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1. Introduction

Numerical weather prediction models usually contain an explicit
representation of the topography in a highly smoothed form. However this
may not be suitable for the accurate prediction of rainfall amounts. For
example, a recent study by Bell (1977) (hereafter referred to as B) has
shown that the 10-level model markedly underestimates the rainfall over
Wales and also Wickham (1977) has found a general deficiency in rainfall
over the U.K. and adjacent continental areas.

B formulated a model that could be used in conjunction with the
10-level model to predict rainfall in mountainous regions. He used
information from the 10-level model to run an orographic model with a
33 km grid and found that this model produced a significant improvement
in the 24 hr rainfall accumulations. However there was no feedback between

the orographic model and the larger scale model. Also, since topography

is not usually available on a 3% km grid, this approach cannot be used as s

v

a general method of parameterising the effects of the subgridscale tovography.
White (1972) has referred to a possible parameterisation scheme based

on the vertical displacement of airflow over small scale mountain elements.

He also outlined a way of including the effects of different orientations

of the wind relative to the topography. The scheme described in this note

adopts the same kind of approach as described by White.

-2 The vertical fluxes of heat and moisture

The parameterisation scheme is formulated using the same approach
a8 is used for many deep convection schemes; examples of such schemes are
given by Bates (1977) . However in the scheme described here the low
level forcing is provided by topographic lifting.
Let s 5 r , (L& and \?. be the grid-mean values of the dry static
energy (a+CpT" +g Z. ), humidity mixing ratio, vertical velocity (g{-) and the
!

I |
horizontal velocity and let s/, I @ and Y be the departures from the mean
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due to the subgridscale topography. If there is no significant correlation
between the departures, then the effect of the subgridscale topography on

T and  is given by

%fé aL(T-2) -'g_(s"_«:x‘) (2.1)

OF = - (T-2) -2 (ria) (2.2)
p) op

where ¢ and € are the associated grid-mean values of condensation and

o

evaporation.

The major assumption made in this parameteirisation scheme is that the
effects of subgridscale topography can be incorporated by introducing a
single peak to the meoan topography in each grid square : the height of the
peak being related to the roughness of the terrain (see figure 41). On the
windward side the air is forced upwards whilst there is a compensating
downdraught on the leeward side. We do not take into account that in reality
the effect of the subgridscale topography will depend upon the wind direction.

Let wu‘ and 43, be the additional vertical velocities induced by

A
the peak on the windward and leeward sides and let ¢4 be the fractional

<,

A N
area of the ascent (with a value of 0.5). If [ and ! are the vertical

e

velocities when all the topography is included (mean plus subgridscale),
then

A s A 22

b\)“': by LJK‘ L«D‘A;‘ {ad +'(.\3A (2.3)
since the addiftional ascent must be matched by the compensating descent,
we have

o(@w*-(l—bl)w& =0
Uging this in (2.3) gives
A —

« : .
AT T W, @—-wu_(_z{.) (2.4)




We now consider the flux of dry static energy given by
Sity! = S - 'é'fo'

=5 (2.5)
= G 1P Cl ~a<_> Sw
where S“_ and S g refer to the ascend:.ng and descendlng branches. Using

S=wxs, +U-a)S,
with (2.4), we find that (2.5) becomes

St = —3Mw(sk- S,) with M : -—ogé_éu_ (2.6)

Substituting (2.6) in (2.1) yields

28 = L(Z-C A e Sy~ (2.7)
0% = (2 z) +—3(2?2ﬂh( AL

A similar procedure is followed for |  and, if everything is expressed

in terms of . :l.M"(the moist energy), we have

s T i B Ayfm ex ) (2.8)
: s=L{c-€)+q 2.0 M (L L 2.
\AI;‘, - o \} (‘::\’F ) ‘E{.( (o) !/ A'j

L e « -

3. The vertical flux of momentum

v X

We use essentially the same scheme that Schneider and Lindzen (1976)

used to take account of momentum transfers by convection. The relationship

‘that corresponds to that given by (2.6) is

7‘“‘-1 s T W TRy
\"w B OM&.(":-K iol>

and so the effect of the momentum fluxes on ! is given by

9 (;c;) {M&(_\_'K - yo\)g ' (3.1

~with V s V., and \7 related by

- --

VeV +0-2)Y,

The baa‘ia of the garameterisation scheme

it

2V
?

b,

When air flows over an isolated hill we have some knowledge of the path

a given parcel of air will take. However, this is not so for complex terrain

and so in the parameterisation scheme no assumptions are made aboizt the actual

-3~
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path of the air. Instead we assume that the essential features can be

parameterised by having two disconnected vertical branches to the flow;
an ascending branch forced by the topography and a compensating
descending branch. Therefore the effects of the subgridscale topography
are taken into account by an adjustment to the flow. This procedure is
similar to that used in deep convection schemes and the analogy is
carried further in the treatment of the ascending branch.

In deep convection schemes it is usually assumed that the convective
cells are entraining plumes with both the mass flux and vertical velocity
increasing throughout most of the plume. However for the flow of
statically stable air over a hill the velocity of the updraught on the
windward side decreases with height. Therefore, using the analogy
with the convection, we assume that the updraught is a detraining plume.

The similarity in the updraughts produced by convection and flow
over hills is illustrated by considering the vertical variation of mass

flux. For an entraining plume the mass flux M satisfies

R o M W
~ o p
where ¢ is the entrainment rate, and if treated as a constant we have
‘2 ¢ - 4 A
’(.) \x = C ""\ (h-")
(“apl

For gravity-inertiai waves (wavelength 100-1000 km) the vertical velocity

VW induced by the topography satisfies

2 §< - ow]-fweo (4.2)
P2 AVRE /a3 )

where \/ is the horizontal wind speed and —e the Scorer parameter (for
example see Eliassen (1973)). Treating the fractional area of ascent :/ as
constant, andpi‘gnoring the vertical derivatives of (fzyvzk,l = 0

and t y (4.2) can be put in terms of the mass flux M = te(w :

changing from 2. to p ‘coordinates this then becomes
:S;_z_@l = ¢ Y} f/\‘am !
T .3
E

which is similar to (4.1)




l. f ~-CZ -kz .
To a good approximation and 15 = f%'ea , and
with G k we have

() (4.4) :
ﬂﬁ-(jik

5. The equations for a detra1n1ng,p1ume

The equations for a detraining plume are

’%%1“ =AM N (5.1)
A (M 3 M 4" Lg (5.2)
"BP G

2.MX)-DM YA + LT (5.3)
Q LA Wity -
e 5
Using these in conjunction with (2.7) and (2.8) we have
£ = "\ ; \ A PRy
2% = qM (5,-S,)~gM Qs ~Le (5.4)
N e I 8 A, . . Tk
R J Sp ‘
o MM (X -X)=gM % +Le (5.5)
< 4 - . { ! ‘ i’," - g’l- bl & J !-‘ ¢~ +' C‘- 5.5

These are essentially the same as the equations used for parameterisirg the
effects of deep convection, and can be interpreted in a similar way. The
terms on the right hand side refer to the effects of detrainment, compensating
subsidence and evaporation. The detrainment and evaporation tend to cause
cooling and moistening whilst the subsidence results in warming and drying.
In order to compute Su\ and ('X'w s (5.1), (5.2) and (5.3) are
manipulated to give
M ak = 0 (5.6)
ra P
: M&E)SM-_ ~-L¢ (5.7)
0p &
’ o a
L i e P , (5.8)
w n T
op 9

where »\u. z Suw+ QCW is the moist static energy which is
conserved in the plume (see (5.6)). Once ku. and Mu. are known, (5.7)

and (5.8) are integrated upwards from the base of the plume.

-5-



Iet © and | refer to the base of the plume and the first level,
and let AP beAthe seperation of the levels. Writing (5.1) in
finite difference form and rearranging yields

: m!= (1+28p/2) M]
R P bpl2)

v Since kk is conserved we have
\ (o]
W o= e

| ! -_—
To find (XK and SK we first set C =0 so that

R Ty Y ® X

Since the height of the first level is know ( 2 ! say), l and ("

are derived from

T~‘ t | ! ()/ !
- C - n - i
s -’ W, f") ?- I - -

W o L4, .f.w.p\
C b
. £
o If according to these calculations the plume is supersaturated at level 1,

pr—
rll P T":‘ ¢ . ) then we must allow some condensation to take
-IJ o~ —
e

place. Let ”f‘:' V0 O A o Gt 1 ) be the temperature and mixing

W - A
ratio after condensation has occured. Since )"‘u " is still conserved
~0
o= |
| W must satisfy

g ;i u.
The right hand side is known and the variation of f‘} with temperature

,\.\' 5 "?.’ ! |
C j " + Lfs(. I’L‘) . ’.'\ ”q:‘;’;
1 /

is given by the Clausius - Clapeyron equation, and so this equation can

-y ‘ :
be solved for ’I using the Newton - Raphson method; the mixing ratio

Qw
is then f; ( T.u‘. ) . The condensed water is assumed to be rain.
This process is continued until the top of the plume is reached and the
total condensation over the adjusted layers given the extra rainfall.

. . Rain may have to fall through an unsaturated part of the updraught

before reaching the ground and so we allow evaporation to occur at a rate

given by

ey lr oy -

3 =t
where K - 10T « It is necessary to use this, rather than

the scheme used in the 10-level model, because we are dealing with only
4.__—_———269—___——_



the additional rainfall and evaporation. The total rainfall is now given
by the rainfall from the 10-level model (convective and dynamic) plus the
additional rainfall from the parameterisation scheme.

The horizontal velocity in the plume is assumed to satisfy an equation

siMilar to that for )\u_ , 80

2 (MY, )= AMV (5.9)
o
Using (5.1) this reduces to

MDV,

and s0o V is conserved 1n the plume. Using (5.1) and (5.9) in

conjunction with (3.1) gives ‘
Y - V) —gM. 3V

The values of t\,\ . SL, . F?Z and E&;\ at the bottom of

the plume are taken to be the values at the topographic height which is

already used in the 10-level model. The base value of [} will be

A,

considered in the next section and the top of the plume is taken to be

where Fﬁ“‘ falle to 10% of its base value. The downdraught value

of any variable {ﬁ is given by
=~ N\
R A e, ! -+
ED s - O o5 C‘uv
{—al

where o , the fractional area of updraught, is taken to be 0.5

6. The base value of /Y.,

Suppose that in the direction of the wind the topography in a grid
square has a cross-section of the kind shown in Figure 2, and that across
the wind there is no variation in topography. Let there be /A pairs of
peaks and valleys, and let 4a be the distance from pesk to peak. If h,
is ; variable depoting the deviation of topography from its mean value
(with a maximum value of t), then the standard deviation is given by

d
0‘2_: ‘5 kzdx

0




,

ke

where d. is the gridlength. Between A and B in Figure 2, k -

re
with Q.2 ol /L{-/\/ y 8O 5
a.
5t J, hidx = &2
. There will be L&A,  similar contributions giving
N 1%
N ol- Lns = & (6.1)

d. 3

Whenever there is an upward gradient its value will be t / A. and
8o the mean upward gradient over half the grid for the topography above

the mean level is

G‘ = 2’-—- E - &ﬁg‘ (6.2)
n o . ’

Hence the topography illustrated in Figure 2 can be replaced by a mean
1
height plus a single peak of height E= _f?; o .

The additional induced vertical velocity is

R 2 -
2 VJO - \J’Q C‘f' - \’/ ¢ il j ) G‘ (603)
I » "l ;

- where \"(l_ is the horizontal velocity at the mean topographic heighti. -

The mass flux at the plume base then becomes

M - oWy 2 oy LV, T (6.4)

In reality the topogfaphy does not have the form shown in Figure 2;
however in the parameterisation scheme it is assumed that (6.1) and (6.2)
always hold. Therefore the only extra parameter required is the
standard deviation of the topography over the grid square.

The parameterisation scheme can easily be modified to take account of
a grid square with both land and sea. Let @ be the fraction of the
gridsquare covered by land and let be the standard deviation of
the land about its mean height. Using arguments similar to those above we

find that

: G-= 23
®. P

-8~




This is then used to compute M 0 ° The flux terms are also modified;
for example (2.6) becomes

The additional topographic rain that falls over land is computed as
before, but the grid mean value of now ﬁ times that amount.

e The Choice of :\

In sections Hand 5 the detrainment rate (/\ was introduced and we

now consider the form that 'A should take. For typical values of v,

2y

k and ‘F- we find that i“& ~| ~ |  so that (4.4) becomes
J v

AR (7.1

e v

[
Typically p oo 10~ and eo (7.1) gives a value of //\ of about

10 2 mb'A1 which corresponds to an e-folding distance of about 100 mb.

REPPL 0 . NI\ N
To a good approximation {c = IV iy, ‘(a (where IV 0 is the Brunt-
* /

LN
1

Vaisala frequency) and so it is probably sufficient to assume that /4t is

4
proportional to Blid V rather than use (4.4). Therefore we express g
=10

\V4 \/ ¢
'>\ ( / t. / (7.2)
4 \',_ ‘i

where A and N ‘»" are typical values of V/ anda N (here taken

(o4
tobe10ms1and102 =1

(/\ in the form

A >

-

it ?

) which are used to non-dimensionalise No G
The effects of using (7.1) will be discussed later.

8. The Choice of ™

Over the U.K. the topography is available on a 33 km grid and so
the standard deviation of the topography for each grid square can be computed.
However outside the U.K. detailed information about the topography is not so
readily available and so it would be convenient if we could find some way
of estimating ¢~ .

The topography for each square in the U.K. was examined in terms of

a non-dimensional height "é = (H - B)/D  where H is the topographic



height, B its mean value and D is the difference between the maximum

and minimum height. The frequency Qistribution for i; was calculated

along with its standard deviation Cfg (by definition 2:- 0). It was

found that CTg varied between 0.15 and 0.25 with a mean value of 0.2

Figure 3 shows the mean frequency distribution CL(?:) derived from the

distribution for each of the grid squares; also shown is the gaussian

distribution using Crs = 0.2. The similarity between the observed and

suggested distributions is encouraging although naturally the gaussian |
distribution cannot reporduce the observed skewness; the skewness is due to

fhe topography being charactgrised by broad areas of lowland and limited

areas of relatively steep upland.

The relationship between the standard deviation of the topography and

ng is
o= O, D (8.1)

Therefore if ‘75 = 0.2 is chosen we can estimate (7 from a knowledge
of D; it should be relatively easy to estimate D for each grid square.
The frequency distribution for the type of terrain discussed in
section 6 is rectangular and is quite unlike that observed. However from
(6.1) we find that (" = D/2 Jﬂéisince D = 2t. Therefore, for the rectangular
distribution we have = = 0.29 D and this or similar to the relationship
derived from the actual topography (see (8.1)).

9., Effects on 8 when no condensation occurs

It is interesting to examine the general effect on the large scale
I
variables of parameterising the subgridscale topography.
Consider the dry static energy. If no condensation occurs € = 0

and 8o (5.4) may be written as

?iﬁ = +’F;_:: F
i :
wvhere Fi and Fil are the effects of detrainment and compensating

subsidence. We now assume that 8 varies linearly with pressure, so

§= Stolf~p)




where S° is the value of 3; at the mean topographic height (corresponding

to a pressure f% ). Since we have assumed that € =0

fSu_= ‘So S;d_ = §: — & Eiﬂs
| — &

The mass flux is computed from (5.1) giving

M= M, ep§ Alp-p ) = MF

Using (9.1), (9.2) and (9.3) yields

b
-

H E
1)
1
o
i
)
N
=S
]
R
———?
—

,C) {‘"\C a
Figure L4a shows Fﬁ s F; and

.

(9.2)

(9.3)

(9.4)

in units of 'ﬂ hxcék. as

a function of ( ?o "P )e The effects of detrainment and subsidence are

N
in the opposite sense and this leads to a reversal of the sign of ¢ >

at about 800 mb.

P,
)

P ol Y

It is necessary to interpret
N o
e |

of temperature o Usually a 97 is neglected when compared
9

o Y L:.
vtn  C, 0T eo that §
0 e s
?T =L 295
At Gk
: AT
An alternative procedure is to use a differential equation for iﬁ&
namely ' ; %

2T -2%2.2 98
fp St YokSF  Of Sk

Using the hydrostatic equation this becomes

e D 8T .R3T =5 &8
Pap ok St . 9P Tt

where Fa. is the gas constant. The right hand side is known and by

-11=-

in terms of the rate of change

(9.5)

-
-



setting E%{E==o at the top of the atmosphere the equation can then

be integrated downwards. This procedure was tested and found to give

almost the same results at (9.5); in the following calculations (9.5)
was used.
Figure 4a shows that the maximum heating occurs at P B Po >

and using (6.4), (9.4) and (9.5) this is given by

'§_’_7: = foj\/., a B g (9.6)
ot CP oL
A reasonable value of a is 0.44 and using \/; =5 ms'1, L = 0.5,

A = 107m and § =150 m  yields a maximum warming of 11.6°C/day
(this is independent of 3\ ) I
It is interesting the compare the heating effects of the gridscale
and subgridscale processes. If there is a difference in mean topographic

height between adjacent grid squares ( ilsay), then the induced vertical

-
~

velocity is L) = ;?pr\\‘v {}ﬁ and the resulting rate of change of

e i $
— \ v

temperature is given by

i
(i

Lt =)
o « QT 2\ A}
S’ l‘ . o C‘\,' & R - - T'- '\‘ {l {’\‘. ‘_:; r* (9.7)

2 ".-\. .C [) weiagiis. ,"

¢

) P
Comparison of (9.6) and (9.7) shows that when the air is flowing up

-

the gridscale topography ( AR 20 ) the contributions to the
temperature tendency from the gridscale and subgridscale effects are in the
opposite sense; for flow down the gridscale topography ( f5}§ £, Q)
both contributions produce a warming.

The ratio of the temperature changes due to the subgridscale and

gridscale topography is 23 / A . Typically AH  is in the

: range ° to ?Lcr and so the magnitude of the effects due to

subgridscale topography are of the' order of 1.5 to 3.5 times those due
to the gridscale topography. Assuming this is a realistic estimate

then the subgridscale effects can be considerable.

-2



10. Effects on the large scale variables when condensation occurs

Once again we consider the dry static energy. As in the previous

section Mk = M, f  and ve assume that &= Co ‘f' so that (5.7)

becomes
a}:u 2 "L.:.Qo (10.1)
op I M.

where C_ is the condensation rate at the base of the plume. Since

4]
SU\(Po) - S° » the integration of (10.1) yields

S 5S4 l-;}_ie CPO -p)
As expected S‘»ﬁ.\/ S‘, ﬁhen‘?:ondoensation occurs ( Co 70 ) because

of the release of latent heat. Following the procedure in the previous

section we find that

5y ¥ /
» a5 = "? ﬂ(_l_' AL P~ wfh)
I L1 S A L Lo 0. <
il ~ 1 PN S
with 8 = _1_.-:_5.4,,;?: Al P" {\, /1 (10.2)
\
q { "r"\c a. L | = od. ~’
<ﬁ
Here o represents the combined effects due to condensation; when

(., = 0 (10.2) reduces to (9.4). Since (., is likely to be proportional

to n\

Py we use

L= ‘-6;((0-2'{\'10

The rainfall rate is found by integrating C, throughout the plume, so

that

0. :
Q:Z'ex/ogs‘gm-ﬁe@ /e
29

Witk Dm 63102 ) and A
Vv

°

o = 0.016 kg a2s? (computed from

, 8,0\ and & given earlier) we have R = 0.15 mn/hr. Although
this may apl;ear a comparitively small rainfall rate it will increase

with v = and on some ocvcasions we might expect this additional rain
to make a significant contribution to the forecast rainfall.

-13-



Figure 4b shows g;%; with and without condensation; when

condensation occurs there is a general warming throughout the column,
although this is only really significent in the first few hundred
millibars above the topography. Also one of the effects of condensation
is to decrease the maximum warming from about 11°C/day to 6°C/day. This
comes about because the release of latent heat increases Su, , and the
resulting increase in cooling due to detrainment is greater than the
increase due to subsidence.
. A similar analysis can be carried out for water vapour (in terms
of 7&: L.t~ ). With fx-'-’xo'f C\.(ppf*P) a suitable value of

@ is - 0.22. If no condensation occurs we find that there is
drying below 800 mb and moistening above, and that the maximum drying is
2.4 gn/kg/day (corresponds to a cooling of 6.0°C/day). lWhen condensation
occurs the distribution of drying and moistening is unchanged, but there
is an increase in the maximum drying to 11.2°C/day.

When real data was used we found that the magnitude and sign of the
effects on the large scale were similar to those described above. For
example, measured in oC/day, the maximum drying was usually about twice
the magnitude of the maximum warming. The significant drying and warming
of the air just above the topography should lead to a marked decrease in the
relative himidity and this may have important effects downstream.

For momentum a reasonable value for <. is 0.16x10™> and this
produces a maximum increase in momentum of 4.3 ms'1/day.

11. The data

The basic data consisted of hourly values of large scale fields from
the rectangle version of the 10-level model. Forecasts based on midnight
data were made for 14 consecutive days; the same data was used byB. The
tests used forecast fields between T+9 and T+33 which concides with a

rainfall day. Ultimately two forecasts were rejected due to the poor

L




quality of the basic rectangle forecast (5th and 16th October 1976).
The ability of the parameterisation scheme to forecast rainfall in
rough terrain was tested over the same area as was used by B s ‘the
topography is shown in Figure 5. Although the rainfall was computed in
all 12 grid squares, the verification was only performed on the squares
marked 1 to 4. Table 1 shows F} A & and D for the verification squares.
The 24 hr. rainfall accumulation was the main quantity used for comparison
purposes, comparisons being made between
i. the raingauge estimates
ii. the 10-level model rainfall
ijii. the rainfall from Bell's orographic model
iv. the rainfall from the parameterisation scheme plus that from
the 10-level model. |
When rainfall accumulation statistics are computed the results from the
L areas will be assumed independent so that there are 48 independeﬁt results. "
Figures 6a and 6b show scatter diagrams of (i) agaius* (if) and (i)
against (iii). These indicate that both (ii) and (iii) underestimate the
rainfall, but that overall (iii) is probably the better of the two models.
This is also illustrated by the 12 day accumulations shown in Table 2.
Using a t-test we find that the use of (iii) instead of (ii) to calculate
rainfall accumulation produces a highly significant improvement; B
came to the same conclusion. Therefore Bell's model has a large amount
of skill in predicting rainfall accumulations.
Since there is a large scatter when results from models are
compared with rainguage estimates it is convenient to concentrate on
comparisons between the parameterisation scheme and Bell's model. This
approach has been adopted in the following experiments. .
12. Some experiments
So far experiments have only been carried out with a non-interactive
version of the parameterisation scheme.

Experiments were carried out with 9\ ranging from lx10™> to 8x10™> mb !

«15-



(corresponding to an € =~ folding distance of 250 mb to 125 mb). The 12 day
rainfall accumulations are shown in Table 2, and Table 3 has the correlation
coefficients with respect to Bell's model and the raingauge estimates.

Table 3 also has the coefficients of the regression eguation which relates
the 24 hr accumulations from the parameterisation scheme ( ;)P gay) with

those from Bells model ( Q b say), so that

‘QP - O+b F}h

Ideally we would like Q. = 0 and b = 1; Table 3 shows that this never
happens. In fact as :K increases Q_ approaches £) , but as :\ decreases
L) approaches 1. Also Table 2 shows that as :\ increases the total

accumlated rainfall decreases.

Figures 7, 8 and 9 are scatter diagrams for 3 values of ;\ . Figure 7a
shows that :\ =1+x‘10"3 produces accumulations that are nearly all in excess
of those from Bell's model, and this is also reflected in Table 2. The
use of i\ = 6x10"3 produces no general bias, but there iz a tendency for
small rainfall accumulations to be overestimated (see Figure 8); the 12 day
accumulations are similar to those for Bell's model. Figure 9 shows that
the use of ?.: 8:(“!0-3 tends to underestimate the accumulations and that
the small accumulations are treated better than when ;ﬁ = 6x10'3. Overall

:ﬂ = 6):10"3 appears a reasonable compromise value, although there must
be Bome concern about the overestimate of small accurulations.

We now consider comparisons with the raingauge estimates. Figures
6a, 6b and 8b show scatter diagrams of various predicted accumulations
against the raingauge estimates. Also shown are the regression equations
and correlation coefficients. These results emphasise the superiority
of both the Bell model and the parameterisation scheme over the 10-level
model alone. This is confirmed by a t-test. Also we find that there is
no significant difference in the accumulations from Bell's model and
the parameterisation scheme.

The effeéts of including a wind speed and stability dependence

for ;\ were considered (see section 8). Tables 2 and 3 show the results

16



0'25'1.

A
of using (7.2) with >\ = 6x107, VO = 10 ms™" and N‘,_ = 1

Several combinations were tried and in all cases the results were
essentially the same as when :\ = 6):‘10"3 was used.
~ Another experiment was performed with 7\ given by (7.1). The results
are given in Figure 10 and these show a remarkable similarity to those for .
;\ B 8::10'3 (see Figure 9). Again these results indicate that there is
little point including a wind or stability dependence for >R .

In section 8 a method of estimating & from D=H . -H was

min

discussed. To test this computations were carried out with A = 6310~

and O° given by (8.1)s D was calculated from the 3% km orography data.
The results are shown in Figure 11 and comparison with those using the
actual ¢ (Figure 8) reveals that the estimated ¢ gives surprisingly
good results. Further tests are required to show if (8.1) is generally
valid. .
So far only accumulations have been considered and so we now compare
the hourly rainfall rates derived from the parameterisation scheme ani A
Bell's model. Fach of the four regions is considered separately and
so there are 288 sets of rainfall rates per region. Figures 92 and 13 show
the results for ;a = 6)(‘10"3 using the observed ¢ . (These rainfall
rates correspond to the accumulations shown in Figure 8). Regions 2 and &
have a comparitively small (¢ and in both cases the rainfall rates from
the two models are highly correlated with little bias. The results from
region 1 indicate a tendency for the parameterisation scheme to overestimate
small rainfall rates, but for higher rainfall rates the results are similar
to those from Bell's model. Region 3 is the most mountainous and represents
a severe test for the parameterisation scheme. The results show that the
largest rainfall rates are underestimated by the parameterisation scheme
and that on many occassions it forecast small amounts of rain when Bell's !
model‘produced none. This behaviour is illustrated by Figure 14 which
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shows the variation of rainfall rate throughout day 3 (3rd October) for
regions 1 and 3. In both regions the parameterisation scheme tends to
underestimate the large rainfall rates during the early part of the forecast,
but overestimates the small rates which occur later.

Comparisons of the rainfall rates from the 10-level model and Bell's
model show a marked tendency for the 10-level model to underestimate the
rainfall rates in all the regions all the time.

12. Conclusions

These experiments have shown that the 24 hr accumulations of rainfall
from the parameterisation scheme are highly correlated with those from Bell's
orographic model and that there is no significant difference between the
two sets of accumulations. The correspondence between the two schemes is
surprising since Bell's model uses 900 extra pieces of information for
each 100 km square (the topography on a 33 km grid) whereas the parameter=

isation scheme uses only one (the standard deviation of the topography). The

paramsterisation scheme produces significently better forecasts of rainfall
accumulations than the 10-level model alone.

The main @&fect of the parameterisation scheme is its tendency to
overestimate small rainfall rates in mountainous regions and to produce
smgll amounts of rain when there should be none. This effect can be
reduced by increasing 9% s but this would lead to a more pronounced
underestimate of the large rainfalls.

The parameterisation scheme and Bell's model are now undergoing a
more extensive test to ascertain heir usefulness over the whole of the
U.K. Also it is hoped to test the parameterisation scheme by incorporating

it into a numerical model so that it can be used in its interactive mode.
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(‘

1 148 108 656
2 1M1 37 246
3 271 123 613
L 113 Sk 345

Table 1 - Mean height (i), standard deviation ( & )
and the difference between maximum and minimum
heights (D) for the 4 verification grid =quares;

all heights are in metres.




Region

1 2 . L Average
Raingauge estimate 59 46 79 52 59
Bell's model 37 22 70 30 )
10-level model 16 12 19 17 16
A = bx10™> 60 26 89 37 53
P = 5x10™ 51 23 76 33 16
A= 6x10™° 45 21 65 30 40
A= 7x10™ 40 19 56 27 36
A= 8x10™> 36 18 51 25 33
4 5
A= 6x10 } 51 37 5 47 U7
5 = O.2D
A=l /4 36 18 50 25 32
A = 6x10™> 45 21 65 30 40
D= 6x107( V) k7 22 66 30 k1
\Vp !
A= 6x100 LAY ao 22 67 30 4
\¥ A
2

Table 2 - 12 day accumulations of rainfall in mm from differert models.




correlation coeff.

Regression

Equation
with with :
Bells Model Raingauge estimate "
10-level model 0.84 0.51 -0.48 | 0.54
A\ = bx10™> 0.90 0.50 1.35 | 0.92
X = 5x107° 0.92 0.51 1.00 | 0.85
N= 6x10™ 0.93 0.52 0.71 | 0.79
A= 7x10™> 0.93 0.53 0.47 | 0.75
A= 8x10™ 0.93 0.53 0.34 | 0.72
-3
A = 6x10 } 0.87 0.47 1.60 | 0.70
G = OQZD
,\ = Qo /,603 0.90 0.48 S 033 | 0.71
:>» = 6x10™° 0.93 0.52
P= 6x10‘3:(fj'.,'-> 0.87 0.46
e
A = 6x1072f VM 0.86 0.44
\,‘ "‘r " JA

Figure 3 - correlation coefficients between 24 hr. accumulations from

various versions of the parameterisation scheme and both Bell's

model and the raingauge estimates; also the coefficients of

the linear regression equation relating the accumulations from

the parameterisation scheme to those from Bell's model.




Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

LIST OF FIGURES

Schemmatic cross-section of the topography in a grid square (a),
along with that used in the 1O-level model (b) and in the

parameterisation scheme. (c)

Assumed cross-section of topography used to compute the additional

topographically induced vertical velocity.
The mean frequency distribution of 5 for the UK,

ae The contribution of detrainment and compensating subsidence

P
on?—:- when no condensation occurs (non-dimensional units used).
b, %—3 a.nd%—t?- measured in °C/day when condensation occurs along with
?:%- without condensation.

The grid squares used to test the parameterisation scheme (labelled
1 to 4) along with the topography (the 200 m contour shown and the

land above 400 m is shaded).

Scatter diagrams of 24 hr rain accumulations in mm for (a) l0-level
model and raingauge estimates, and (b) orographic model and raingauge
estimates, The linear regression relationship is shown along with
the correlation coefficient: (c.c.). Lines indicating when the

ordinate is 80%, 100% and 120% of the abscissa are shown.

&3

24 hr rain accunulations for >\ =4x1l .

24 hr rain accumulations for )\ = 6 x 1073¢

24 hr rain accumulations for A= 8 x 1073,

24 hr rain accumulations for A = lo/C" g

24 hr rain accumulations for )- 6 x 10"3 and 0 = 0,2D,



Scatter diagrams of hourly rain rates (mm/hr) from the

parameterisation scheme and orographic model for (a) region 1

and (b) region 3.
Hourly rain rates for (a) region 2 and (b) region 4.

Variation of rain rate with time for 3/10/76 for (a) region 1

and (b) region'a.
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