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1« Scales of motion in the atmosvhere

It is conventional to classify atmospheric phenomena according
to their characteristic scales and, for convenience, the spectrum
is usually divided into five parts:- planetsry scale, synoptic scale,

mesoscale and microscale (Fig.1)
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For many years numerical models nave teen used with consideranle
success for predicting the behavious of pnerncmena in the planezary
and synoptic scales, while the importan: mecran:sms Tor Zeat, mCl3t.ire
and momentum transfer on the small and microscales have been reoresented
in these models by parameterisation schemes.

The mesoscale region has, until recent years, been somewhat neslected
by numerical mocdellers, For the most par:, studies of this region of
wavenumber space have been made using simplified analytic models or
numerical integrations of idealised situationsa Only in the vazt feov
years has work started on the problem of real data simulations. Further-
more, there is still only a sketchy understanding of the ways in which
the mesoscale controls or interacts with larger and smaller scales. The
problem of parameterisation has been tacitly ignored by modellers who put
their faith in diffusion schemes with coefficients determined by rather
tenuous arguments concerning the maintenance of the energy spectrur,
Practical forecasters, however, have always been concerned with the

mesoscale, since it is primarily on this scale that forecasts are reguired,
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The increasing interest in mesoscale dynamics stems from two
sources, the numerical modeller who requires better parameterisation
schemes and the forecaster who wishes to predict the local weather,
A further aspect of interest, which may receive greater attention in
the future, is that of local climatology and its dependence on man's
industrial and agricultural activities, \

It is instructive to put the classification shown in Fig. 1 on
& rmore theoretical footing, We can show, using simplified sets of
equations, that the different regions of the spectrum are dynamically
distinct, Let us consider the following eguation describing the dynamics

of small amplitude perturbations of a hydrostatic incompressible atmosphere.
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In these equations U is a basic wind in the x direction,
(u', v, w') are the components of the perturbed wind in the (x,v,z)
directions, P'is proportional to the perturbed pressure, &,is the
potential temperature of the basiec atmosphere and Eiﬁis the perturbation

potential temperature. Since we are not concerned with planetary scales
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are possible provided that the following dispersion relationship
exists between the frequency & , the two horizontal wave numbers

(k,1) and the vertical wave number m

(oo wo)[(o-teoy™= § 100 N (k) [ X ] (6

-1
where N is the Brunt Vdissala frequency defined by 512: | s d:/d2

This equation has three solutions, one corresponding to simple
advection (this would have taken the form of a dispersion relation
for the conventional Rossby wave if we had allowed f to vary) and the
other two corresponding to inertial gravity waves., Rearranging (5)

gives an expression for the vertical wavenumber m

wmt o= . N (k% 2")
(e-k0)t ~ [+

Clearly the vertical phase velocity &/m and group velocity d¢/Bm are
only non zero if m is real (when m is imaginary the waves propagate
only horizontally and the vertical structure is exponential in Z rathe:
than sinusoidal), which implies that the freguency relative to the 7low
(¢ ~-kU ) must be greater than f (i.e. the waves must have pericds lsss
than 27T /-F 2 15 hours in mid latitudes)s Waves staticnary
relative to the ground (such as steady state lee waves set up as a
result of airflow over a mountain) actually *ravel upstream relative <o
the air with a horizental phase speed of - U , Hence W= 0 and we
deduce that these waves alsc have a vertical component of propagation
unless their horizontal wavelength is greater than 277 v /’F .
For U = 10m/sec and f = 10 sec"1 this corresponds to about 60Ckm.
This discussion can be generalised to include non-hydrostatic

vertical accelerations in the system of equations. Equation ( 3 ) is

“then replaced by
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and the dispersion relationship ( & ) becomes

(w—kb)[(wvé(t))lm g;zm“’—dr Nzﬁk%&ﬂl}E/{’(kl%ﬁl&Mk}] (5

Then, for a stationary wave system { &= O ), the vertical wavenumber m

is given by
- <k'L+R’l>(N2‘” Uliflji/< l{iUL‘» {1:}

which indicates that, for a vertical compounent of provagation to be
possible, the horizontal wavelength must not only be less than Viah kj/g
but also be greater than 27) Lff/ﬁf - Por U = ﬁOz’ns@@?m’3 and
N = ‘?ansecm1 this second limiting scale corresponds to about 6km.
The range of scales 6 = 60Ckm, in which a vertical component of
propagation arises for waves which are stationary with respect to the
ground, corresponds closely to the interval in the spectrum which we
identify on observational grounds as the meso-scale, While the precise
values of the limits of this spectral band obviously depend on the ore-
vailing atmospheric conditions, the analysis sirongly suggests tnat the
mesoscale is characterised by a general iransmission of informaticn
about disturbances to the flow at the earth's surface into the main
body of the atmospheres The theory presented here is. of course,
highly idealised and does not imply that upward propagation of gravitr
wave energy is impossible outside this region of the spectrum (it mav

arise, for example, in unsteady flow over 2 mountain range), nor even

that mesoscale gravity wave activity is more intense than at other scales,

but it does lend some support to the idea that the neglect of the
influence of the mesoscale on larger scales in numerical weather pre-
diction models may be a serious defect.

When compressibility is included into the system, the continuity

equation { 4 ) takes the form
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where g is the density of the basic atmos phere and @ ig the per-
turbation density (related to 6" and P by the equation of sta tel.
There is then some modification to the gravity waves (principally dus to
the term wtjfo/ §2 )9 but the most marked alteration to the wave 416«

o NS
i

porsion equation is the introduction of an additional set of waves with

S
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much higher frequencies:- acoustic waves. As with gravify waves,
acoustic waves are subject to conditions which govern whether they
propagate internally along rays inclined to the horizontal or purely
horizontally. A special kind of horizontally propagating wave iz the
Lamb wave which is subject to the constraint 2 (w ev)/ga%:o(h'hich
jeaves { 9 ) as essentially a two dimensional equation) and whose
frequency is given by wt=ktet 4+ ;:z s where ¢ is the speed of
sound,

It is well known to synoptic scale modellers that high frequency
acoustic waves do not arise in a hydrostatic compressible system, tut
the lamb wave remains (in a hydrostatic model it is often referred to
as the external gravity wave). Much fuller discussions of atmospheric
waves is given in the literature (e.g. Eckart (£940)), but the essentials

of the above discussion are given in Fige. 2e

Hydrostatic Hydrostatic
Incompressible Compressible

Non-hydrostatic Non=hydrostatic
Incompressible Compressible

7 [/

Fig. 2.

Schematic frequency diagrams for different approximations
A=acoustic, L=zlamb, Gxgravity wave regionse



2. Analytic modelling

A rigorous analytic study of mesoscale phenomena is very
difficult and has only been successful for a limited number of
simplified cases. However, a general discussion of the kind of
dynamics controlling the development of certain features is often
instructive in indicating their character even though it may not be
universely applicable, In this section we consider a number of such
examples,
a) Frontogenesis.

Hoskins (1971) pointed out the importance of ageostrophic advection
in rapid frontogenesis in the presence of a deformation field. He

distinguished between the gquasi-geostrophic equations

%}{5 +Y3avyj‘9‘§§<“‘§ + V¢ =0
ot

yﬁﬁ‘: ig&\?gf)
f

and the semi-geostrovhic equations

N

2% ., v. Vv, «+fkxy + V¢=9
ok
{in the quasi-gzeostrovhic equations only advection by the geostropnic
wind is considered).

The different dynamical character of these egquations can be
illustrated bty the correspeonding gradient wind equations for steady
flow along curved trajectories of radius r. The full equations give zhe

gradient wind equation

while for the guasi-geostrophic and semi-geostrophic equations we have

T
i{j b g ~ = gz \/‘E
> , N

s fv o= fv
¥
respectively. Introducing the two Rossby numbers ﬁ\ = 2 qv//ggﬁf

and gﬁzzx%!/g¢ . the three equations become
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R = -] + (hz,eﬂ)
R: Qj(,"‘ejll)

(& = Qﬁ/(‘*ﬂ3/27

The relationship between R and Rg is illustrated in Fig. 3, and wve
can see the improvement in accuracy of the semi-geostrophic over the

quasi-geostrophic system (the latter is particularly inaccurate

for RS >1 )

&

Fig. 3

In considering frontal development, we iragine a pre-existing veak
concentration of temperature gradient embedded in a large scale de-

formation field given by W= — , V= Xb (see Fig.l)
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Fig. L.

¥inds in the y directicn (i.e. along the incivient from) are

regarded as being gzeostroohic while in the xz direction ageostrophic

winds can occure.
A fluid element will be deformed in both the x and y directicns.

Concentrating on the x axis the length L of the element will become

L + &L after a time €4, where SLS@D’LS{

=

g

i ' t+ §E

y L{1-%) St

i B/ were constant in time this would lead to an exponential decay

L= L‘, %% 5o that L would shrink to zero after an infinite time.
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Since potential temperature is conserved, the horizontal temperature

gradient is increased by an amount -

g(’%;f) - 35?{5&

Because winds in the y direction are regarded as being in geostrophic

balance, the thermal wind equation implies a change in bv:, /8 i

f(2vs) - 2° 5 ¥y 4t
. a{ Bx 5 ea

From the equations of motion, DV:,/]H; = —-‘wa (where u, is the

ageostrophic wind in the x direction), but the mean momentum of the

atmosphere of depth H is unaffected (in the absence of friction) so

that

—_ W
De\D2 H o e T

32 (3/!5) ~ - ,2’ ‘D_X5 = Xt
at ground level, Thus an ageostrorhic wind is generated in the
positive x direction with a magnitude proportiocnal to ;he initial
temperature sradiernt. Because the initial value of the horizontal
temperature/ﬁgzcgeﬂgximum at the origin and decays to zero at 2 = oo ,
bu‘*/;})( < O  1.e. the secondary flow strengthens the basic de=
formation. The fluid element length thus decays faster than A"y&:
and Hoskins (1971) showed that a discontinuity is formed in a finite time,
If the quasi-geostrophic equations were used an ageostrophic component
u, would still arise but there would be no feedback irto the advecticon
and the discontiruity would take an irnfinite time to form.
b) Ses Breezes.

Simpson (195%) has compared mesoscale flows,such as sea breezes

and thunderstorm outflcws)with gravity currents incduced in latoratory
water tanks. Consider a steady current of fluid with a density 64‘136
Aand depth J flowing into a deeper fluid of depth E and density E>
(Fige5). Since relatively small scales are involved we neglect the

effect of the earth's rotation.
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Fig. 5.

Using a coordinate system moving relative to the denser fluid,
the mean pressures across AD and 3C must be enqual in the absence of
friction, If the density and vertical pressure gradients are relazad

hydrostatically

2 ?A + €3<§ = 72 ?é + (pv»Ap) 3Q
Using Bernoulli's theorem

1

] 2 - 1 *
2 C Yy o+ Tp = 2 e+ ?g
and the continuity equation

vl o= uy(B-d)

and eliminating F;; ~and Ej@ we obtain an expression for U\,

(the speed of propagation of the denser fluid current into a

7



stationary lighter fluid)

¢ 24-d

Alternatively we can consider the momentum budget of the

entire region XYCD, Evidently

?,[I(M‘Jz - fFJz] = 0

PR

for steady frictionless flow, Using Bernouilli's theorem and the

continuity equation gives

u)l = 3éf (H—O')L
' b

This is diffevent to ( f© ). Benjamin (1968) pointed out that

wt = g 2 (H-9) - Qe)

this discrepancy implies that steady flow can only arise if dissizaticn

is present. Simpson et al {1977) recalculated an expression for u

~t

. A < .
assuming that stresses <, and ﬂfb att at the top and.bottom of the

denser fluid cver a distance L at the head of the gravity current,

then obtained

v = 3é’ﬁ—?}(’t‘+7 H) (h-d)
21-d

By substituting values measured during an actual sea breeze near th

south coast of England on the 14th June 1973 they concluded that th

drag at the top of the denser fluid was about five times as large as

(¢4

@

They

the drag at the surface. This is confirmed qualitatively by laboratory

experiments which show an appreciable amount of mixing at the head of

the gravity current, and by glider pilots who have reported strong tur-

bulence in this regiqn even after general convection has ceased. (Fig.6)



—-2G

s fom -3

Time intervals
one quorler segond

- . - .. Flow pattern inside a laboratory gravity current head, showing successive positions of a dye
patch inserted in the dense fuid moving towards the head.

(Simpson, Mansfield and Milford (1977))

Fig. 6

¢) Convective storm§,

Greer and Moncrieff (1972) and more recently Moncrieff (1978)
discussed the dynamics of a steady state convective storm in sheared flow,
They considered two dimensional over turning of the sort illustrated in

Figs. 7a and 7be

Fig.7a Fig. 7b.

The structure in Fig.7a is consistent with the case study eof Browning
and Ludlam (1962) and permits rain formed in the updraft to evaporate
in the downdraft. The analytic description of these systems is based

on the horizontal components of the vorticity equation

D [ 9= :;Bw>_$_§3/@;
5l 50 - 5)" 2.5, = © i)

where the incompressibility assumption has been made (this is not
essential but the neglect of compressibility simplifies the present

discussion).
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If l}) is a stream function defined by 4= 9‘1’/3} and w20 %[ 35
we can transform from (X,2> to (lV,i) coordinates and consider the
’ Lagrangian form of equation (1} ). Assuming that the inflow parameters
are given and also that the rate at which the potential temperature
of an air parcel changes along a trajectory is known, (including the
effect of latent heat release) the equation can be reduced to a
conservative form, For the simplest case where values of these
input parémeters are constant, the vorticity equation may be integrated

along a trajectory to give

VY = 1+ R(2-2.0/(3, - 22)

where R is the ratio of the convective available potential energy to the
change in kinetic energy along a streamline, 2p(tf> is the inflow height
and 2§tis the steering level, " When R is positive potential erergy is
converted in to kinetic energy, but when R is negative the storm acquires
energy from the mean flow.

Solution of this equation, with suitable boundary conditions imnlying
continuity of pressure across the interface between the up and downirzft,
leads to a determiration of conditions on the outflow, the height of the sizar-

ing level and the nature of the interface tetween the up ana cesnan. ...

Several points of interest arise, Firstly solutions only exist
for - :_7 <R < ) . Negative values of R correspond to a struciure
similar to Fig.7a (with the updraft lyinz above the downdraft) while fcr
positive values the orientation of the interface is reversed as in 7lz.7%.
(a structure that is avpparently not observed in the atmosphere and does nct
permit evaporation of rain in the downdraft). Since a negative value of k
implies forced convection, a storm with structure shown in Fig.7a can
only be transient. We are thus lead to the conclusion that steadr con-
vective storms must have a three dimensional structure for the thermodynawizr
of the condensation and evaporation to fit consistently with the dynamical
constraintse.

'The above dynamical description is non hydrostatic. If the

hydrostatic assumption is made the maximum vertical velocities are

related approximately to those in the non hydrostatic model by

I, | |
W( l’\vz)foS)‘q"-rc) =~ i—: "/l) W (V\Oh - LJJyas}q)wg)
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Thus larger vertical wlocities are produced in a hydrostatic model
(about 40O% larger for R=-# and 1%% for R=1). This feature of greater
instability of hydrostatic models can also be deduced from equations
( E; } and ( g } which neglecting the Coriolis parameter become
otz Nl(k”'fi)/f”‘1 for a hydrostatic atmosphere and a;:{VVk‘4F>/O(311‘M‘
for a.non~hydrostatic model. If the lapse rate is unstable (f01V< o )

then perturbation grows like exp ( o € ) where
0‘1;: IN?'I (!;(l+ /Qz]/ml {(hydrostatic)
o= jﬁiz) (L<14,31>)[k1%214mf> (non-hydrostatic)

Clearly «5:m(hydrostatic) i>~52(nonehydrostatic) and we deduce an
important characteristic of hydrostatic models, namely that they are
more sensitive to convective instability than non=hydrostatic models,
d) Mountain blocking. l -

W¥hen an airflow interacts with orography, it may flow over the
mountain, sround it or a combination of both. If the mountain barrier
is sufficiently long)blocking of the airstream may arise, in which case
the blocked air can be diverted substanﬁially from its original course,

.
even to the extent of being forced to return upstream thereby causing
modifications to the flow far upstream., (Fie.3). Such behaviour =ar oe
one way in which a relatively narrow mountain range might substantially
affect the synoptic scale {low.

We can estimate whether btlocking is likely to arise by exariairg

the energy of the air approaching the mountain (Eliassen 1973)

A
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Assuming a steady state flow of the form shown in Fig.8 we
examine the energy of the air flowing through point A along the
lowest stream line to successfully cross the barrier, Using
Bernoulli's theorem in a form applicable to steady adiabatic flow

1
2 .
The condition for the flow to cross the mountain top is Va? ;3 o
Then

£ 3
VA +3)\ +CF’T/’ = év; +3H+cr’TB

3Vh > q(H-n) + < (Tg- Ta)
Since Oy = g4 '

we must have
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and also TB - 6/3, (5’9 >X
[T
where K= ﬂ/cf, . | &
¥
Ivg 2 9(p-n) - o B(A)/((_'_f’_(_’_d) _ (f_{_ﬁ))”j
A 293 1o o

H
= < [(zﬁi)_y* _ (P(H)>k 40 )2

)opo / (s> J?

n
= G HTM S 1) éﬂ'ﬂjwl(z))?
9 L e(n)

We may therefore determine if an air parcel at a given level
has sufficient kinetic energy to get over the mountain, by calculating
a function of the thermodynamic properties of the column of air above
it,
e) Gravity waves.

Some of the effects of making the hydrostatic aprroximation can
be examined by considering the behaviour of gravity waves. Using a
coordinate system moving with the mean flow and ignoring the effect
of the earth's rotation)the frequencies of two dimensional gravity

waves in a hydrostatic and non hydrostatic atmosphere may be written

Hydrostatic Non-hydrostatic
1 by T,
W Nk ot MK

mt ) <k1'+ M‘l)



-33-

]

where k is the horizontal wavenumber and me is the vertical wavenumber.

The direction of the phase velocity is at right angles to the phase

lines, i.e. in the direction of the vector (k,m), and its amplitude is
w/(v%m“)’“- . Thus
e = ?‘% w“« (K, m) =3 (kl (k “)
The group velocity Cq has x and z components(@u/\ , BQ?%rHJ
&= (4 '”l) TR TR
| ) w ™ - (k1+~m‘)”‘<K b7
¥e deduce that €.¢ = O in both hydrostatic and non-hydrostatic
atmospheres, i.e. the phase and group velocities are at right anples to
one anothers
In the case of a stationary gravity wave train set off by a flow of
speed U over a mountain, the horizontél phase speed ao/£< is eaual to
=U and the horizontal group velocity relative to a fixed co-ordinate systiem
is given by
g = %E'_.z.ff

W‘E
Since the energy of a rroup of waves moves with the group velocitv, we

[ o]

3 =

see that in a hydrostatic model the wave energy stays in the vicinity of
the mountain, but spreads downstream in a non-nydrostatic model.

It may be shown that 1f there is a downward flux of wave morrnt.=
(corresponding to a wave drag force imposed on the air by the wc.-.- .~
there must also be an upward flux of wave energy., We can easilv :-= ~..:

this implies an upstream slope of the onase lines (Fig.9).

W RO w0

4

~D.

Fig. 9
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The air in the ascending portion of the wave is moving more slowly

than in the descending part. Hence w'w' £ O . Furthermore
from Bernoulli's theorem there is a positive pressure anomaly in the
ascending part and a negative pressure anomaly in the descending region.
The air below a given stream line exerts a force in the upstream
direction on the air above and therefore does work on it as it streams
through the stationary wave pattern. From the expressions for the
phase 5nd‘group velocity we see that an upward group velocity corresponds
to a downward phase velocity,

If there is a level at which the wind speed drops to zero, the
wave energy of a group of graﬁity waves is trapped below it, Without
going into the mathematical details we can see when how and why this
happens by considering the geometry of a stationary wave train, As the
system moves up into a region of decreasing U the wavenumbers satisfy the

following conditions locally

U = _'\,)- U: N )

m (w"«om")

In both the hydrostatic and the non hydrostatic cases the verti:zal

wavenumber increases with decreasing U if the horizortal wave number
independent of height. Also, in both cases, the/gggﬁéciélocity tends to
zero as V-2 0 A rigorous mathematical treatment (Booker & Brether:icn "e
shows that the wave energy flux has a discontinuity, at the level U = O,
Since m-3 >0 ac U e>c,the closeness of the ghase lines near the criti-al
level ( m D> 0 ) suggests a recion of turbulence, though some
theoretical results indicate that the wave energy is transferred to :ine
mean flow at this level, Evidently the above argument indicates :hat
the behaviour of waves at critical levels can be described satisfactorily
by bofh hydrostatic and non hydrostatic models.

Another form of wave trapping arises when the wind increases or the
static stabiditv decreases with height. The vertical wavenumber =

satisfies the following relationship for a stationary wave train.

m= f, m = (23_ ki)’,l



The parameter ﬁ% - hh/[) is often referred to as the 'Scorer parameter’
If we imagine a two layer atmosphere with the upper layer having a

g allervalue of ﬁg than the lower layer)then it may happen that, for a
-given horizontal wave number k, the vertical wavenumber is imaginary in
the upper layer and real in the lower layer, In such a case the wave
is reflected at the interface and energy becomes trapped in the lower
layer. This phenomenon gives rise to lee waves (see Scorer 1949). It
is evident that such trapped waves are only possible if the atmosphere
is assumed to be non-hydrostatice, since in a hydrostatic model the
vertical wavenumber is real for any value of ﬂs o

1) Characteristic features of mesoscale flow.

From the above discussion we may infer some general characteristics
of mesoscale systemss. These must be borne in mind when designing numerizal
models for predicting local weather

Spontaneous generation of discontinuities

Strong internal mixing layers

Strong interaction between 'physics® and 'dynamies?

Three dimensionality

Hydrosirtic atmospheres more unstable than non-hvdrostatic atmospherss
Interaction between mountains and synoontic scales

Wave drag and upward energy flux

Turbulence near critical levels

Trapped les waves.
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3, Initial data for mesoscale models

For forecasts of many mesoscale features for a short time ahead
(0-6 hours) the most useful information will normally be supplied by a
knowledge of present development, but this is not always readily available,
Some aspects of the evolving situation can be deduced from movies of
sequences of pictures obtained from Meteosat and from radar networks, but
this type of information is limited to cloud and rainfall. Other inforratior
is supplied by hourly surface observations, aircraft winds, and pilot and
radiosonde ascents at less frequent intervals, Even if pood initial
analyses were available their influence would be limited by diurnal modifica-
tion of the atmospheric boundary layer and by snyoptic development, For
example with a synoptic scale advective speed of 1Oms_1. an air barcel
would move across Britain in about 14 hours and consequently by 24 hours
most of the observational information may be lost out of the down wind
boundary of a limited area model., The corollary of this statement is
that 2k hour mesoscale forecasts must be obtained from large scale ard
surface forcing alone. The extent to which this is possible is a matter
for experiment, btut the traditidnal practice of experienced forecasters
implicitly assumes that is is feasible.

Orpanised mesoscale activity embedded in the synoptie scale flow (such
as frontal rain bands) is unlikely to be quantitatively predictable unless
it is detected in the initial datae. However, there is some evidence that
frontal precipitation cells are fairly long lived, and if their development
time is short and the large scale parameters governing their growtn are
adequately represented, it may be possible for a numerical model to predict
the character of the rainbelt but not the phase of the rainfall concentraticnze

The problem of assimilating data into synontic scale numerical models
has been studied extensively., It has been recornised that if an isclated
observation, which is inconsistent with the model forecast, is inserted
it will give rise to gravity waves which rapidly disperse and dilute the
j1formation contained in the observation so that the forecast contirnuszs
almost unaffected. Since in the atmosphere the wind and mass fielis are
in approximate geostrophic balance, observations which fail to satisfy this
balance will initiate a geostrophic adjustment process. Theorv sugrests
that on scales greater than 27 L /4 2600 Km at mid latitudes
(U = wind speed f = Coriolis parameter) the wind speed adjusts to the
mass field, while on smaller scales the mass field adjusts to the wind
field, The adjustment time is of the order.'njg (i.e. 6 = 12 hours

for mid latitudes). This means that on large scales the inserticn of



pressure information is likely to have the most lasting effect while at
low latitudes and on small scales the most influential observations to
assimilate are the wind data.

This behaviour cannot be extrapolated to the mesoscale. The problenm
of mesoscale data assimilation is not primarily one of geostrophie adjust=
ment and there is very little information or understanding at present of
what processes and what adjustment times are involved. Different mesoscale
phenomena probably respond in different ways and are sensitive to different
physical parameters, An unpublished experiment, performed in the U.K.

Fet. Office, illustrates the problem as it affects sea breezes. A non=
hydrostatic mesoscale model was started at an initisl data time of 0LO0Z
end integrated to 1200Z for a day (14/6/73) on which good sea breezes were
observed. Several intepgrations were then performed starting at 12002
{when the sea breeze was well developed) with certain mesoscale meteorolopical
fields replaced by values interpolated from a synoptic sczale modelo

The same surface forcing scheme was used for all integrations. ne idea
behind the experiment was that fields taken from the mesoscale model were
to be reparded as analyses deduced from a dense mesoscale observational
network while those interpolated from the synoptic model were background
values for wnich no observations were availsble, The different =ets of

initial data that were used are given in Table 1.

I
Experiment Data taken from Data taken fror !
mesoscale model 10=1evel mocel
1 Nil Winds and temperatures

at all levels

2 Winds at all levels Temperatures at all
levels.
bid vy -4 . Iy o5 i’
3 Temneratures at all Winds at all levels E
levels :
, %
!
L Temperatures at Temneratures at all |
Jowest level only levels except lowest
level and convective
instability eliminated.
Winds at all levels.
Control ¥Winds and tempera-
tures at all Nil
levels

TAFLE 1
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Comparing with the control experiment,the cases fell into two
categories, Experiments 1 and 2 developed sea breezes which were about
2 hours behind those in the control in both intensity and position.
Experiments 3 and 4 were almost identical to the control. This suggests
that for sea breezes the winds adjust to the mass field (in complete
contrast to geostrophic adjustment) and that the only relevant data
required for sea breeze forecasts are details of the surface air
temperatufes (evidentiy the development of an elaborate wind analysis
scheme is unnecessary for sea breeze forecasts). Clearly many additional
experiments of this kind must te made before the sensitivity of forecasts
to initial observations is understood,.

The observations considered below should all be considered for use in
a small scale 4 dimensional data assimilation scheme,

(i) Hourly surface and current weather observations

These can be subdivided into
(a) observations of temperature, humidity, pressure, pressure tendency
and winds,
(b) observations of weather, visibility, cloud type and cloud base,
(i) (a) At present, this is the only source of reliable observaticns of
the primary dynamical variables with a complete areal coverage. The Zact
that the observations are limited to the surface is a major deficienzv,
but if a sparse network of upper air observations ((ii), {vi)) can be used
to provide the vertical detail, the surface observations might crevide
the horizontal detail reguired for a full three dimensional analysiz.
Since a poor analysis of the dyramical variables will produce a rapii
degradation in the quality of the other fields (vertical velocity, humiditw.
and cloud), most effort should be put into the observations and analysis
of wind, temperature and pressure, The best use of surface observations
’of these variatles is the most urrent problem in mescscale and srall
scale analysis,

14

i}

(i) {b). These observaticns are similar in ty;e to satellite ard

radar iv) ohservatiors in that thev rive aualitative inform=tion that is
not easy to irterpret in terms of the medel fields. Orservatiorns &7
cloud type and btase could bte intefpretpd in terms of boundary layer
structure and might be extremely useful, but the accuracy of cloud base
estimates would have to be proved. A further use of these data would be
to categorise air mass types and, by analysing boundaries between types,
use this information to improve the horizontal extrapolation of data

provided at a limited number of sites e.g. radio sondes (ii).
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(ii) PRadio sondes

The 12 hour interval between ascents and the spacing of radio
sonde stations are designed to meet synoptic needs. Nevertheless, at
present they give the only direct measurements of vertical structure and
will be invaluable. Their use is well tried and the only major work
required is to discover the extent to which the information they provide
can be extrapolated in the horizontal, as described under (i} (a)

(iii) Pilot Balloons

For certain typés of phenomena the wind field is likely to hecome
increasingly importsnt as the scale decreases, If this is the case, it
will be important to obtain frequent direct and high density measurcments
of horizontal wind velocity. This might be provided by pilot balloon
ascents, and if more frequent ascents were available (say 3 hourly), they
would help resolve the diurnal variations of the boundary layer. High
level observations are not required, so th@ balloons used need to reach en
altitude of onlvy about Lkm,

{iv} Satellite observation

Satellite observaticns, particularly Meteosat, could be used to
provide guldance for human intervention in the analysis, but any inter-
vention in frequent mesoscale analysis is not likely to be as effective or

practical as the present intervention in the operatiocnal synoptic procedures,

s d

Observations of cloud type and cloud top height could vrovide uselu
information absut the boundary layer structure and as in (i) (%), ahocu=

air mass typee. Displacement velocities may be a source of information

these latitudes as GOES winds in the tropics.

{v) Radar observations

Radar observations are of rainfall only and are limited by the range
of the radar. Possibilities exist for interpreting rainfall obserwvazisns
in terms of ascent, and estimates of vartical velosi=w would be wro7ul
and imrortant if they were relia
known reasonably accurately. If either of these conditions is not
satisfied the dArnnricnl develontent of the model fore st will ool e
alter the initial vertical motion field. Arain, radar can be us=ed o
provide displacemert velocities and the usefulness of these shcil? be
investigated. Winds derived by radar and by satellite might be combined
and calibrated with conventionally determined winds to give additional
information at a distance from sonde ascents. Empirically'derived
quantities (vorticity, divergence, deformation) might alsc be obtained

from cloud and rainfall fields and subsequently used to modify wind fieldse
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(vi) ADSEL and ASDAR

Modern navigation systems have enabled the latest range of

commercial aircraft to install automatic wind and temperature measuring
devices. At present these quantities are recorded every 4 seconds

but plans are being worked out to automatically access this information
by satellite and by radar (ADSEL and ASDAR). These data may be divided
into those obtained during cruising, and those obtained during ascent

and descent, Jet aircraft do not cruise at heights less than 5km, so
the first group are probably of limited use for surface weather fore-
casting, However, the data obtained during landing and take-off will be
useful provided that manoeuvering and temperature lags do not degrade

the observations too greatly.

(vii) Climatolorical observations

These could be used to study the spatial autocorrelations and
provide a means for interpolating between synoptic observations. This
information should irprove the usefulness of observations for analyses,
and provide corrections trnat car bte applied to grid point forecasts before
applying these to particular locaticns,

The observations discussed above fall into two categoriesa
A) Direct observations of primary variables (i{a), (ii), (iii), (vi) and
B) Observations, usually novel, of other variatles (i) (b), (iv) (v)
For the most part, the observations in (B) must be interpreted, using rather
tenuous arguments, in terms of fields that deviate rapidly from their
initial values when the wind and temperature fields are in error. Eefore
expending great effort in the use of novel argurents and observations,
it is importart to understand the processes and fields that control the
dynamics of small scale systems, and thus to understand what observations
are reguired for the production of a reliable forecast. In the interim
it seess most likely that a tetter use of the surface ctservations (i) (a)
and icpreoved coverare of pilot balloon sscents will give the best results,

4, Hydrostatic Models

A large runter of rcszoscale phencmena are adeguately described by
hydrostatic dynamics,. In these cases advantape can be taken of the
greater simplicity and fawmiliarity of hydrostatic models, which may sirply
be fine mesh versions of synoptic scale models. The majority of attempts
at forecasting on small scales have used hydrostatic schemes
(Anthes (1978 ), Pielke (1973) and several others), This section
contains three contrasting examples. The first illustrates the effect
of reducing the resolution in a limited area fine mesh model for a

prediction of frontal rain. The second demonstrates the possitilities
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of using a sub grid scale diagnostic model for predicting orographic
rainfall, while the third shows that even some extreme conditions
involving airflow over mountains are capable of being predicted by
hydrostatic dynamics, '

a) The effects of increased resolution on frontal rainfall forecasts.

Fine mesh limited area models have been used for some time for regional
forecasts (for example Burridge and Gadd 1976). Realistic frontal rain
belts are formed after an initial adjustment period (6 - 12 hours),
despite the absence of detail in the initial data, although rainfall
amounts are usually under forecast. The results of Hoskins (1972)

(see Section 2a) suggest that the critical parameters for frontogenesis
are associated with the relationship of the deformation field and the
large scale temperature gradient,

Since the ecssence of a front is a discontinuity, it might be
expected that an improved forecast would result if the resolution were
reduced, However, it is not clear how great the improvement would be and
whether it justifies the increased cost of doing the forecasts

A recent experiment performed by Bell (1978) was designed to test the
influences of horizontal and vertical resclution on the development of
fronts. The model used was a limited are ¢~ coordinate model which had
boundary conditions supplied by a larger scale forecasting model,

The fine mesh model contained rainfall processes, convective ad ustment
and surface heat and momentum transfers. The finite difference sonome wasz
similar to the split explicit scheme of Gadd (1978).  The equations were
split into an advective part and gravity wave adjustment part, wifs the
adjustment part interrated over four short && time step for each time
ste;)ZEi: of the advective part.

Three versions of the model were tested (Table 2)

todel Number of levels level separation Gria |
lenerth i
A 9 0s1 | 100km l
B 18 0,05 10Ck~
c Q9 ' Ca1 50km
TABLE 2
The results are illustrated in Figs. 10 and 11 °

They show that the effect on the pressure forecast of increasing the
horizontal resolution is negligible, but the forecast with a 50km mesh

has appreciably more rainfall than was obtained using 100km., The three

main areas of precipitation are forecast to be 320,6mm, 18.%mm, and 10, nm



Fige10 12 hour surface pressure forecasts with (a) 100km grid length and
(b) 50km grid length (Bell 1978)



(b)
Fige11 12 hour forecasts of accumulated rainfall with (a) 100km grid length and
(b} SOkm grid length (Bell 1978)



over 12 hours while 100km éﬁfg-gave 2)~6mm, 12.2mm and 14.3mm: - an
increase of some L%, The results confirm those of other investigations
(Miyakoda and Rosati (1977), Shuman (1978), Phillips (1978))e It is also
interesting to note the additional detail in the 50km forecast, One proble
which may arise if the grid length is reduced too much is that over-vigoriou
convective cells may arise because of the sensitivity of hydrostatic models.,
Phillips has reported that in this case hydrostatic models may forecast
spuriously large amounts of raine.
b) Orographic rainfall

It ié well known that the observed accumulations of rainfall are closely
related to the local orography. Current operational limited area fine mesn
models (see Burridge and Gadd 1977) do not succeed in predicting sufficient
orographic enhancement of the rain belts. One suggestion is that the air-
flow over the hills produces low level cloud. Pre-cxisting frontal rain
produced from medium level cloud then falls through the low level cloud,

and is enhanced by coalescence with the low level cloud droplets. (see Fig.":

Pre-cexisting seeder cloud | T

~ \ ‘ S N N

\ seeder rain N\ \\
\ . Pﬂ N
. N\
Moist N

$fc rain
wpwind of hill

sfc rain at
Nifl crest

Conceptual model illustrating the ororranhlc enhancement of rain
(After Bergeron 1965).
Fig. 12,

If this is the case more detailed cloud physics is required than is
present in most forecasting models, Bell (1978) has described a =ub=
gridscale model, containineg sufficient physics to represent this vrccess,
and he has used it to attemot to forecast the local rainfall in Vales,

The model makes use of :rorratvhy on a *}km grid to predict local
vertical velecities as a function of horizontal winds interpolated from a
larger scale synontic model with a grid lencth of 10Ckms  The wvertical
velocity & :9?/?(; is given by

4 T (JL Ry L)T

where ﬁc is the vertical velocity as given from the synoptic scale model,
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L.BT :-’F(f} Y‘l‘g Yg'i

where YLvis the large scale wind interpolated ontoc the fine mesh and
H is the difference between the fine scale orographic height and the )

large scale orography. F is assumed to decrease linearly from qne at

the surface to zero at 500mb, The rate of rainfall formed is given by
’g’}::._gg k. w(ars/afjgég

where r is the saturated mixing ratio A2 is the thickness of the layer,
ky takes the va1u¢ one for saturated ascent and zero otherwise, and kz
depends on the length of time that the ascending air has been saturated.
Precipitation falling into the next layer is enhanced by acecretion of

> where P2 is
calculated from & formula used by Eador and Roach {1977}, The model

cloud water to give at total rainfall rate P = P1¢P

also includes schemes for representing evaporation and vrecipitation drift.
Bell used this techknique in the form of a diagnostic local forecasting
model, although arother way it could be used is as a means of parsceterising
local rainfall in larpe scale models, Fig, 13 shows a plot of forecast
error against checerved rainfall and indicates that the underforecasting of
the synoptic scale model for large rainfall rates has been corrected,
Fig, 14 shows the observed rainfall and the local rainfall produced by
Bell's model one one day in the test period. Tre amounts and positions

of the maximum rainfall intensities have been well predicted.

+100 [-— + 100 -
|
i
50 Ef“ +20% oo oMt
| B
= | E
o (S e . ! 0
: S o
G’!i \\\;%.\7\ Rg (mm) Qf ;
& o
=50 - =501~
-10C - —100 -
{(a} 10-level model {b} Orographic modal
. .« «—PLOT OF (FORECAST RAINFALL MINUS ODSERVED RAINFALL) AGAINST
(OBSERVED RAINTA LI.) FOR TW( WELK PERIOD
o 7 {n) compares results rom 10-level mode! with observed rainfall. b o
F?Lg@ 13 {b) compares results from orographic model with observed rainfali, Bell {1 778)

@ hilly areas X jowland arcas
The siraight lnes show the bounds for forecast errors of 20 7 and 509 respeetively,
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- - -RAINFALL ESTIMATED FROM RAIN-GAUGES FOR 14 OCTOBER 1976

Horizoatal hatching indicates rainfail between 25 and 50 mm, vertical hatching rainfall
between 50 and 75 mm, and cross-hatching rainfall in 2xcess of 75 mm.

(Bell 1978)

Wao data

. . T —RAINFALL FORECAST BY OROGRAPHIC MODEL ON 14 OctoBER 1976

Horizontal hatching indicates rainfall between 25 and 50 mm, vertical hatching rainfall
between 50 and 75 mm, and cross-hatching rainfall in excess of 75 mm.

(Bel1 1978)
Fig. 14
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¢) Severe downslope winds and critical level absorption.

In a recent paper Klemp and Lilly (1978) have discussed the use of
& two dimensional hydrostatic model to predict air flow over the Rockies
on two occasions (11/1/72 and 17/2/70) with quite different flow
characteristics, On the first of these days exceptionally strong surface
winds were reported to the lee of the mountains with pusts up to 55msde
Thé second occasion did not have particularly strong surface winds, but
there was a large amplitude wave near the tropopause with associated
repions of severe turbulence,

The model equations used @ as a vertical coordinate and were integrated
until a steady state was reached. Several preliminary integrations were
performed in order to test different methods of specifying non relective
upper boundary conditions which permitted wave energy to be radiated
upwards, They found that if an artificial upper viscous layer were used,
great care had to be exercised in ensuring that the value of the viscosity
increased slowly with height to avoid reflections. For most of the
integrations as many as 20 levels were reouired in this boundary zone to
achieve accentable results,

The eguations were integrated using centred second order accurate

i

difference schemes and the viscosity was set to zero in the ‘real’ part

of the integration dorszin. 4 scheme to provide mixing when thé

Richardson number dropped below # was also used, The case studies used
initial and upwind data derived from a single radiocsonde, Both cases

were, to a large degree, well predicted. Strone surface winds in excess 7
SOmswq were produced in the down slope wind storm case {11/1/72)(see Fig.15)
while in the second situation the large amplitude wave near the tropcpause
gave rise to a rersion where the horizonte' wind dropped to zerc suggesting
the existernce of a critical layer (Fig. 16 ). As test of the mocdel's
arility to cops with critical layer zbsorption, an intersration using a

wind profile linecarly decressing with heirht was perfermred, It was found

that the Richardson rumber turbulence scheme was important in order {o

elimirate small vertiosl szaléé renr the eritical layer tut that rart:
reflections caused by inadeguate resolution in the vertical as the vertical
wave nurmber tended to zero at the critical level made the momentum flux
predictions unreliable, . -

5. Hon hvdrostatic models

The full non-hvdrostatic ecuations support the exisience of high
frequency acoustic waves ac well as gravity and Rossby waves. For reasons
of stability, rumerical models with explicit integration schemes use a

time step which shorter than the shortest period wave canable of being
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represented by the system, When vertically propagating sound waves
are present this imposes severe computational penalties. Several ways
have been devised in order to circumvent the problem. These techniques
are based either on introducing some approximations into the equations or
on using special numerical techniques,
a) The quasi-hydrostatic approximation -

A model to predict the evolution of convective storms was developed
by Miller and Pearce (1974). They used the complete ecuations, except

that an approximation was introduced into the vertical equation of motion

th + 9 + 2 ELE = O | ( 12
Pt ¢ o2

by rewriting it in the form
' -1
DL,_L()+,L11“ ;;;.L(;_.J_fbw
YK g ot 375 5
e .
an approximation which is valid for 5" P /Dt L )
Tre hydrostatic pressure may then be introduced as the vertical

coordinate insteadé of z to give

B e - vE L3 LR (13)
af ™
{: >,.J¢>___" +{
OV 4w Dy + uf + 2% - Fy (14)
ot 2p 33
9% L V. Tw 4w @ (2 ’ 2 3L ,
2t N /;‘97’<('5)*/57 "—‘ +3 fs 5‘;9 = © (15)
2 L, D Lo _o (16)
o 23 o
8 L 9 (4E) 42 48) 4 2 LB) - Q (7
2t on oy D
)
and £3|

where (’S is the density of the standard atrosphere, L
deviations of the heirht and potential termmerature from their standard
~values, and L}’—‘aw‘ LY vi) .

In many ways this technique is the hydrostatic aralogue of the
method of deriving the guasi-geostrophic equations. The pressure is
assumed to be hydrostatic everywhere except in tlhe vertical eguation of
motion. In solving equations (1% ) - ( 17 ), the continuity

eouation is satisfied by solving

?E </ahf -+ 2iy + t%ﬁ9:> = O
’ ot \ o~ oy op
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This leads to a 2nd order partial differential equation for the height

2.9 LI 2 2 by -
ezt e g2 Z) s POy
Py 2y r\ e/

Miller has shown that the approximation eliminates sound waves, but
retains both the Lamb wave and the non-hydrostatic behaviour of gravity
waves.
b) Split partially implicit finite difference scheme

In a recent paper khlemp (1978) has described a method of integrating
the full non-hydrostatic compressible eguations using a special finite

difference schene,. Writing the equations in the form

Al R
i@@ ég?ﬁ%z wia;f?_ K 4+, 0 ¥ = F
PE Y o,
where §j- (i.?gﬁf@ A& prognostic eguation for ??m is obtained by writing
s -
¥ %*{r _ E {Ej}zi‘:f i é {\ﬂ/‘f/? >£/’§(kf’
é;% ot AP - ot Ps 7
and eliminating ®f and 92 by using the continuity equation
>t ot
F%‘f o
R) R fg*@{ v o= O
Br
and the thermodynemic eguation
Ve - @
this gives D B
ey e P 8 p . 5 -
Pir . < VPY)_ Ew V.y = SO
Pt rere p ¢ 8"

where ¢ is the speed of sound.
The technique of solving the equations by finite differences is
to separaste thoseterms which are invodved in sound wave propagation onto

the lefi handside of the souation leaving other terms on the right hand

side,
o
20 L, ¢, & oy - ;, (18
ERe Sow
Y o, 6, 20 = f, (€19
:é) & I 3
R ~ —
oY s, O 2 2§ ( 2e
2t o ’
. LS . - n, ~
@7 . < [ow L, ovYy, < Zfr B )= g 21
L S T T s S e
¢ T, O\ o™ ayj o (8, 7t
Since a centred time step is uvsed, we require to step from
t-At to £+ A In order to maintain stability for sound waves

thic is accompliched by performing the operation in n short time steps

of lenrth fz%&/n » The right hand sides do not invelve sound wave
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pro;;agation.and are kept constant at their values at time level t.

N
-4
7Y
—*’
o
-—D
[2)
\\4

t-At t t+0¢t

Since the vertical grid length is much smaller than the horizontal
prid lenpth the stability of this procedure requires a times step pro-
portioned to A’l/c e« In order to increase this)Klemp uses an implicit

finite difference screme in the vertical, The stability critericn

is then Ot L "A’/Jr{c

¢) Semi Imﬁlicit scheme

Tapp and White (1976) developed & semi-implicit scheme.  Their
basic organisation is similar to thz% of Klemp (1978) except that the
left hand sides of equations ( 18 ) = ( 21 ) are all represented

implicitly with a finite difference scheme of the form

w(t+48) - « (t- 08¢ + <8 [BEQ-*A&) + E’-T(f-[ﬂ)] = §
2 At 2 92t P .

The equation for 1) then takes the form (after eliminating variables

other than 77-)

— — 1
’31'\7 + E__L”_) -+ ){ E/ - _a. - I'ﬁ = F
EY N 2y* 2" ¢t Dr crpd

The stability of this scheme does not depend on the speed of sound,

but the time step must satisfy a condition of the form

At £ e (I/N 5 Ao./.ﬁu , O2/w )
where N is the Brunt Vaissala frequency, U is wind speed and W is the

vertical velocity. The larger time sieps which carn be used comrared to



the split partially implicit scheme are offset by additional computation
involved in solving a three dimensional partial differential eguation.

Each of these three schemes has been used successfully in a number of
experimental simulations. The guasi hydrestatic equations have been used
for cumulonimbus simulations by Miller and Pearce {1974} and Miller (1978},
The partially implicit scheme has been used for the simulation of the
splitting of convective storms by Klemp and Wilhelmson (1978) while the seri
implicit technique has been used for forecasts of actual sea breezes, and
for simulations of cumulus and lee wave dvnamics {Carpenter, 1978), It is
too early to say if one of the schemes has some particular advantare over

the otherse.
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