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le INTRODUCTION

The new operational assimilation scheme comprises a repeated insertion
technique in which the models fields are successively corrected by observed data
as they are integrated forward in time. At each timestep over a specified
integration‘period (the assimilation period) the model fields are compared
with observations, the differences formed and a value of the diffe;ence obtained
at model grid points using the weights calculated by optimum interpolation.

This increment is then scaled and inserted info the model field at the grid
point., By this repeated correction procedure the model fields are forcéd
towards the observed data, while at the same time adjustment takes place
through the dynamical and physical processes in the model so that the final
fields ppoduced are in a state of dynamical balance suitable for a forecast.

When ‘increments are inserted into the model however, locally large accelerations
may be produced which may result in the generation of internal and external
gravity waves, which will reveal themselves as high frequency oscillations_:
in the model variables, particularly surface pressure. An example of how
these gravity waves may be generated is illustrated in Fig 1. The figure
shows how the insertion of temperatﬁfe data may set up horizontal accelerations
causing a wave-like perturbation in the height field.

Itis undesirable to have such gravity wave motion during the assimilation
period for several reasons. The example given above shows\how the propagation
of :gravity waves can represent an adjustment away from the observed data. If
gravi£y wave motion is present at the end of the assimilation period, then
high frequency - oscillations of certain model variables may continue in the
subsequent forecast. Since a six hour forecast is used as a background field
for the Mode 1 quality control step (qomparison of observations with the
background field), large emplitude oscillations in this field may cause spurious

rejection of good data or spurioué acceptance of bad data by the Mode 1 check.



.is is illustrated by Fig 2, which shows hsw a good surface pressure
observation may.be rejected in this way.
Another reason for wishing to eiiminate gravity waves is that the small
scale spatial variations they pfoduce may result in small scale '"roughnesses'
on forecast charts. It is desirable to smooth out these features as they are
non-meteorological in character and may result in contamination of .the forecast.
This note describes two possible method; of controlling gravity waves
and presents some results showing the effects of the metgods on the assimilation
and subsequent forecast. The results are compared with those obtained by using

enhanced non-linear diffusion.

2. DIVERGENCE DAMPING

One possible approach to controlling high frequency oscillations is by the
use of a conventional time filter eg Asselin (1972). This method requires three
adjacent time levels of data whereas the split explicit scheme of the assimilation
model needs only two levels. The extra storage required by the time filter_make;
the.method unsuitable with current computer resources.

As indicated by the first example given in the previous section, gravity
waves propagate by producing fluctuations in the divergence field. These
fluctuations are generally larger than those produced by the motion of
~meteorological waves (Dey 1978) and damping the horizontal divergence therefore
provides a way of selectively damping gravity waves. One approach to this,
suggested by Bourke (1974) involves adding an artificial dissipation term
_fé)“g*¢7(?> to the divergence equation. In order‘fo achieve this and avoid

affecting the vorticity it is necessary to introduce the potential function

into the momentum equations:
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where ch_ s Hy are the other terms in the 2 and 3 equations respectively.

Since JC has to be obtained from the wind field through the solution of a
Poisson equation at every timestep this method is too expensive in a primitive
equation model.

(i) Conventional divergence diffusion

Another approach suggested by Shuman and Stackpole (1969) involves

adding terms of the form /bVCD to the momentum equations:
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where W ,V- are the horizontal wind components and ]) the horizontal

divergence. This gives.the divergence equation:
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We will call this form of divergence damping conventional divergence diffusion

or level by level divergence damping since when used in the model the

divergence at each level is damped explicitly. It is the addition of the
diffusion term in the divergence equation that acts to reduce divergence,
vhilst vorticity is unaffected. It also has the advantages of being easy
and inexpensive to abply in primitive equation.models. Dey (1978) however,
‘noted~that it produced in the NMC model a reduction in forecast
precipitation and some anomalous flow patterns in the vicinity of

mountains.

(ii) Integrated divergence damping

To overcome the problems of conventional divergence diffusion Dey
prbposed a modification designed to damp certain modgs without producing
.these undesirable side effgcts. _Following Dey, we have tried a method of

o

damping surface pressure oscillations only and compared this with the’
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use of conventional divergence diffusion.

In order to understand the method proposed by Dey to control
surface pressure variations, it .is necessary to look at the mechanism
by which such charges occur. Surface pressure changes are controlled by

fluctuations in the mass divergence aboyve the surface:-’
0 l
2t 0
where the symbols have their usual meaning. The integral may be re-written:

fol U (pe2) L :L’ 5 Do 4§ 2 dor

The two terms on the right hand side represent changes due to advection

(2.2)

and variations in divergence respectively. Gravity wave motions produce
changes in the second integral, and damping this quantity will control

resulting surface pressure oscillation The integral may be approximated:

I ég: Trty “h
50 Vr Lo = hlf Mpdo x 25 0ns-y) Dy
A = (2.3)
where N is the number of levels in the vertical,fbh_ is the divergence
on sigma surface k (h“'/ =5 N) and 0 refers to the h‘b[" sigma

level. We define a mass weighted vertical mean divergence:

D= L S (h—b) D

N}
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Comparing (2.3) and (2.4) it may be seen that control of surface pressure
oscillations due to gravity wave motion may be affected by controlling

(e
fluctuations in 578 . These are damped by applying the following equations

at each level of the model:
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0. (2.5)
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We will call the use of in the diffusion term integrated divergence

damping, since it is designed to damp the divergence from the column.
' To see the effect on column divergence, consider the diveréence equation
implied by (2.5):
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where o refers to the level in question. Integrating both sides, the

following equation results: . _
o If /- 0
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where ’}o—-’:_gi (Pc-—de" and since //LV{G_)"- does not vary with O,

Hence,/the column divergence has been damped by the presence of the term
/u,V7fj;”' .

(iii) Non-linear diffusion

The assimilation model contains explicitly some spatial smoothing
in the form of non-linear diffusion. If the variable Q? is to be
affected in this way, the change due to non-linear diffusion is

given by:

CDQZ il 2 2
L= klvglvy

where kf is the diffusion coefficient. We have also compared the use of .
divergence damping in the assimilation with results from assimilations
uin which the value of the diffusion coefficient was increased fourfold. =
The degree of divergence damping is determined by the value of
the damping coefficient M- . The choice of this value depends on
computational stability considerations, € -folding times and

experimentation and this problem is dealt with in Section 4.



Dey found that integrated divefgence damping had no effect upon
forecast precipitation and reduced anomalous flow patterns associated
‘'with conventional divergence diffusion. The effectiveness of both forms
of divergence damping as ﬁethods of noise control and the effects they have
on forécast precipitation and flow patterns around mountains have been compared
and contrasted with the effects of running with enh;nced non-linear diffusion.

The results of these experiments are presented in Section 6.

3. DIVERGENCE DAMPING IN THE ASSIMILATION PROCESS

In order to get some idea of the effect of divergence damping in the
assimilation process, consider the equations of motion for an incompressible
- fluid with a free upper surface of height k, linearised about a state of rest of
height F{ . Following Lyne (1979), the equations are written in vorticity
and divergence form with nudging terms added to represent the assimilation process.
Assuming the observations satisfy the model equations and adding the "divergence

~

diffusion term, the following system results:
%g‘ 'l"g'}‘—H\’cf' =i
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where j = Doo"f etc and fo etc represents and observed value.

(3.1)

Assuming solutions of the form:

AR

% Loe
where h_, L are the wavenumbers in the 2 and Y directions respectively,

U is frequency and j; SO L@ constants, then substitution into (3.1)

gives the following matrix equation:
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For non-trivial solutions the determinant must be zero, and this condition gives:
S (civttl) - (i) (v el M) (~o4z)
+3H-(¥«1Jr/f)] =0 e

Solutions to this equation for /UJ—’fO are given by Lyne (1979), and these are
regarded as reference solutions. We will now consider various cases.

(i) Full update

This is the case when N{, CC= ‘/?;3) are non-zero. Putting

N N, ~N’)’——M , then (3.2) becomes:

L) fur+in[ Jresy, )] =42 —JHG»%JZ?) /uw(wi) N} o

(3.3)

~

This gives the solutions:

S

0,5 = -—u(l\}+c) ,\Jwi-—c A (3.4)

wr= £rpgHlely)
Cc= )’/»/(LHJL)

By considering the solutions when /Lu:—'O , it can be seen that the

where

second and third solutions are high frequency gravity-inertia waves and
the first solution is a stationary meteorological wave (Lyne 1979). If
/u;%o , then there are two cases to consider. For w?*7c”
t =i
e ‘¢ ~folding time for the gravity inertia waves is ; .
th foldi ti for th ity i ti i (@—}C)

: Whon WrLes y then either
0= .—u(N+o) —~i¢ (|-« )b

= '—'L[,N—FO'{“C (I-w /°¢)
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. . . f);k
or U= «L(N+c) 4 LC(‘-—W /5
. -—C(ZBL+C~QZ>
where O\({,L,
" : \ )‘/{(“ =~
Hence the @ -folding times are [N+O +c(|-w¥/e? and CM—FCS) .
The presence of the damping acts to decrease the € =-folding time of
the gravity-inertia waves in all cases and has no effect on the
meteorological wave.
The solutions to (3.3) are plottea as a function of wavelength
in Fig 3. The values of the constants used are 3: ‘(-3)l-§~z,
é;;;lo~“’g’4 5 l{=§1(~v . The value of the nudging coefficient
may be related to the relaxation coefficient Pv used for scaling increments
(Obs-model) values in the assimilation. Using the one-dimensional advection
equation, the relaxation process described above may be written as:
[V h
ATy c(’.)lg> - N()\(ob;./,vtwl)
Ab 0%, (3.5)
59 .
|y Chs.
where h/ is the observed value of L' , the other superseripts denote
time levels, € is phase speed and a forward timestep has been used.
The assimilation process in practice is given by:

JL———— +c@7~1;>

(3.6)

L= lww +R (km"}‘f) (3.7)

’

(3.5)-(3.7) do not give a relationship between h/ Sha g
assimilation process may be represented approximately by replacing L,
(3.7) by k* . Then by combining (3.6) and (3.7) and comparing with
(3.5) after re-arrangement, the following results:

MEe§ .
VA (5.8)




Taking a value of P-"‘f’-, . Ab=3200g then p=—4 0.3'7></0’3$",

and this is the value taken in (3.3). Note from Fig 3 that for these
values and over the range of wavelenths shown the two gravity waves have
the same ¢ -folding time- 0917751) . The flgurp compares the effect

of using three different values of Y with the undamped case(;“:=cﬁ> .
The damping effect is greatest at shorter wavelengths where increasing
the damping coefficient produces a marked decrease in e-folding times.

(ii) Wind update only =

This is the case where Nz =0 | and N,'}N;:M(A«?) .

Making these substitutions in (3.2) gives:
0% 40 i pelbrl) 420] —of gH(kpe) Hpl (b2pk )+N 45~
—9 Hf\}c([aﬂ-.,l]/) =0

The é;lutions to this equation are displayed in Fig 4, where ~-folding

times are plotted as a function of wavelength. The : branches of the

curves correspond to the meteorological and gravity inertia waves (Lyne

1979). It can be seen from the figure that the meteorological wave is
relatively unaffected by divergence damping. The effect on the gravity-inertia
wave of using three different values of the damping coefficient is shown.

A; in the full update case, the damping effect is most marked at shorter
wavelenths. Tho values of the constants used are 3._4 8lms™™ ;

H>S'K~v N=037xlo%A | £ S s

(iii) Height update only

In this case the substitutions in (32 ) are N)’”’-:’O, My= 1

glVlng.

0® 40 [ (L44?) 0] o[ £ /w(h%f‘)ntgHCL%L)]
-—5"Nc =0

The solutions to this equation over'a range of wavelengths are given in

Fig 5, with the constants having the same values as in the wind update

case. The same qualitative effecés as the wind update only case occur,

with the meteorological wave being little affected but the gravity-inertia

g



are ' being damped by an amount related to the magnitude of the damping

coefficient.

4. CHOICE OF DAMPING COEFFICIENT .
The value of the damping coefficient M in equations (2.1) determines the

effectiveness of divergence damping with larger values decreasing the -folding time

of the gravity waves to the greatest éxtent. However use of too large a vaiue may
produce undesirable side effects suéﬁ as reduced prééipifétion and development, and
a restriction is put on the s%ze of the value by linear computational'stability
considerations. The degree towhich these side éffects are evident can be determined by
experimentation, and the stability criterion can be obtained from a linearized
version of the primitive equations with the divefgence damping terms included.
These extra terms do not prevent the equations from being decoupled (see Appendix)

re§u1ting in the following system: |
Rl B o e = B,
N 4 Fu +g %7’% ~,{-5%?;t =0

%’:é. +_;:f]>n =0 | W

where [/ is the number of model levels, ( uL,Vp,,Lp ) are transformed
variables, Cjp represents the phase speed of the nrﬁL gravity wave, .
F:=7§;4-uhbhiﬁlf , a is the radius of the earth, and the other symbols

o
have theifr usual meaning.’ Using centred space differencing and forward

time differencing, the von Neumann method of stability analysis gives rise
to the following expression'as a sufficient condition for stability:
%
M £ Ak _ C/f)
; l&t?'
where AE is the timestep, ﬂL the gridlength. It can be seen that M must

decrease as Cy increases, assuming the timestep and gridlength remain constant.

Hence the value for Cj chosen is that of the fastest moving gravity wave,



hich is taken to be 311 ms-1 (see Appendix). Taking ¢L~to be the gridlength
at SON or S and putting Ab=200s gives /0/?-03%‘07 r2s7l a5 a stable value.

The value used operationally is 0.5 x 107 ?

, which is thus stable according
to the above crltgrlon. Reference to the figures g.iven in the previous section
shows that this value produces.acceptable & —folding times for the gravity waves
(L6 hrs). Details of the derivation of thc; stability condition are given in the
Appendix. ‘

It must be noted that the gridlength increases és datitude decreases, so
that higher values of o may b.e used equatorward of 500. Fig 6. sho‘;.'s the variations

of stable values of /tb with latitude.

Se DIVERGENCE DAMPING IN THE OPERATIONAL ASSIMILATION SCHEME

Divergence damping is applied at each of the adjustment s‘teps of the

integratioh. This may be represented by:

(P (:4&/} E(L})Q) "}"D( ) i
%(,m,s/; B( q’b‘&@ *F:DCL}’HA ) .
q}o(,‘_& o (q)(:*ub/? + ,D(q/ &‘H..Ac/?

L}/&@e = 0 (%w\b)

vhere the integration operators A, B are for the advective and adjustment step's

i

respectively and D is the contribution due to divergence damping. In the case

of integrated divergence damping, D in (2.4) is calculated for each column,

(g
and the terms <— g ;/—‘S—r added to the equations at each level.
_ acesip @ oxN “ 4
In the case of conventlonal divergence diffusion the- terms added are
P D - Ry AV where. D> is the'divergence at the level
s P PN & PE |

in question. In both cases, the damping is applied at all points in the |
horizontal, and /u,——=0-€ Xlo‘?"‘g‘sv{.

G EXPERIMENTS AND RESULTS

In order to compare the effects of divergence damping and enhanced diffusion
various experiments were performed. FEach experiment.consisted of a 6 hr

assimilation followed by a 24 hour forecast. Main run data from 12z on

-11=




ch November 1982 was used. The experiments were:

(1) Control ( operational assimilation and forecast as at mid-December 1982).
~(2) Fnhanced non-linear diffusion during assimilation (Qiffﬁsion coefficient
8 x 1O1h).
(&) Integrated divergeﬂce damping with enhanced damping coefficient

during assimilation.
(%) Conventional divergence diffusion during assimilation (level by
level damping) with /U~—=0-5><(07.f*‘c_l
The assimilation in (1) and 62) contained integrated divergence damping with
/gzo.qud7m;s’( , whilst for the assimilation in (3)/L,was allowed to vary
with latitude from 0.5 x 107 m2s—1 poleward of 60° to a maximum value of

7

2 -1 : hE, :
5x 10" ms at the equator. The assimilations all contained non-linear

diffusionvwith the diffusion coefficient for all variables of 2 % 101h, with

the exception of (2) for which the diffusion coefficient was 8 x 101u..

- Integrated divergence damping was applied during the first six hours of each

forecast except (4) with w decreasing smoéthly to zero during this time.

In the case of (4) conventional divergence damping was used. All the forecasté

‘contained non~linear diffusion with a diffusion coefficient of 2 x 1014.
The runs were assessed according to the following criteria:

k1) The degree of "balance" achieved by the assimilation as indicated

by gravity wave activity during the assimilation period and subséquent

six_hour forecast. J
. (ii) The fit of the assimilation to the observed data.
(iii) The skill of the 24 hour forecast following each assimilation.
The first two points have to be considered together as a very close fit to the
observed data may imply an unbalanced initial state for the forecast causing
generation of gravity waves which may contaminate the forecast itself and

adversely affect the .quality contrbl'step'of the next analysis.

- : ..12_ z .



(i) Balance

As.mentioned previously gravity waves propagate by high frequency
“fluctuations in the divergence field. One variable which is sensitive
to changes in the column aivergence is the surface pressure and variations
in this quantity is a measure of external gravity wave propagation. The
surface pressure at 45°N OOE is plotted as a function of time during the
assimilation in Fig 7. The lines on thg graph correspond to the four
experiments run, with an extra curve foé.the case ;f no divergence damping.
It can be secen that this curve corresponds very closely with the control
run curve and that for (3), suggesting that integrated-divergence damping
here with A= 0.5x167*s™ has little effect on the assimilation and
increasing the damping coefficient has only negligible benefit. On the
basis of this result we will now consider only experiments (1), (2) and (4).

Refering back to Fig 7, it can be seen that small amplitude
oscillations remain in the control run at the end of the assimilétion
period, whereas these are damped by run (4) but little affected by enhanced
diffusion. The corresponding curves for the subsequent six hour forecast are
given in Fig 8. It can be seen from this that (4) has least oscillations
in b* , but rather surprisingly in this case all the curves have a similar
shape at the end of the forecast period.._ :

A global measure of oscillations of F* is given by the global
RMS pressure tendency. This is plotted as a function of time for
"assimilation and following 6 hour forecast in Figs 9 and 10. Enhanced
diffusion makes little impact on the RMS pressure tendency, whilst the
use of conventional divergence diffusion produces a marked decrease during
the assimilation. These trends are mainfained during the 6 hour forecast,
as illustrated in Fig 10. All curves show a slight increase initially

in the forecast period as the forcing of the assimilation is removed.



Another measure of gravity waves of fnoise" in the model is given by

the global RMS divergence, which is plottgd for assimilation and forecast
in Figs 11 ;nd 12. Enhanced diffusion causes a slight decrease in this
quantity during the assimilation whereas conVanional divergence diffusion
produces a very marked decrease initially tailing off to a value
considerably lower than in the control run. During the following 6 hour
forecast, the RMS divergence in the control run continues to fall slowly
where as the forecasts from assimilations .with éﬁhanced diffusion and
conventional divergence diffusion produce a steadily increasing RMS

divergence.

The fact that RMS divergence is reduced in experiment (4) suggests

that internal gravity waves are being damped. In figures 13, 14 and 15

the height of certain sigma surfaces at 45N OE are plotted as a function of

time during the assimilation period; The height of a sigma surface changes
in response to changes in surfacevpressure ana to changes in diverggnce

above éhe surface which may be‘caused bj internal gravity waves. Comparison
of the control runs between Figs 13-15 and Fig 7 shows that fluctuations

in height 6f the sigma surfaces are not exactly in phase with variations

in the surface pressure.at the same point, and therefore indicate the

presence of internal gravity wavese. The effect of the conventional divergence

|
diffusion is to control the oscillations in heights by the end of the 2
assimilation period (see Fig 15) thus reducing internal gravity wave activity.

. . |

(ii) Fit to data of assimilation

~A measure.of the fit of the assimilation to the observed data is
given by RMS values of the difference between observed and assimilated
values at observation points. The global RMS statistics for each
experiment and each variable are given in Tab}e 1. Enhanced diffusion gives
an improved fit to data over the contrdl run, but the use of conventional

divergence diffusion gives a better fit and in particular, an improvement

. ~-1h- : : 5



of 0.6 knot in the‘RMS wind values is achieved. Table 2 (i) gives RMS
errors for each variable for a mid-lat itude band in the northern hemisphere
.and between pressure levels 350 mb and 156 mb.. This region 'of the model
atmosphere should include the main jet streams. It can be seen that

the lowest RMS wind values.are attained by experiment 4.

Despite noticeable differences in RMS errors between the three runs,
large differences do not appear on charts in most areas. As an illustration
of this the MSLP and 250 mb wind charts'fgom experiments (1) and (4) are
shown in Figs 16, 17, 18, 19. The centres of certain features taken from
the hand analysed chart at the corresponding time are marked or the MSLP
charts, and areas of winds with strengths overl60 knots and certain spot
values are shown. Conventional divergence diffusion does not appear to
reduce the strengfh of fhe jets in this case, but in fact appears to produce
a slightly better correspondence with the hand analysed charts, particularly
over the eastern part of the USA. The biggest difference between the ﬁwo runs
can be seen in the tropical éSO mb wind charts, shown in Figs 20-25.

Observed winds at the same level are shown in Fig 26 for comparison. The
result of conventional divergence diffusion is to produce a considerably
smoother wind field throughout the tropical region. In particular an area
of spurious, strong winds blowing off the south-west coast of Celebes evident
in the control run is eliminated in the run with conventional divergence
diffusion. Additional evidence of the increased smoothing can 5e seen by
.comparing areas in the Arabian sea and over eastefn and central Africa.

: The improved fit to the observations suggésted in Table 2 is confirmed
in the equatorial region by comparison of the observed to model winds in

Figures 21 to 26, and by the RMS errors given in Table 2 (ii)-.

(iii) Fit to date of 24 hour forecast

The main aim of making improvements to the assimilation is to produce

improvements in the subsequent forecasts. Global RMS errors for a 24 hour

. . -15-
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forecast for three of the experiments is given in Table 3.

The best fit to data is once aéain achieved by the run with conventional

divergence diffusion with the most marked improvement occurring in the

wind field. Table 4 gives‘the RMS errors for a mid-latitude band.

7. DISCUSSION .

There are reasons why it is to be expected that increasing the amount
of smoothing or damping in the operational assimilation will improve the fit
to observations as measured by RMS differences at observation points. If
gravity waves persist throughout the assimilation period then small scale
spatial variations or '"roughnesses'" may appear in the final fieids resulting
in a poor agreement between assimilatéd values and observations. This is
illustrated in Fig 27,:wheré {t is plotted at a number of adjacent grid points
at latitude 60°N. Values from the three runs are plotted as well as the profile
from the optimum interpolation, which is taken as a reflection of the observed
data. It can be seen that the lafge horizontal shear in W occuring in tﬁe
control run is smoothed out by both the increased diffusion and divergence
damping giving a better fit to the OI profile.

When data is inserted into thé model imbalances may be set up as a result
of observations differing from the modelhfield significagtly or as a result
of noise in the observations themselves. These imbalances are reduced through mutual
adjustment of mass: and wind to a state consistent with tle observafions and by
the generation of gravity waves. As was illustrated b& Fig 1, gravity waves
may repreéent an adjustwent away from the observations. Control of them by
divergence damping should therefore improve the fit to data. This‘hypothesis
is supported by the global RMS values, which decrease in the run with divergence
damping. The problem seems likely to be more acute when mass'data is to be
assimilated in-theftrcpics where the coupling between mass and wind fields is

small. Suppose, for éxample, that the assimilation is required to raise pressure

O



at the centre of a high, then the outflow subsequently produced will be
prevgnted to 6hly a small extent by the Coriolis force. This mechanism
may also account for roughnesses in the tropical wind field, since winds
produced as a result of outflows or inflows in areas where mass data is
inserted méy be inconsistent with those observed in nearby areas. Hence
éontrol of divergence should produce smoother wind fields in the %ropics,
as is shown by Figures 20-25.

8. SIDE EFFECTS

The undesirable consequences of conventgdnal divergence diffusion as
repofted by Dey (1978) in the NMC model were anomalous'flog patterns in the
vicinity of mountains and reduced precipitation in the forecasf. None of the
runs perfo;med were observed to produce spurious flow patternsin the vicinity
of mountains, even though particular care was taken to éheck the main mountain
masses such as the Himalyas, Andes and Rockies. 3

Time series of values of global mean dynamic and convective rainfall.'
produced during the assimilation are plotted in Figs 28 and 29. Results
from experiments (1) and (4) are shown. The dynamic accumulati;ns are reduced
significantly by divergence damping (by reducing vertical motions) whereas
convective totals have been reduced to a lesser extent. Despite this reduction
in rainfall totals, subsequent forecasts have not showed unrealisti; overall
rainfall reductions. ‘

Neither forms of divergence damping appear to have had any effect on the

development of meteorologically significént features: There has been no

observed systematic filling of lows, declining of highs or reducing or increasing

of jet strengths occurring in experiment (4) compared with (1).

The effects on rainfall and flow patterns of conventional divergence
diffusion seem to be cpnsiderably less than those reported by Dey. This may
in part be explained since Dey ﬁses /P=l0grﬁ%?4whilst the value used here is

0.5 x 107 m25-1.




Q. SUMMARY AND CONCLUSIONS !

Experiments have been run with the operational assimilation model to
see the effects of increasing non-linear diffusion, increasing the amount of
integrated divergence damping, and using conventional divergence diffusion
in which the dive%gencc at a particular level is damped directly. Increasing
the intografed divergence damping has little effect on the ;ssimilation,
whereas the other two methods both have some faVOurablelimpact. The greatest
benefits are obtained by using conventional divergence diffusion which has the

following effects:-

0

bt .
(i) Improves the fit of the assimilation to the observed data.

(3i) Reduces "noise'" in the assimilation.

(iii) Improves significantly the smoothness and fit to data of the

tropical wind fields.

(iv) Improves the fit data of the subséquent 2k hour forecast.
Undesirable side effects of the method were not found to be significant in these

~

runsSe.
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FIGURES

Figure 1

Figure 3 3

Fi gure b
Figure 5

Ei re 6

Generation of gravity wave by insertion of data

Horizontal lines represent pressure surfaces.

(1) A te@perature observation which is colder than the
model temperature fielé is marked by the cross.

(ii) Insertion of the daﬁg results in the bending of the
pressure surfaces in order to decrease thicknesses.

(iii) A horizontal pressure gradient exists now at P.

In the absence of damping effects or the modification of other
variables outflow from the region will be broduced in the
next timestep of the integration. This will cause a raising
of heights at points like R and R . A repetition of

vthis process will result in the propagation of a wave-like
perturbation in the height field. )

Schematic time series of during first 6 hours of forecast

}q? represents a good observation. The mean value of the

oscillation of the model px is consistent with fy , but

e T i el 3
after six hours a difference ( h+"hf ) exists. If this

difference is sufficiently large, kf may be spuriously
flagged by the Mode 1 check. |

Full update § = 9.81 ms”2,§= 10"’5”1, H=>5 };m,

N = 0.37 x 10725 :

o B /u,="0;5 x 106 mzs

7 m25-1

=% £ J= 0.5 x A W

R
> p

Wind update only. Parameters and labelling as Fig 3.

Vo5 10 2
Height update only. Parameters and labelling as Fig 3.
Regions of §téble values for M taking A& = %008,

C = 311 ms-1, >3 gridlength at SON.

=20~



igure 7

Figure 9

Figure 10
Figure 11
F;gure =

Figure 1%

Figure 14

“Figgre 15

Figure 16

Figure 67

Figure 18

Time series of surface pressure at 45N OF during
assimilation. A control B enhanced diffusion

C conventional divergence diffusion D enhanced integrated
divérgcnée damping E no divergence damping.

Time series of surface pressure during first 6 hours of
forecast at 45N OE. A,B,C as Fig 7.

Time series of global RMS pressure tendency during
assimilation. A,B,C as.Fig. 7. |

Time series of global RMS pressure tendency during first
six hours of forecast.. A, B, C as Fig. 7. ‘

Times series of global RMS divergence during assimilation.
A,B,C as Fig. 7.

Time seriés of global RMS divergence during first six hours
of forecast. A,B,C as Fig. 7.

Time series of geopotential height during assimilation of
sigma level 3 (A2 0.935).

A control B copventional divergence diffusion.

Time series of geopoteﬁtial height during assimilation

of sigma level 5 (A 0.790). A, B as Fig.-13.

Time series of geopotential height during assimiiation

of sigma level 9 (<~ 0.%90). A, B as Fig. 13. |

MSLP chart from control run. Values and positions of
certain features taken from the hand analysed chart are shown.
Assimilation field.

As Fig. 16 but from run with conventional divergence
diffusion.

250 mb wind field from control run produced by assimilation.
Some areas of winds bver 60 knots from the model marked by

solid lines. Areas taken from the hand analysed marked

by dashed lines. Spot values at numbered positions.

Lag



Figure 19

Observed Model

1 120 140
2 145 | 155
3 ot 105
L 80 70
5 70 75 ‘ .

As Fig 18 but from run with conventional divergence

diffusion. Spot values.

Observed © “Model
1 120 130
- 145 135
3 115 105
b 80 70
5 70 70

250 mb wind field from 4SN-45S from control run. Africa
and South America. From assimilation. -

As Fig. 20 but using conventional divergence diffusion.
As Fig. 20:bu£ covering Asia and Australia.

As Fig. 22 but using conventional divergence diffusion.
As Fig. 20 but covering the Pacific.

As Fig. 24 but using conventional divergence diffusion.

Figure 26(i),(ii),(iii) 250 mb wind observations.

Figure 27

Figure 28
Figure 29

Figure 20

Zonal wind component at 6ON, 13W-OW produced by assimilation.
A control B enhanced diffusion.C conventional divergence
diffusion D Optimum interpolation.

Global. mean dynamic rain accumulation dgriné assimilation.

A control B conventional divergence diffusion.

Global meén convec&ive rain accumulation during assimilation.
A,B as Fig. 28. -

Arakawa 'B' grid as used in the assimilation model.
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TABLE 1 GLOBAL RMS ERRORS OF ASSIMILATION

' VARIABLE = 90 "4 ™~ -
RUN : (mb) ("K) (Knots) (Kg/Kg x 107 7)
CONTROL 1.361 2,505 2,176 0.739%7
ENHANCED
DIFFUSION 1.325 2.159 6.7%2 0.7853
CONVENTIONAL 5
DIVERGENCE DIFFUSION 12288 2,101 | 6.h84 0.2837




TABLE 2 ' , RMS ERRORS

60N~30N
PRESSURE : | v - ’
BAND . (Knots) (Ke/¥gx10™7)
350 _4_‘4, 1.400 1.296 | 5.798 0.4169
CONTROL 3504 b 4 156 1.400 2.7 11,14 0.0%250
b 156 | 1,400 . 3,005 6.328 0.02110 |
ENHANCED 350 £ p 1.350 1,274 5547 0.4038
S 3504 p £ 156 1.350 2.649 | 10.24 ~ 0.03196
|><156 1.350 2.960 6.0%2 0.02099
350 £ b 1.340 1.252 5.417 0.3%979
CONVENTIONAL
DIVERGENCE | 350 p £ 56 1.340 2.616 9.946 0.03248
DIFFUSION ‘ :
pL156 1.240 2.779 6.128 0.02085




TABLE 2

RMS ERRORS
(ii) 30N-30S "~
PRESSURE b e v N
BAND (mb) (°K) (knots) | (Kg/Kgx10™)
350 £ p 1,311 1.94% 5,268 0.5498
CONTROL 350 £ p£ 156 | 1.311 2.556 9.087 0.05624
p¢156 1.311 3.133 6.861 0.007314
: _
CONVENTIONAL 350 £ p 1,215 | 1.877 4,390 ' 0.5584
DIVERGENCE
DIFFUSION 3504 p£ 156 | 1,215 | 2.465 8.294 0.04769
>
f t’<156 1215 2.959 6.470 0.007717




DIFFUSION

TABLE. % GLOBAL RMS ERRORS OF 24 HOUR FORECAST:
VARIABLE - e v N
FORECAST (mb) (°k) (Knots) (Kg/Kgx1o"3)
FROM )
CONTROL 2.556 3.602 .| 15.57 . 1.042
ENHANCED
DIFFUSION 2.513 3.575 15.17 1,015
CONVENTIONAL )
DIVERGENCE 2.512 3.508 14,96 1.0k




TABLE 4 RMS ERRORS OF 24 HOUR FORECAST
60N-20N
PRESSURE f’* g v =
BAND (mb) °x) (Knots) (Kg/xgx1o'3)
350 £ {7 2.578 2. Lol 12.09 0.92760
CONTROL %50 4(;4 156 | 2.578 _l+. 309 21.23% 0.05269
b<156 2.578 5.852 15.06 | 0.04%70
350 £ p 2.510 2.3%95 11.68 0.9045
ENHANCED 350<p £ 156 | 2.510 4,215 20;29 0.05350
DIFFUSTON
},< 156 2.510 6.013% 14.03% 0.0446%
CONVENTIONAL 350 4;> 2.497 2.372 11.67 0.8949 .
DIVERGENCE -
DIFFUSION 350<p< 156 | 2.497 L, 20k 19.98 0.05182
p<156 2.497 5.876 13.81 0.04419




| |

APPENDIX

Stablity Analysis

The stability analysis may be performed on a linearised version of the
primitive equations with the diQergcncc diffusion terms included. As shown
by Tcmpertén and Williamson (1979), the equationsbmay be decoupled into
N independent sets (N is the number of model levels). Since the éivergenCe
damping terms are added to the L and ¥V~ momentum equations only, and are
calculated from values of and V° at one lgvel only, their pfesence does
not affect the decoupling. The sets of equations obtained by this process

are of the form:

/TR e VO | e — o Dy

ol A v B | Pl

g€ | cx??-i(/l’ I\ ok

MW JFup +a b —p D —p

ot + Fup + ‘t.(‘\"f A 975 o (a1)

c>kk 4B ~JN~ij>h —~0

=), ...,N

where WUp, Vp etc are coefficienté of the n-th vertical mode,
FE:§;+Q;§3f? wiihip is e constant, and the other symbols have their
usual. me;:ing. The system is similar to the shallow water equations bﬁt
with an e%tra terms for divergence diffusion. It can be noted in passing
that the equations (A1) can be used to damp selected vertical modes.

A stability analysis may now be performed on the above system. For

convenience the system is re-written in Cartesian co-ordinates:

PTG = has 00
T Vv T(}% o ®)
Do e, sl .
b The L 'g\‘If"’O' (42)
Ok s o o

T A+HD =0

vhere H represents a mean depth.



Centred space differencing and forward time differencing are the finite
difference approximations used to solve (A2). To avoid a slight-instability,

treatment of the Coriolis term'is made implicit. Hence using the notation:

Sef = [ $lud) =3 ledic) I/
%8 = [ Jgn) ~B GBI
SeF = [ §(tsa) —3@)] (AL,

L.

a0

$ =4 [ % {5 J\/y.) . %(_—;c—i/f)} |
FI= L0 B(dp) s BCAn)]

where fE is any variable, Doz 1-\3 e O’J\' , then (A2) may be re-written:
S — L FLve) +ulersTyg Sk w523 =0
v Ah FLu@® dultasn)] 44 3R - /[3?576:0

=9 7
S(:’L, "”H D — 0 (43)

These finite difference approximations are consistent with the staggering of the
'B' grid, as shown in Fig 30. The following substitutions are made :
5 .
Uv Lo
L g
55 e
s
X 0

Taking Uos Vo lw to be constants, and assuming F;Eg , then the following

L (Rt 1A)

system results:

()\~l + e of) st o { A gk L _A;A;(/\JrDAe}vo
+23ALL) sihd cotd ho =0 '
[% §0Dbe + ﬁfgm@ﬁdl‘u o 4 Ml udt ol pentd 1V
; dz 2 2
+2486L\ wk} ;‘,.,Lil L, =0
Lel_.&w;% m%a, +?LHAem%lw% BB T b an

t pTe A : . . ) LSRN 2
bk s S R (e ; ! ) < E

(A4)




The condition for non-trivial solutions of the system (Al) is that the determinant
of the matrix of coefficients should be zero. This condition results in the

equation:

A-N[ Q-1 /LO\“'OZQN’«QHgHAL) HghAe™d 45720 (k) ],
where p—~ .’J (M"LJ co;go,(]k 4, Ces™* ,(L /{M/Vﬁk)

Then A=| (neutrally stable solution) or
O 4 1) hant (uigHag) + gHaeh -}{%e”()—volﬁﬁ
Re-arranging this and putting C\ =5 e —
A7 ( [4+5,°A W) + 2/\(2 Py A S, AL 42 H/_\I:/w ~l>
4 (45,7 st —Yphbe=0 |
The solution for A is then:

A= [I- §2 AL —20ae (g Hae) ] (45,2069
N J;' 2
ot g[QF)A(;(/Mj HAE) + §(’l/.\t"~ﬂ e Q+§,’LAH)( [+ 4"&_:’* Lf/if?l\{;b) (,@7&/-

Suppose

Bansgugiad) 45786 "¢ (45047 )(his e a0 -
H\,efb .

A = - HubAt (|

AL ity M7 B

which gives a stable svlution. The inequality (A5) may be written:

[Pt Guyghad— JL Aae Gughae) 3C,"At] 4 /wﬂAt:(HflAt)

(A6)



Since /L,ﬁ?xo then

Pac(uighae) — I][HA\:(/A@J HAE) %&"At'j

.

Since the right hand operand is non-negative, the following condition for

stable solutions results:

AUN (/‘”j HA(;)

A sufficient condition for all wavenumbers is given by:

A A (/‘Hj HAE}

where F§p&x is the maximum value of A for the range of wavenumbers perﬁitted

on the 'B' grid. The above inequality yeilds:

/

pe L —-3)—\1&& =_1 —c*AL i (A7)
 DahE Bl -
where ¢ is the phase speed of a gravity wave on a non~rotating earth.

Upper and lower bounds on A may be obtained from the following identity:

A= # (sz% cA"%— +C¢41’%/‘;‘—1%)




for stability the phase spsed of the fastest moving wave (the external

gravity wave) is used in (A8). The equivalent depth of the external
mode. in the current operational.model is taken to be 9.8846 Km (Temperton, private
communication) and using this the phase speed for the external mode on a

non-rotating earth is approximately 311 e e




