is
that the observed rainfall is the sum of convective type and dynamic type. The
orographic model only caters for dynamically induced ascent (both large scale and
topographically induced) therefore when comparing area totals a contribution
to the total due to convective processes was included.

This convective contribution was derived from the 10-level model deep
convection scheme (Hayes 1977) which added about 20% to the rainfall totals for
léw lying areas. This figure is in broad agreement with reports from synoptic
stations although is probably an overestimate for inland stations.

Since the accuracy of the results from the orographic model depends directly
on the quality of the forecast input data derived from the rectangle, verification
of the results would be incomplete without a comparison with the results from the
present operational scheme.

Figure 2 shows the difference between model and raingauge estimates of the
2 week totals for each of the 23, 2500 kmz ' areas as a‘function of gauge estimate.

Figure 2a refers to the 10 level model and Figure 2b refers to the orographic model.

The areas are numbered as in Figure 1 forreference, low land areas are marked with

a cross and areas where a significant percentage of the land is above 200 m are




marked with a dot. The closer - the points are to the x~axis the better the
forecasts. Several conclusions can be drawn from Fig 2a, It is evident that
although the 10 level model forecasts rainfall fairly accurately for most of the
low lying areas, as the orographic influence becomes more pronounced it increasingly
it underforecasts the rainfsll. The improvement given by using the orographic

model is greatest for the hilly areas. Considering the eight areas where the

rainfall exceeded 100 mms in two weeks, the 10-level model underforecast the rain in

these areas by between 45-60%. On the other hand for the orographic model (Fig 2b)
the errors were less than 18% for all but one area and five areas had errors below
10%.

Figure 3 shows the daily rainfall for both models together with raingauge
estimates for area 20 in South Wales. Figure 3a compares 10 level model results
withrmingaﬁgesand Figure 3b compares orographic model results with raingauges.
Figure 4 shows a similar plot for area 5 in North Wales.

These results are typical of the results from the hilly areas. For both areas
the orographic model produces a better forecast on almost everyday. The percentage
of observed rainfall forecast by the 10-level model for area 5 was 51% for the two
week period compared with 94% for the orographic model forecasts. For area 20 the
same figures were 40% and 89%. For all 23 areas togetker the rectangle forecast
62% of the observed rainfall and the orographic model forecast 106%.

Figures 5 and 6 show the rainfall fields as depicted by the raingauge network
and as produced by the orographic model respectively for the rainfall day commencing
at 92 on the 14 October 1976, the wettest day during the trial period. Bearing in
mind that the basic inﬁut to the model was forecast data and thet data was on a
scale of 100 kms so that many of the mesoscale features producing intense precipitation
(such as those discussed by Browning et al 1974) were not defined, the rainfall field
forecast by the orographic model fits encouragingly well with that derived from
raingauges. The distribution and intensity of rainfall in Snowdonia, Exmoor and
Pembroke is particularly good. Note the drift of precipitation over the Conway

Valley to the east of Snowdon and also the accurate forecast in Pembroke of an



enhancement by a factor of three on fairly low hills indicating the importance of

the gradient of the hills as well as their height. Although the rain shadow
effect giving drier areas to the immediate lee of the hills is fairly realistic
there is a general tendency to overforecast the rainfall in the area to the
east of the Welsh Mountains and it seems that the removal of additional water
by precipitation upwind may be a contributory factor. An improved scheme might
be one which modifies the large scale humidity field in the 10 level model to
take into account the local removal of water by the topographic model. This
would lead to a feedback mechanism between the two models. On the, 14th October
the rain area was forecast by the 10 level model to be rather too far eastward
and this is reflected in the poor rainfall forecast for the west Midlands (20 mm
forecast by both orographic model and 10 level model compared with an observed 5 mm).

Since this area is low lying the orographiccontribution is minimal but a scheme

" for removing water as just described might have produced better results.

L, Conclusion

" It has been ghown that the orographic influence on rainfall from large scale
systems is well reproduced by this relatively simple model used in conjumrction
with the 36 hr forecast produced by the fine mesh version of the 10 level model.
Several improvements might be envisaged in the future. The dynamics has been
treated very simply and an improved scheme on the lines developed by Collier

might be of use. Inclusion of a scheme to handle orographically triggered convection

end improved modellingof the rain shadow effect would also be beneficial.




B S g R e O B R e i Ja L WL S R e R T DR ER T e SR

References

Bader, M,J, and Roach, W T

&nvellg Q RQRQandd' AQQL_’
Keers, J, F¢,Timpson, M:Seand
White R W.

Best, A.C.

Browning, . K.A.,Hill, F, F,

and Pardow C,VW,

Collier, C.C,

Hayes,F, R,

Hiug R E' wh".e' KOVOand

Browning KeA.

1977

1971

1952

1975

1977

1977

1977

-19=

Orographic rainfall in warm sectors of
depressions.

Quart.J. R.Met.Soc.103 pp.269-280.

The Bushby-Timpson 10 level model cn a

fine mesh.

Met Office Sci Paper No 32 HMSO, London

The evaporation of raindrops. QuarteJ.R.
Met.Soc.78 pp 200-225.

The structure and mechaniem of precipitation
and the effect of orography in a wintertime
warm sector,

Ibid 100 pp 309-330.

A representation of the effects of topography
on surface rainfall within moving baroclinic
disturbances.

Ibid.101_pp.L407-422.

The effect of model grid length and
orographic rainfall ‘efficiency' on computed
surface rainfall.

Ibid.103 pp247-253.

A new parameterisation of deep convection
for use in the 10-level model Ibid.103

PP 359-367.

The contribution of a weather radar network
to forecasting frontal precipitation - a
case study.

Met, Mag, 106 pp 69-89




Holgate, H.T.D. 1973 Rainfall forecasting for river autheoritiese

Ibid. 102 pp 33-38

Jonas, P,J, 1976 A method of estimating local topograghically
enharnced rainfall accumulations using 10
level model forecast data.Met O 11 Tech Note
66, Met Office Bracknell.

Mason, B.J. 1971 The Physics of clouds.Clareandon Press.

Shearman, R.J. ' 1975 Computer quality control of daily and monthly

rainfall data. Met.Mag.104 pp 102-108




OROGRAPHY ON 3 1/3 KM GRID

.\ Of '{’1\1

214
o

S 1T e TR : .
0

¥
J
G

SN

iﬁ5J.‘
J/e..

s e
Ved

¢ -y
: SN e

FIG,1 |  Light shaded area = land between 200-400m &bove meSelo

dark shaded area = land above LOOm Aabove MeSele

X - rectangle grid point

o 50 x B50km areas used for verification




*£1eatg00deax 9/nG PUB 902 JO FIOAIS 36B0AI0F X0J SPUNOY SYG MCYS BIUTT FYITRIAE SuT

*gR0I8 PUBMOT X
ggade LITTY .e
‘Irfure. pRnadsic y3im Tepou :

orydex8oro moxy s3Msax saawdwoo ?Nv STd  *TIBJUFBI PIAJIOSqO YFTH TOPOm TOASTO| WOIJ $3TNsed gotadwod vz°*ITg .
*L°3TJ UF umoys sBOIB (g FYF J0F
(TTeJuTed PaAIesqO) 36UTBI® (TTBJUTEI PIAIOSqO = TTBJUTE 3880002) Jo 30Td ‘potaad jeem omy Jog AL
2 00l-  Yag-"~ 1340y .
2Qo0 a 0 2 99} =
! _zouruqu boye  (q) 3 73737 |2
: //m_‘

s®  5@5zx




Amchsmﬂm ygoq uwo @onoms.m..uomsa TTRJUTBI PRAISSQO)
Tepou otydeadoao Lq 9/ Trejurss LTrep °q¢ 9Id
Tepom T9AST OF 44 9/F TreJUTex ATFep -~ *¥¢ IIJ

. (soTes uanog) 0z vexy

(2

£130) 0N AvO
00 81 20°'s

2 =y e s ey _een G oo ;.,..-.a, oc 8 00 004 a3g 200 R PO L so gt oozt 0OrIt 008 00t %y ) o s

E==T T17T T NVZ27 11T 7 G2y /7, > T , ] ot e
/| ] \ ,\ "/ g \~ .\1.‘ \\ \\ N 7 i w w\\ \ \ 7/ oy ¢ .R
| [ /¥ £ AL \ ;\\u 7 o7 il

L
-
N
—
>
—
—
N\
\\\‘
~N

X[
Sy

:
i . "
| )
3
N H
L
&
S3ONYONIYY WON4 FIWWILSI W
[ |
374 V300K JIH4YNO0NO o ¥
|
133
H
£
g

i

f\\\_\

SIMNMONIUN WONS IUUNIISI D

373 13005 3A30 01

ot

R

Sew N1 NlEN

0e: 2y

W




Aaoazw.ﬂh yzoq uo pesodutaedns TTBJUTE poAIesqo)
. Tepoum ofydexdodo L4 9/F TTejurex LTrep °*qf I

Tepou TeAST OF 44 9/F TTejutex ATFep °wh JId

“ .
(sOTBM YIION) G @AY bt b ) 7

LS o P

00§ - 00" 91 00" 41 00° 31 00 K1 00° 21 00 L1 00°01 00'9 £0°¢ 00°9 00°% 00’8

w2

T A =T
\:___\\\W\\\\ Ze \\\ \\\ \\ 4% \& \\\
I \ w

i o Il

—————
00" 91

Lo

00" 82

e ———— -
——— —ni
S -
— e ————
009 5 oW
SWi NI Nivy

©0° 0y

[

-

T §

r\\’\.
%l %8

S3I0NUON LY WO¥S JIWHILSI SIONUONTYY WOS4 I1BWIIS3 D

374 13004 13431 0t E

374 1300H JIH4YH0080

=X

0009

00" v

o0 9l 20 we

000y o3 wé.l“‘ Nl'ﬂﬁu Lo 0er

00" %

00

L ois

o0 ey



wag/-0¢ [[TTTT)
9L /oL /1L xoF : : : |
93enSuTea WLy PeYBITLEe TTeJUTRy > wag, T WWoG=G2 M 198) #:4

SUURIIMM Sitvn ....Z,!,S.ita;i QUi iU e w3ty wee IROLIALL QMR 108205/ 1L LEMIO 40 naNEDY M
3 [\ (! ! ¢ [y T « CHRYL N o 0RT 1 ) 3 . T

—




L . R
noHowosoﬁnnwnwo.nohpvawouhom.n.mmmdﬁam V.samwg asomlmm—n.”“ﬂu_ ‘momﬁh,

VNV T v . A

- E.ﬁnhnbu.

7wl 6] A1d SLING CCOCO IO N QLRI 0L a) 2Uk] vew ot vt 000GldLL JWIS 002009718 Luui) JO y3NeC
[ N . Ty « |~ v v [ 0 T [3 [ .

P




