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EXPERIMENTS VITH DIVERGENCE DAKMPING AND REDUCED DIFFUSION
IN THE MESOSCALE MODEL

1. Introduction

Operationally the mesoscale model is run with various forms of
smoothing and diffusion included. In order to stabilize the leap-frog
time scheme and sound waves in the model , time-smoothing is used and
in order to cope with the nonlinear instability and perhaps other
effects, horizontal diffusion is applied. The values of these diffusion
coefficients appear to be extremely high. In particular the horizontal
diffusion of momentum will smooth two grid length waves on a time scale
of 500secs ( approximately 10 timesteps ) and 10 gridlength waves :

( 150km ) in 4 hours. In order to obtain tighter gradients or smaller
scale details in the model , experimental forecasts have been run with
lower diffusion coefficients. Also it has been found that it is possible

to run the operational fine-mesh model with reduced horizontal diffusignﬁ.

by including divergence damping ¢ Dumelow 1983 , Dickinson and Gange
1985) thus producing smoother vertical velocity fields and suppressing
noise in the precipitation fields and surface pressure tendency. Thus we
have studied the effects of divergence damping and reduced hurizontal
diffusion in the mesoscale model. In section 2 the forms of explicit
diffusion and smoothing implemented in the formulation of the mesoscale
model are described. Then in section 3 divergence danpimgiand\its forg
of implementation in the mesoscale model is described. In sectxona & gng,
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+ time smoothed but it was found that roughnesses
produced when the level of horizontal

atly reduced once the cloud water field
1d be more correct to time smooth the
d variable , rather than the

Until recently m was no
in the precipitation field,
diffusion was decreased, were gre
was time smoothed. Possibly it wou
total water variable, which is the advecte
cloud water and water vapour separately.

Time smoothing also helps ( Carpenter 1979) to dampen the 4-timestep
unstable sound waves produced as a result of violating the stability
criterion for sound waves ( Tapp and Vhite 1976 ).

3.4

=
!

o

2

K

Ay fateag g

,_,..._v......

The operational value of the timestep (60secs) has been chosen to cope
: with the normal values of N.The value of ¢ was increased in December
o 1985 from 0.1 in order to obtain successful forecasts when high values
i of N* ( such as those resulting from low tropopause heights on 11/4/85 )
are found in the model domain ¢ top at 12km ). This has not provided
stability in all cases , such as the week-end of 23/3/86 Stability can
be maintained in that case by reducing the time-step or using a forward
( rather tnan centred ) weightlng in the implicit scheme for the sound
waves. The 1atter was impIemented in the mesoscale model from December
1986. il
Carpentet (19?99 used a value of €=0.02 but his upper boundary was at
4km so that the ‘maximum value of §* was likely to have been smaller. Ve
also note thaf Tripéli and Cotton (1982), who use a split method using
oo sbarter tihesteps for the a”‘ustic terms but a leap-frog scheme for the
,'fenaining terms , use a value of €=0.1.

forecasts described in this paper use €=0.2 and the centred implicit

aﬁd nclude t me smoothing of the cloud water field.
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Using the forward time ( over 2at) , centred space formulation for the
diffusion equation in two dimensions , as in the mesoscale model, gives
the stability criterion

Kiowr x (2at/78%%) ¢ 1/4

That is a maximum allowed value of Krow = 4.7 x 10° m? s

when At = 60 sec and Ax = 15km.
Values of the model variables are given on eta surfaces , that is height
above model orography. Diffusion of u and v is applied along eta
surfaces so that the finite difference approximation is

using notation
A= CROXEAR/IZ V-~ RBC X=8%/(2 ) FI&E
DEL#4A = A.... + A,, , where A = u or v

For the 6. field it has been found to be essential to apply the

diffusion along approximately horizontal surfaces ( Bailey 1982).

Otherwise the vertical stratification of potential temperature will

contribute to the diffusion in the vicinity of hills. The diffusion of

qe is also performed along approximately horizontal surfaces. This is

achieved by correcting adjacent values to the same height above mean sea

1evel before calculating the derivatives. GOTIELBE Tl as Ay

Consider diffusion at grid point i in the x direction over three
successive grid points of heights E(i-1), E(i) , EG+1). g ;
At a given eta level k the field A has values A(i-1,k), A(i,k) and

A(i+1,k). The values of A(i-1,k) and A(i+l,k) are corrected to height
eta(k) + E(i) so that 10 pombgriey i

AY (I=17%)

A' (i+1, k0

the difference 1n.urograph1c heights
greater than the diff ~ ig

_verticalvsradient



E In the operational fine-mesh and assimilation models and also the
: hemispheric coarse-mesh models used in the fine-mesh forecasting suite
the divergence damping is applied at each of the adjustment steps of the
integration, there being three adjustment steps to each advection step
The value of Ko varies so that

i

dAIdt d ¢ K dA/deta )/ deta Ko = 5 x 10° m® 5°' for the hemispheric forecast

oG ket b AR R

H&@re & is u,v,eu.q; or TKE 8 2.5 x 10° m® s°' for the assimilation cycle

and K gkgh Kh or K.- f( RS, o= 8= o) 2.5 x 10° w* s7' reducing to

1.0 x 10® m* s~' over the first six hours of
the fine-mesh forecast

uhere lis a length scale defined by

1/1 1/(kz) + llk

The operational models also use nonlinear horizontal diffusion of the
form "

dA/dt = K { DEL* A | DEL® A

R T SRS el o

where K 2.5 x 10'* m* ' for B,u and v in the fine-mesh model

K &s required So at upper levels h is at

and in the boundary layer h will be of the and X

2.5 x 10'®* m* 7' for q in the fine-mesh model

Recently ( Bell and Downton 1986 ) trial coarse-mesh forecasts with
reduced nonlinear diffusion and including divergence damping have been
run. The aim was to try to increase the forecast jet speeds. Sensitivity
tests suggested suitable values of K and Ko as

4 x 10" m* 7' and 1 x 10° m* s' respectively. With these coefftciente
a modest increase in forecast jet speed was obtained but verification of
forecasts for greater than 48 hours ahead verified warse than thsA 2
operational model.

Following the experiences with the operatiana& iorecastqnnﬁaaiituwus%f
decided to study the impact of divergence dampdng on the nesoseal
model

”y kndwn, divergence

on and fine-mesh models to
. Dickinson and Gange 1985).
agfthe fine-mesh model

~in the vertical
circulatinns could
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Ko dD/dx and xn dw .

to the tendencies fpz.ths u



4. 06z 11/4/85 Case Study

thg’di_ergence D is best described at pressure
ts af divergence at the corresponding velocity Various runs of the mesoscale model were made with 06z surface
observations analysed and merged into a T+6 interpolated fine-mesh
forecast for 06z 11/4/85. This forecast sucessfully completed 12 hours
using the original operational values of Km = Ku =4.5 x 10* m* s°' and
no divergence damping.
However a test integration with Km = Ku =4.5 x 10” m® s7' and no
_ divergence damping failed after 5 hours. Thus various runs were made
=y + Vy A including divergence damping using different values of the divergence

e ’ damping coefficient Ko to see if its inclusion would produce a

successful forecast.
b Three values were used Ko = 1 x 104 , 1 x 10 and 1 x 10% respectively
Ko i@+ (V) 5 with K = Km = 4.5 x 10®. A successful 12 hour run was obtained using
. Ko = 1 x 10% but the runs with Ko = 1 x 10% and Ko = 1 x 10° failed
after nearly 6 hours and 26 steps respectively. Thus it seems that we
need a value of Ko greater than 1 x 10% but less than 1 x 10%, the
latter value probably violates the stability criterion as it will be
similar to that for the diffusion equation given in section 2.2.

that for D = du/dx + dv/dy

'nsxgg notationkA*_=_ ( AC x+ax/2 ) - AC X-Ax/2 ) )/bax
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‘ d{ffGSioh 1s applied along eta levels as is done in the

4.1 Synoptic Situation

At 06z on 11/4/85 a low of analysed centre 990mb was positioned over the
Irish Sea with an associated occlusion through south east Scotland , a

warm front into the south west of England and a cold front just off the
South West Penninsula. The low deepened to 982 mb and moved to a cenire
just north of East Anglia by midday with its assoclgted QCCIU_$Q i:gﬁts_
having a north-south orientation. There was persistent and at ‘times :
heavy rain associated with the fronts and behind the fronts the :
many heavy showers with some hail. i
Unfortunately the 00z 11/4/85 fine—mesh forecagt sed as t

as it did not produce the low centre ;n
an adverse effect on the accuracy ff‘ghg A
not comparg the forecasts with obsg va €£QM§;




Table 1. Experimental T+3 forecasts for 09z 11/4/85

INDEX K K Ko

Al 4.5 x 104 &, 9% 5109 0

Bl 2.:29.%. 104 4.5 x 102 0

C1 4.5 X{T0% 4.5 x 10 O e

D1 4.5 x 10° 4.5 x 10% { 7i0%%s tesowial

El &5 X VEQS 45 % X0R ' 1087 a4 padac i 2

pressure, 10m wind, dynamic and convective precipitation nd v:tsihnﬁy"
for experiments Al to El. It can be seen from figure 2 that as Ku and . &
are reduced the fields become rougher, particularly the disﬁ?i%tﬁa‘ﬁ*eﬂ%l

convection and the mean sea level pressure in the region of the b
convection. The convection is generally Ie”ss Organfse‘&—‘«wit lower \“"'Cﬁff* (T dal
3 eéé»éﬁﬁﬁﬁﬁ Bty ol

sharpening of the trough in theg
diffusion is reduced. This is pi




increase in magnitude of the vertical velocity at
fe!:ﬁsbz;ngi?flzsion. The comparison of figure 5 a),b) and c) shows
t vas the level of divergence damping is increased the vertical
« Aocity field becomes smoother. Again, as with the surface charts,
there is very little difference between expt El and Al.Reducing the

Table 2. Experimental T+3 forecasts for 09z 17/6/86

length of |

>qu9 b ~

e ; t on the potential | | i | 1 |
b ¢ f horizontal diffusion has very little impac p
07 otnre field , apart from changes resulting from rougher vertical | Index | Ki i Kia | K | Ko |  successful |
velocity fields. This may be a result of limitations on gradients I | levels 1-3 | levels 4-16i | | forecast |
1 resolution of the model. I i f ! { I (lmin steps)i
imposed by the vertica I l : : : ‘ e
| | I | | ¢ i
| A2 15589 x 10247, 42541042435 =205 0 | {
5. 06z 17/6/86 Case Study : : : : : : :
The second case studied in these diffusion experiments is a three hour I B2 ! 0 b 4, Srxe 1029814, 55 %L 109 120 ] |
. forecast from 06z on 17/6/86. This case was studied because in the : : : : : : ’ :
uuperatiml trial the mesoscale model had produced a good temperature o) s s
 forecast, correctly producing a contrast between high temperatures of 25 L ce : 2.25 x 10 : 2.25 x 10* : 4.5 x 1041 270 ! &k
deg . in East Anglia and low temperatures of about 11 deg C on the west : : ' I : ! - 1 ‘
~coast of Vales. This meant that the impact of reducing levels of : - | > i > v ity . : :
diffusion on the screen level temperature and cloud could be studied, : : : : 2 X | o .
ﬂecialll ;;}zg,‘gqgt@inous regions. l : l ; o g s
: = = LA
_ the 11/4/85 case various runs of the mescscale model were made : 5a : A D : 4.5 x 10 : 4.5 x 103: Qs s : : :
rious values of Kn,Kn and Ko. The initial conditions were those ; l ; ; . D iy Ty
| w’ mwﬁ"g I B Simtione analyged and | F2 1 4.5%10°1 4.5x10°1 4.5 x 103 105 = 1 b5
I I ! ! mel g
I | I t i 29
hel: 123'“"”3 with Ko = K= 4.5x 10° and Ko = e 0 1 4.5=x10°1 4.5 x 107 44
I i i §d ' g |2
| | i i :
| i | i
| i i e e
{ | | NG
| | b S
| [ | 7

.ﬁm.mmes.

point instabinty in the




i

5

&
¥
3

5.2 Synoptic Situation

A weak cold front lying north east to south west moved eastwards over
the UK during the day. The analysed position at 09z is shown on the
British Isles chart in figure 7. when there was a low of 1008mb central
pressure over the Pennines. Most of England had a good deal of sunshine
after the clearance of early morning mist. In southern and eastern
Scotland it was cloudy with outbreaks of rain which were heavy at times
and there were several thunderstorms. From figure 7 we can see that at
09z there were reports of light rain and drizzle from central

Scotland, Northern Ireland, the Isle of Man and west Wales. Showers were
reported in the Republic of Ireland and thunderstorms had been reported
in the past hour in south east Scotland. Fog was reported on the Channel
coasts and the east coast of Scotland. There were clear skies in eastern
England with temperatures reaching 25 deg C in parts of East Anglia in
comparison to temperatures of around 11 deg C in the cloudy regions in
west Wales, west Scotland and Northern Ireland.

5.3 Comparison of 09z (T+3) forecasts

The comparison of forecasts of cloud cover for the fine-mesh forecast,
operational mesoscale forecast A2 and experimental forecast F2 is shown
in figure 8. Figures 9 and 10 show the comparison of the forecasts of
10m wind , screen temperature , dynamic and convective precipitation and
visiblity for experiments A2 to D2 and F2 to H2. There is virtually no
difference in the forecasts of 10 m wind and they will not be discussed
further. In order to investigate the effect near high topography of
reducing the level of diffusion and any problems related to performing
the diffusion of the thermodynamic variables along approximately
horizontal surfaces near orography the forecasts of screen temperature,
cloud cover and fog in Scotland were studied in more detail. Figures
11,12 and 13 show the comparison of forecasts A2,B2,F2 and G2 for cloud
cover, screen temperature and fog respectively. To investigate the
effec?s on the vertical structure of the forecasts cross-sections along
:se lines AA' and BB' shown in figures 14 were studied. Figures 15 and
show sections of potential temperature and vertical velocity for
experiments H2,F2,D2 and A2 and figures 16 and 18 show sections of
ggtggt;gl temperature and cloud water mixing ratio for experiments
sc;ee; teangrAi and H2,F2,D2 and A2 respectively. The forecasts of
i 52102 ;r: %‘rainfall » fog and vertical velocity will be
s e :h irst the cloud forecasts will be considered as these
e screen temperature forecasts.

5.3.1 Cloud Cover and Cloud Vater Mixing Ratio

As mentioned earlier the
:orecast of the east-we
better than the fine

operational mesoscale forecast produced a good
i st contrast of screen level temperature that was
el e zzsh forecast verifying at the same time , see
e 1can be seen from figure 8 the differences in the
00z Hhinitan it arege ¥ the result of differences in cloud cover.At
i obeervéd, iy a?e diagnosed full cloud cover is not as extensive
af the Frent ca St adof diagnosed full cover being along the line
full covrals i ending far enough east or westwards. The area of
gnosed over East Anglia probably explains why the forecast

screen temperatures in that area are lower than in reality. The
mesoscale model, benefitting from its 3 hourly assimilation/forecast
cycle and in particular from the 06z cloud analysis, has a reasonable
forecast of total cloud cover. The region of clear skies extends
slightly too far west and there are erroneous small clear areas over the
Isle of Man, Irish Sea and central Scotland, The latter may be the
result of a lack of observations at 06z. The effect of reducing the
level of diffusion of the thermodynamic variables is to produce rougher
edges to the area of full cover as seen from the comparison of figures
8b and 8d. The amount of cloud on the French coast was correctly
increased and the area of cloud over the North Sea was possibly
correctly extended southwards. There was also possibly an improvement in
the forecast in the area of the Tees valley with more cloud in the |
valley than on the high ground either side.

From figures 11b and 11d it can be seen that removing the low level
diffusion of the thermodynamic variables slightly reduced the amount of
cloud cover from the Inverness area and Glen Mor and increased the size
of the clear area in the south. However reducing the level of diffusion
of those variables at all model levels has a greater impact, further
reducing the amount of cloud cover in those regions, as shown in figures
11a and 1lc and confirmed by the cross-sections through the Invermess
area in figure 16. Comparison of figure 16 with figure 15 shows that
with lower levels of diffusion of the total water the maxima in cloud
water mixing ratio are more closely tied to the regions of ascent and
the amounts decrease more rapidly in regions of descent.

Cross-section BB' passes through the front which lies approximately
midway along the section at 09z. From figure 18 it can be seen that the
maxima in cloud water are increased as the diffusion of the
thermodynamic variables is reduced. A sharp maximum appears upwind of
the highest peak in the orography along the section which is also just
upstream of the surface front. This may be linked to the increased level
of convective activity on the front although there is none actually
occuring along the line of the section at 09z.

On this occasion the reduction of cloud cover with the reduction of the
diffusion does not appear to improve the verification of the
forecast.However the clear area in the south of Scotland was in an area
containing no observations and so may be the result of an error in the
initial conditions .Also the reduction of cloud cover in the Glen Mor
area is to the north west of all the observations and so cannot be
verified. We really need more knowledge of the accuracy of the initial
cloud analysis. The depth and distribution of cloud in the initial

conditions may have been incorrect.

5.3.2 Screen Temperature

The operational mesoscale forecast A2 generally predicts the strong
gradients of temperature in north east England and eastern Vales well.
The overall values for the country generally agree with the
observations. Most of the errors are a result of incorrect forecasts of
cloud cover resulting in temperatures that are too high in southern
England and southern Scotland where clear skies were incorrectly
predicted.

The reduction in the level of diffusion of 8. and g. produces greater
orographic detail in the forecasts. No diffusion in the lowest three



model levels produces a tighter, better gradient in n??th east England
and higher temperatures in Glen Mor . Removing diffusion of the
thermodynamic variables at all levels also rgduied temggrature§ over low
ground in Teesdale but there are no observations to verify agaxgst. All
these effects can be explained as a consequence of the changes in the

cloud cover forecast discussed above.

5.3.3 Rainfall

The forecast position of the stratiform precipitation is generally good
where it can be verified, although there is possibly too much drizzle
ahead of the surface trough in England and Vales. Reducing the level of
diffusion results in rougher precipitation fields and extends the
precipitation on the front edge of the trough across the English
Channel.

None of the runs predicted the showers over Ireland but reduced levels
of diffusion of 6. and g. resulted in a lot of convection associated
with the rainfall in the trough, over France and the North Sea. There
was no obvious improvement in the roughness of the precipitation field
when divergence damping was used rather than linear diffusion of
momentum , compare D2 and H2. There was also hardly any difference
between forecasts with and without diffusion of 8. and g« in the lowest
three model levels compare A2 and B2 and F2 and G2.

Comparison with the initial conditions and fine-mesh forecast for 09z in
figure 6 shows that the rumns with lower values of diffusion of the
thermodynamic variables have maintained more of the convective activity,
in the trough, that was initialized as regions of rainfall and predicted
by the fine-mesh.

5.3.4 Fog

Fog was observed on the Channel coasts, both in France and England, the
south Vales mountains and off the east coast of Scotland and north east
England with reduced visibility at many locations along the front. The
operational mesoscale forecast A2 had fog over the North Sea, except
where it had been removed by the 06z observations, and close to the
north east coast of England and east coast of Scotland, in broad
agreement with the observations. The mesoscale model also had areas of
fog associated with the high ground in Scotland, the Pennines, Northern
Ireland, The VWicklows, the moors in south west England and north and
south Vales which we cannot verify with the surface observations.
However there are a few observations of fog or reduced visibility that
correspond with forecast fog in the above regions.

Reducing the level of diffusion in the model generally kept the areas of
fog closer to the high ground, not spreading it down the slopes into the
valleys. However more fog eas produced in the areas of spurious showers
_anldmvextrg precipitation across the English Channel and in various areas
g:::~¢§é§ts and over the sea. The production of more coastal fog on the
ofxl};z 123::1‘.:1 :;s a beneficial result but it appears that the removal
coastal‘affééfv'dUS1on of 6. and g« may be accentuating incorrect

Shons i 8;“:e to the finite grid size. Comparison with figure 6
5 the ﬁquﬁ:;?ﬂlzyizigzzig d;ffusion of 8. and q. have retained more
Rorth of the Vash, £ zed at 06z, particularly in the Channel and

Y

5.3.5 Vertical Velocity

From figures 15 and 17 we see that reducing the diffusion of 6. and g

results in more intense vertical motion but the fields are only slightly

rougher. Away from the region of the front there is little difference
whether divergence damping or ordinary linear diffusion of momentum is
used. However near the front, see figure 17, there are more intense

narrow bands of vertical motion but that may result from more convective

activity in the area.
6 Conclusion

From the active frontal case 11/4/85 it appears that there is little
difference in the forecast produced with operational values of the
diffusion coefficients and those produced with reduced levels of linear
diffusion and divergence damping. Those with lower levels of diffusion
of either type have rougher pressure, precipitation and vertical
velocity fields. If the total level of diffusion of the horizontal

velocity components is reduced below a certain limit the forecasts fail.

The actual failure is a result of the instability caused by the

production of high magnitudes of vertical velacity which violate the CFL

stability criterion in the vertical
etadot < Az / at

From both the 11/4/85 and 17/6/86 cases it appears that there is no
obvious advantage in using divergence damping rather than linear
diffusion of momentum. However the impact may be greater in longer
forecasts but that has not yet been studied.

We see from the weak frontal case 17/6/86 that it is possible to remove
the horizontal diffusion of the thermodynamic variables , 8. and g¢ ,
without the forecasts failing. Over the land more orographic detail is
then seen in the low level fields , tighter gradients of the screen

level temperature are produced and less cloud is produced in the valleys

where there is downward motion . However the precipitation field and

over the oceans and around the coast the temperature and moisture fields

are then very rough . Results from forecasts on different cases run to
12 hours or more show that the level of roughness over the ocean is
unacceptable by about T+9.In particular fog is produced at many

locations around the coast . Forecasts run on a case study of fog in the

Moray Firth on 24/4/84 with the horizontal diffusion of 6. and ge
removed show that the production of fog around the coast is probably
related to overshoots in the advection scheme which are smoothed out
when diffusion is included.The roughnesses probably result from the
strong land / sea contrast in surface fluxes. We note that Tapp and
Vhite 1976 smoothed the surface fluxes to remove problems with
roughnesses in the forecast fields.

The study of the forecasts for the 17/6/86 case over Scotland did not
conclusively show that any problems occur as a result of using the
approximation to horizontal diffusion near steep orographic gradients.
This was mainly because of the problems of verifying the forecasts and
initial conditions. However it is clear that the forecasts are very
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Appendix A - Model Variables

westerly wind component
southerly wind component
vertical wind component
cloud water mixing ratio
humidity mixing ratio
total water mixing ratio = m + g
potential temperature
liquid water potential temperature = 6 - Lm/(c.P)
turbulent kinetic energy = 0.5¢ u'xu' + v'xv' + w'xw' )
orographic height
surface temperature
ground or soil temperature
pressure
vertical wind component in transformed coordinates
etadot = w - u(dE/dx) - v(dE/dy)
Exner function = (p/1000)*=rea
Brunt-Vaisala frequency
N2 = BrdB./deta + Budqe/deta
g/8
0.608g(1+0.608q-m)
acceleration due to gravity
shear
S% = (du/deta)® + (dv/deta)®

o= pregwsre
= G eer pUkeE
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Figure 4. Line of cross-section for figure 5.
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Figure 9 Comparison of 3 hour forecast for 09z 17/6/86 with varying \
levels of horizontal diffusion and no divergence damping.
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