ADJUSTMENT IN NUMERICAL WEATHER PREDICTION MODELS IN THE TROPICS
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1. INTRODUCTION

The analysis-forecasting system at ECMWF is a highly integrated scheme. Analyses
are performed four times daily 00z, 06z, 122 and 182. A six hour forecast is
made from each of these analyses to provide a 'first guess' for the subsequent
analysis. Thus the analysis may be thought of as, in some sense, continuous.

In addition, a ten day forecast is run from the 122 analysis, each day.

An analysis is many things to many people and it is important to question the role
of the analysis in an analysis-forecasting system. For observational studies it
is clear that an analysis should represent as accurately as possible the actual
structure of the atmosphere; it is not so clear that this is true, or even
desirable, if the analysis is to be used as an initial data set from which a
forecast is to be made. . As an example, if the analysis is influenced by processes
that the numerical model is unable (through inadequate physics, perhaps) to
describe, the ﬁodel will attempt to interpret these aspects of the analysis in
terms of its own physics, which implies that the model's physical forcing will be
wrong. Any imbalance remaining will excite spurious high frequency inertia-
gravity oscillations which may have large amplitude. In order to minimise the
effect of these oscillations on the forecast, a non-linear normal mode initial-
isation is employed to zero the time tendency of these modes. Unfortunately,
until very recently - this initialisation was adiabatic, thus in the tropics,
where diabatic forcing is dominant, the divergence field was considerably
weakened. If the model is to have the correct forcing for the processes it is
able to describe, only these, and all these, processes must be represented in the
analysis. In addition, the mass/wind balance of this analysis must be
sufficiently good as to exclude spurious large amplitude inertia-gravity oscill-
ations. This is rather a strong statement and in practice it is obvious that it
is more important for certain processes than for others. The problem essentially
revolves around interpretation of cbservations. .As one would expect, the problem
is prominent in the tropics where the combination of relatively poor model physics,
poor interpretation of data and sparse data coverage can result-in large changes

to the first guess field which often produce unrealistic structures.

In Section 2 some examples of this adjustment in the tropics will be given for
March and April, 1981. These months have not been chosen for any a priori reason;
other months have been investigated and similar conclusions can be drawn.,

Section 3 describes some simple theoretical ideas related to this problem.
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2. SOME EXAMPLES OF ADJUSTMENT IN THE TROPICS

2.1 Changes in the divergent flow

Fig. 1 shows ensemble means of the March, 1981 velocity potential fields at

1000 mb for (a) the 122 uninitialised analyses, (b) the 122 initialised analyses,
(c¢) the 24 hour forecasts, and (d) the 240 hour forecasts. Over most of the
tropics the velocity potential field has been slightly weakened by the initial-
isation. The most noticeable difference occurs over the western Pacific,
Indonesian region where there has been a weakening of the divergent circuiation.
As the initialisation is only applied to the first five vertical modes, features
with a small vertical scale in the lower tropbsphere should be unaffected.

The velocity potential at 1000 and 850 mb is largely a product of Ekman pumping
in the PBL and therefore, due to the small vertical extent of the PBL, will be
largely unchanged by the initialisation. The larger'(vertical) scale convectively
driven features will be removed by the initialisation as the initjialisation pro-
cedure did not at this time include diabatic processes. Thus the changes in the
velocity potential field in the western Pacific, Indonesian region are most
likely due to failure of the injitialisation procedure to retain the observed
large-scale convective circulations. By 24 hours the divergent circulation has
increased slightly in intensity and, apart from one or two notable exceptions,

is very similaf to the uninitialised analysis. The divergent circulation in the
western Pacific, Indonesian region, removed by the initialisation, has returned
with almost its original magnitude, although the centre is slightly too far
eastward. The notable exceptions are the African and, to a lesser extent, South
American regions. In these regions the 24-hour forecast has substantially
increased low level convergence relative to both the initialised and uninitialised
analyses. 1In terms of the magnitude of the velocity potential the uninitialised

analysis has a 3x10“6 s_1 contour over central Africa, while the 24-hour forecast

has a 6x10-6 s_1 contour. After the first 24 hours of the forecast the velocity
potential in these regions decreases although even by 240 hours has a larger magni-
tude than the uninitialised analysis. The 240 hour forecast has some of the gross

features of the analysis but is lacking in some important details.

The éSO mb velocity potential fields are shown in Fig. 2. At this level the
initialisation has. again had little influence. The main differences occur in
the western Pacific, Indonesian region; other differences, such as a slackening
of gradients over Colombia, can also be seen but are quite small. The 24-hour'
forecast velocity potential is generally more intense than the uninitialised
analysis and dramatically so over the African region; this indicates very intense
convergence. By 240 hours the velocity potential field has gradients not much

larger than those of the uninitialised analysis.

The 200 mb fields are shown in Fig. 3. The initialised analysis has all the
features of the uninitialised'analysis but, as expected, is much weaker in the
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Fig. 1 1000 mb velocity potential fields of the ensemble mean March 1981 fields.
Contour interval 10'65'1. (a) 12Z uninitialised analysis. (b) 12Z initia-
lised analysis. (c) 24 hour forecast. (d) 240 hour forecast.
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Fig. 2 As Fig. 1 but for 850 mb.
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Fig. 3 As Fig. 1 but for 200 mb.

303




tropics. Again, the most significant difference between the 24-hour forecast and
the uninitialised analysis is the enormous intensification of the velocity
potential over the African region, corresponding at this level to intense diver-
gence. The intensity of gradients in the 240 hour forecast are closer to the
uninitialised analysis than earlier in the forecast but are badly located,
particularly over the Pacific.

2.2 Changes in the wind field during the initialisation and first
24 hours of the forecast

Although it is common practice to concentrate on the 200 mb level, the changes are
slightly larger at 150 mb, therefore, for clarity, the figures will concentrate on
this level. Fig. 4 shows the ensemble mean 12Z, uninitialised, analysed wind Ffield,
in the African region, for April, 1981 for (a) 150 mb and (b) 850 mb. At 150 mb
there are westerly jets north and south of the equator; the northern hemisphere jet
has wind speeds of up to 43 ms“1 and the southern hemisphere jet of up to 31 ms_l.
Nearer the equator the flow is generally westerly, but much weaker and with apprec-
iable northerly cross equatorial flow. At 850 mb the flow is generally easterly of

typically 6 to 8 ms_l; some southerly cross-equatorial flow is evident.

The effect of initialisation on the analysis is illustrated in Fig. 5, which shows
wind field of the ensemble mean 12Z uninitialised analysis minus the ensemble mean
127 initialised analysis for April, 1981, for (a) 150 mb and (b) 850 mb. Comparing
Fig. 5(a) and 5(b) it is clear that the initialisation changes are as large at

850 mb as they are at 150 mb, typically 2 or 3 ms—lo Although, as can be seen from
Figs. 6(a) and 6(b), the changes at 150 mb are almost entirely within the divergent
component while those at 850 mb are almost entirely within the rotational component.
This is not to imply that the initialisation changes the rotational component of
the flow, the initialisation changes the surface pressure which effectively moves
the 850 mb level for example to a different part of the flow, where the rota-
tional component may be different., The 150 mb changes correspond to a weakening

of the large scale divergent circulation over Africa, largely as a result of the
exclusion of diabatic forcing in the initialisation procedure. The 850 mb changes
are largely a result of surface pressure changes in the initialisation due to baro-
tropic mass/wind imbalances in the uninitialised analysis. From Figs. 4 and 5 it
is clear that the changes at 150 mb represent a much smaller fraction of the total
wind than do those at 850 mb which suggests that the cause of the mass/wind
imbalance in the uninitialised analysis is probably a relatively more serious

problem than the absence of diabatic forcing in the initialisation procedure.

Fig. 7 shows the mean error in the wind field at (a) 150 mb and (b) 850 mb given

by the monthly mean 24-hour forecast minus the monthly mean initialised analysis,

for April, 198l1. A very similar pattern can be seen in other months and in
individual forecasts. The wind field errors over the South American region also have

a similar pattern but are weaker. Broadly, this erroneous flow consists, at 850 mb,
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of westerlies off west Africa, easterlies off east Africa and cyclonic flow over
north and south Africa. The 150 mb flow is the reverse of this with easterlies off
west Africa, westerlies off east Africa and anti-cyclonic flow over north and south
Africa, There are errors in the mean 24 hour forecast of up to 11 ms_l at 150 mb
and up to 7 ms_1 at 850 mb. The associated velocity potential fields are shown in
Fig. 8(a) for 150 mb and Fig. 8(b) for 850 mb, these indicate large erroneous low

level convergence and upper level divergence.

It is interesting to project these changes onto the normal modes of the model.
Fig. 9 shows the contributibution to the error field at 150 mb of the first

five vertical modes, zonal wavenumbers up to 20 and meridional wavenumbers up

to 39 for (a) the Rossby modes (includes the mixed Rossby gravity mode) and

(b) the inertia-gravity modes. Fig. 10 shows the contributions of these modes
at 850 mb. Comparing Figs. 2 and 10 with Fig. 7 it is clear that these modes
account for most of the error field at 150 mb, but at 850 mb the higher vertical
modes make an appreciable contribution. Most of the large errors are accounted
for by the contributions of these modes with the Rossby modes contributing

slightly more than the gravity modes.

Fig. 11 shows the contribution to the error field at 150 mb of the first five
vertical modes, zonal wavenumbers up to 20 but only the gravest symmetric plus
the gravest asymmetric meridional modes for (a) the Rossby modes and (b) the
gravity modes. Comparing with Fig. 9 it is apparent that about 80% of the
gravity wave response occurs in these gravest meridional modes while the higher

meridional index Rossby modes make a substantial contribution.

The situation is similar at 850 mb (Fig. 12) where, again, the higher meridional
index Rossby modes are relatively more important than the higher meridional index

inertia-gravity modes.

On these scales the inertia-gravity modes are almost entirely divergent while

the Rossby modes are almost entirely rotationalp most of the changes in the
velocity potential are accounted for by the inertia-gravity modes. Fig. 13 shows
the velocity potential field associated with the inertia-gravity mode contrib-
utions to the error field, of the first five vertical modes, zonal wavenumbers

up to 20 and the gravest symmetric plus the gravest asymmetric modes, for (a)

150 mb and (b) 850 mb. Comparing with the total changes shown in Fig. 8 we see
that these modes account for just over half of the total changes. A further

25% or so is accounted for by the higher meridional index inertia-gravity modes,
the remainder is accounted for by higher vertical modes and contributions from

from the Rossby modes.
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Fig. 14 Ensemble mean 24 hour forecast minus the ensemble mean 12% initialised
analysis, for April 1981. The vector wind field at 150 mb composed of
the first five vertical modes and zonal wavenumbers up to 20.
(a) The gravest meridional asymmetric Rossby wave (the mixed Rossby-~
gravity wave), (b) The gravest meridional symmetric Rossby wave.
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symmetric inertia-gravity mode (the Kelvin mode). (b) The westward
propagating gravest meridional symmetric inertia-gravity mode.
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Fig. 14 shows the contributions to the 150 mb, 24 hour, error field of (a) the
gravest asymmetric Rossby wave (the mixed Rossby gravity wave), first five
vertical modes, zonal wavenumbers up to 20; and (b) the gravest symmetric Rossby
wave, first five vertical modes, zonél wavenumbers up to 20. These two modes

contribute about equally, 2 or 3 ms—1 each.

Fig. 15 shows the contributions to the 150 mb, 24 hours, error field of (a) the
eastward propagating gravest symmetric inertia-gravity mode (the Kelvin mode),
first five vertical modes, zonal wavenumbers up to 20; and (b) the westward
propagating gravest symmetric inertia-gravity mode, first five vertical modes,
zonal wavenumbers up to 20. Fig. 16 shows the velocity potential of these
contributions. The contribution of these two modes are similar, with that of
the Kelvin mode being slightly larger. The eastward and westward propagating

gravest asymmetric inertia-gravity mode contributions are very small.

Thus the 24-hour error field is dominated by contributions from four meridional
modes: the Kelvin mode; the westward propagating gravest symmetric inertia-
gravity mode; the mixed Rossby-gravity mode and the gravest symmetric Rossby mode.
All these modes having roughly the same amplitude, the Rossby modes being largely
rotational and the inertia-gravity modes being largely divergent. In addition

to these modes contributions are made by the higher index meridional modes (notably

Rossby modes) and, particularly at low levels, the higher vertical modes.

2,3 Changes in the wind field after the first 24 hours
of the forecast

Fig. 17 shows the wind field associated with the difference between the ensemble
mean 48 hour forecast and the ensemble mean 24 hour forecast for April 1981 for
(a) 150 mb and (b) 850 mb. The field has some similarity with the 24-00 hour
differences shown in Fig. 7 and the wind speeds are of similar magnitude. Of
particular interest is the velocity potential associated with the field, shown

in Fig. 18 for (a) 150 mb and (b) 850 mb. The changes in the velocity potential
in the 48-24 hour fields are about half the magnitude of the changes in the
24-00 hour fields but they are in the opposite sense, indicating changes in the
sense of low level divergence and upper level convergence, and there is a shift
westward of the pattern. Although the amplitude of the inertia-gravity wave
changes in the 48-24 hour period are about half of those during the 24-00 hour
period, the amplitude of the Rossby wave changes are about the same. After

48 hours the inertia-gravity modes change very little, however the Rossby modes

continue to change for, on average, 7 to 8 days into the forecast.

In terms of differences with respect to the initialised analysis the first

24 hours of the forecast is characterised by a rapid development of low level
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convergence and upper level divergence over the tropical continents, principally
Africa. This response thén appears to 'overshoot', turning to upper level con-
vergence during the second 24 hours of the forecast. Thereafter there is little
change in the gravity wave amplitudes during the forecasts. Thus the 'adjustment’
of the gravity waves takes, in the mean, one or two days. By contrast, the

'adjustment' of the Rossby waves takes, in the mean, 7 to 8 days.

3. SOME SIMPLE ANALYTICAL SOLUTIONS TO THE PROBLEM OF FORCED
EQUATORIAL LONG WAVES

3.1 BApplicability of the solutions

This section describes some simple time-dependent analytical solutions to the
problem of a sudden ‘'switch~on' of localised heating,'symmetric or asymmetric
about the equator. 1In the present context the sudden switch-on of localised
heating may be thought of as the start of a forecast from an initial data set
which has, by reason of poor model physics or poor intepretation of data, a

spurious local thermal source. The solutions described in this section would
then, if the forecasting model were linear, describe the error growth in the

forecasting model.

3.2 The model

As in Gill (1980), the aim is to study the response of the tropical atmosphere
to a given distribution of heating using as simple a model as possible. The
linearized shallow water equations on the B-plane are used in their non-
dimensional form. These equations and the implied approximations are discussed

in detail by Gill (1980). They have the form
du/3t - yv = -9p/3x , (2.1)
dv/3t + hyu = -3p/dy , (2.2)

(2.3)

3p/9t + Ju/3x + dv/3y = -Q

where x is the non dimensional distance eastwards
y is the non dimensional distance north from the equator
(u,v) is proportional to horizontal velocity and p is proportional to
the pressure perturbation. Q is proportional to the heating rate, the
signs being such that if Q is positive, the signs of u,v,p correspond to
those at the surface.

The length scale is the equatorial Rossby radius (c/ZB)% and the time scale is

(280)_li where ¢ = (gH)%. For an equivalent depth, H, of 400 m, the Rossby radius
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is about 10° latitude and the time scale is about one quarter of a day.

The vertical velocity is given by

w = 9p/dt + Q , - (2.4).

In order to simplify the problem still further the long wave approximation of
assuming that the eastward flow is in geostrophic balance with the north-south
pressure gradient will be made. As discussed in Hollingsworth and Simmons (1983),
this eliminates the gravity waves. The term will also have a small effect on

the long wave sclutions.

This study is concerned with the transient response to a sudden 'switch-on' of
heating at t=0 and the ensuing evolution of the flow towards steady state. 1In
order to have a steady state, dissipative processes must be included. The most
convenient form is "Rayleigh friction" and “"Newtonian cooling" which replaces
3/9t by 3/3t+e. For simplicity, as in Gill (1980), it is assumed that the E
for friction is the same as that for cooling. The equations then take the

form

du/at + geu - % yv = -3p/9x , (2.5)

L yu = -3p/dy (2.6)

3p/dt + ep + éu/ax + 3v/dy = - Q ' (2.7)
w = 3p/dt + €p + Q. | | (2.8)

3.3 Method of solution

{~-]
- -ct
Defining the Laplace transform of a function £ (t) as f(c) = J f(t)e dt
0
and taking the Laplace transforms of Egns. (2.5) to (2.8), we obtain

cu - ufo) + eu - 4yv = - 3p/dx , (3.1)

Lyu = - a§/ay ; (3.2)

cp - plo) + ep + 3u/dx + av/dy = - Q , | (3.3)
w=cp - plo) +ep + Q. (3.4)
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The unperturbed state consists of an atmosphere at rest with properties a

function of z only, therefore

u{o) = plo) =0 ' (3.5)
and (3.1) to (3.4) become
(c +e)u - 4yv = - 3p/dx (3.6)
Yyu-= - 3p/dy , ’ (3.7
(c +e)p + du/3x + 3v/dy = - Q . (3.8)
W = (c +e)p + Q. (3.9)

The method of solution of these transformed eguations closely follows Gill's

(1980) sclution of the steady state equations.

Introducing two new variables & and r to replace 5 and u,

S-5+3, (3.10)
r=p-u; (3.11)
The sum and difference of (3.8) and (3.6) yield
(cte)qg + 3g/9x + 3v/3dy - Ryv =- 0 , (3.12)
C+e)T - 35/3x + /3y + yv=-0 . (3__.\‘13)
Eqgn. (3.7 ) may be written as
3q/9y + 4yg + 9r/dy - Lyr = 0 . (3.14)

The free solutions of (3.12), (3.13) and (3.14) have the form of parabolic
cylinder functions Dn(y) (Abramowitz and Stegun (1965), Ch. 19) and solutions
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of the forced problem can be found by expanding the variables a,f,; and Q in

terms of these functions. For example

_ = (3.15)
a=] a,x oy .
n=o
These have the properties
. (3.16)
d Dn/dy + Ly D ='nD _, v
d D /dy - %y D, = - D, . ' L (3.17)

Substituting expressions of the form (3,15) into (3.i2), (3.13) and (3.14), and
using (3.16) and (3,17) gives

(c + E)qo + dqo/dx = - Qo
, (3.18)
(c+edq,, +dq /dx -V =-0 .+ 030
(c+er ,-d ,/a&x+ nV =-0 ., n2l1 , ©(3.19)
q =0
. (3.20)
X4 = (n+1)qn+1, nzl .

In the following sections, solutions will be found for two special cases where
the forcing has a particularly simple form. One is the case where the heating

Q is symmetric about the equator and of the form

0 , £ <0,
Q (x'y't) = (3-21)
F(x) D (y) = F(x) exp(-1y?) , t > 0.
which gives Q(x,y,c) = é F(x) exp(-}y?). (3.22) -

The second has heating asymmetric about the equator‘and of the form
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0 ‘ ,t<O,A

Q (x,y,t) = . {(3.23)
F(x) Dl(y) = F(x)y exp(~}y?), t > 0.
(3.24)

which gives g(x,y,¢) = = F{(x)y exp(-}yz)-

0l

As pointed out by Gill (1980), these forms have the advantage that the response

only involves parabolic cylinder functions up to order 3. These are given by

D07D11D21D3 = (11Y1Y2—11 y3—3y) exp(—}yz), . (3.25)

The forcing is assumed to be localised in the neighbourhood of x = 0 and to

have the form

cos (kx) . x| < 1,
F(x) = (3.26)
0 , x| o> L.
where k = w/2L and L is taken as 2. i (3.27)

This gives a heating region of latitudinal extent 2L, or about 40° latitude, which

is about the size of the convective region over Africa.

3.4 Symmetric forcing

The heating rate has the form of (3.21), the only non-zero coefficient én is QO
and is given by '
éo = 1/c F(x),
(4.1)
(a) The Kelvin wave part of the solution
There are two parts to the response to this form of forcing. The first part
involved ao only which satisfies (3.18) with n = 0. This solution represents the

Kelvin wave which progreéses eastwards. No information is carried westwards;

the solution is zero for x < -L and so the solution of (3.18) is given by

326



fl
(=]

((c+e)? + kz)c-;o , X <-L

]

((c+eX'2 + kz)ao - é { (c+€) cos kx f k(sin kx + exp{-(c+€)(X+L)})} ,Ix] <L § (4.2)

((c+e)2 + kz)c_;o - }g {1 + exp(-2(c+te)L)} exp{(cte)(L-x)} X > L

/

Using (3.10), (3.11), (3.18) and (3.9) we may obtain expressions for the trans-

formed variables u, 5, v and w.

uszp=y ao(x.c) exp (-1y?) ' (4.3)
v=20 ’ . (4.4)
V_W = 4{ (c+E)&o(x,c) + -é F(x) } exp (—}yz). . (4.5)

The time dependent solution is cbtained by taking the inverse Laplace transform
of Eqns. (4.3) to (4.5). Those who are not interested in the details of the

mathematical solution should skip to 3.4(b).

The inverse Laplace transform of ao(x,c), which may be found by convoluting

transforms of simple functions, is given by

(2 + kz)qo =0 ; X < -L.
(2 + kz)qo = - [ € cos kx + k sin kx - e—gt(e cos k(x-t) + k sin k(x-t))
+ (ke S TR (0 gin k(- (x4L)) + k cos k(t- (x+L)))} H(t- (x+L) )].
|x| <z,
(2 + kz)q° = ~ l_ {ke_E(x_L)- e-Et(e sin k{t-(x-L)) + % cos k(t-(x-L)))} H(t-(x~L))

+ (ke EFLI "B cin k(e-(x4L) ) + k cos k(t-(x+L)))} H(t—(x+L)i|,

x > L,

where 'H' is the Heaviside unit function. I (4.6)

In order to obtain an expression for w, it is necessary to find the inverse

Laplace transform of c&o(x,c). This may also be found by convoluting transforms

of simple functions. It is given by
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0

+ { £ke_s(x+L)—ke—Et(€ cos

. _ exp(-1y?) [ {exe € (x-D)_
2(e?+x?)

+ {eke_E(X+L)—

;s X <—L,
-1, - -et
L "{eq t=}-e "{cos kix-t) + sin k(t-(x+L)) H(t-(x+1)) } x| <@,
~e” {sin k(t- (x-L)) H(t-(x-L)) + sin k(t- (x+L)) H(t- Ge+L))}, x > L.
(4.7) . .
Using (4.6) -and (4.7) , the solution becomes
= 0 , X&-L
- 2 - )
= - E}-EPL}—Y——) [s: cos kx+ k sin kx ~e Et(s cos k(x-t) + k sin k{x-t))
2 (e2+k2)
u=p + {ke_s(x+L)—e—€t(s sin k(t-(x+L)) + k cos k(t—(x+L)))} H(t-(x+L) )] '
|xl <L,
—¥y2 e (oD} - .-
- - expliy?) [{ke € (L) "€ (¢ sin k(t- (x-1)) +k cos k (£~ (x-1))) }a (= (x-1)) }
2 (e2+k2) o , :
+ {1e™® L) _oTET (¢ Sin k(- (x+L))+k cos k(£ (x+1))) HI(t- (x+1)) )
X > L.
(4.8)
v = o] ’ (4.9)
0 , ¥ < -1,
%exp(—}yz) { cos kx - 1 [52 cos kx + ek sin kx - ke—Et(E sin k(x-t)
‘ (52+k2)

- k cos k(x-t))

k (t- (x+L)) - k sin k(t-(x+L)))H(t—(x+L))J}

x| <z,

ke_at(e cos k(t-(x-L)) - k sin k(t-(x-1)))}
H{t~(x~L))

ke—Et(sicos k(t&(x+L))J— k sin k(t—(x+Lf))}
H(t—(x+IJ)]
’ , X > L.
(4100
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As expected, the solution represented by (4.8) to (4.10) tends towards Gill's
(1980) steady state solution as t + «,

(b) The planetary wave part of the sclution

The second part of the forcing, which describes the mixed Rossby gravity wave,

is obtained by putting n=1 in (3.18), (3.20) and (3.19), which then give

v, = dqz/dx + (c+E)q2, v (4.%1)
?:O = 2 &2 ' . | (4.12)
(c+s)ro - dro/dg tv, = -Q° . ' (4.13)

Substitution of Eo and \71 in (4.13) from (4.11) and (4,12) yields

daz/dx - 3(c+e)<‘;2 = éo. . (4.14)

The solution of (4.14) is given by

((2§+1)2(¢+5)2+k2)an+1 - ]E‘ [1+ exp{2 (2n+1) (c+e)L} ]exp{ (2n+1) (c+e) (x+L) }, x <-L,

((2n+1)2(c+e)2+k2)&n+1 - é((2n+1) (c+e) cos kx =~ k[sinkx - exp{(2n+1) (ct+e) (x-L) 0.

[x|<z,
2 2,45 = x >L
(2n+1) " (ct+e) +k )qn_,_1 =0, '
with n = 1, (4.15)

Using (3.10), (3.11), (4.11), (4.12), (4.13), (3.9) and (3.25), we may obtain

expressions for the transformed variables u, p, v anéd w.

P ='q, (14y2)exp (-1y?) N
3= hq, (yo-dexpityd)
(4.16)
b .
v = {-:-: F(x) + 4(c+e)c—;2} y exp(-iyz).
w=4{AF(x) + (c+e)&2(1+y2') Yexp (~1y?) . /
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The time-dependent solution is obtained by taking the inverse Laplace transform

of (4.16). Those who are not interested in thé details of the mathematical
solution should skip to 3.4(c).

The inverse Laplace transform of &2 (x,c) is given by

22 2 -
ek q . = —t {ke'® (X+L)-e Et(ye sin{k (t/y+ (x+1)) Ik cos{k (t/y+(x+L))} 1}

CH(E/Y+ (X+1) )

+ {xe'® (x;L)—e_Et(Ye sin{k (t/y+ (x~L)) Mk cos{k(t/y+(x-L}) 1}
H(t/y+ (x-L) )] ’
for x < -L,
'.(-Yze?-+k7-)qn+1 = —E«e cos kx - k sin kx - e_Et'(YE cod{k(t/y+x)} - k sin{k(t/y+x)})

+{ke'E (x-L)_ - E?ye sin{k (t/y+ (x-1L)) } + k cos{k (t/y+(x-L))} } }

H(t/y+(x~L) )J '

for |x|< L.
22 .2
(Ye+k)qn+1 =0.V for x > L,

where y = 2n+1 and n = 1. (4.17)

The inverse Laplace transform of caz (x,c) is given by

02PN |} = - ve " sin Kt/ (x40)) H(E/vH (D))
+ sin k(t/y+(x~L)) H(t/y+(x~-L)) } for x < -L ,
2 2. ~1 - -et ,
(v e+x“ )L “{cq n+1} = - ye  {cos k_(t/y+x) + sin k(t/y+(x-L)) H(t/y+(x-L))}

for |x| <1,

i
o

22 -1, -
(y"e +k2)L {c%_'_l}‘ for x > L.

with = 2n+l andn = 1. ’ (4.18)
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The solution as a function of x,y,t is found by using (4.17) and (4.18 in the
expressions (4.16), The essence of the solution is described by the behaviour

-1, -
of qz(x,t) and L {cqz}. In terms of these, the solution given by

2
p=5h q2(1+y2) exp(-1y7),

2
wel q2<y2—3> exp (-1y“), (4.19)

<
]

1. - 2
{F(x) + 4(L 1{cqz} + eqz)} y expl-1y ),

£
1§

- - 2,3 2
y{ oo+ Heq,) + eay)) 14y} exp -y

(c) Discussion of the response to symmetric forcing

It is interesting to consider the undamped case € = 0, Fig., 19(a) shows the
amplitude of u (horizontal arrows), p (solid contours) and w (dashed cqntours) as
a function of time at y = 0, Pirst consider the area to the east of the forcing
region, where the disturbance is entirely due to the Kelvin wave part (4.8),
(4.9). The Kelvin wave is emitted from the forcing region at t = 0 and travels
at unit speed (about 40° longitude per day) towards the east, leaving behind it
a flow in steady state. The wave front has a width equal to that of the heating
region, about 40° of longitude, thus the wave front emerges completely from the
heating region in about one day. The complete horizontal structure of the
solution is shown in Fig. 20(a). The Kelvin wave part of the circulation to the
east of the forcing region is seen to be direct and entirely within the zonal
plane. Ascent is confined to the heating region and descent is confined to the
wave front. In between, the circulation is completed by low level easterlies

and upper level westerlies.

The damped solution for € = 0,1 is illustrated as a function of time at y = 0 in
Fig. 19(b). Fig. 20(b) shows the detailed horizontal structure. Considér‘égain
the Kelvin wave part to the east of the forcing region and how it is modified by
friction. The propagation speed is not affected, so the time for a steady state
to be reached in the heating region depends only on the time for the wave to
propagate through, and hence on the size of the region. Between the heating
region and the wave front the flow is steady but the amplitude decays exponent-
ially with distance. This is because the amplitude of the disturbance in the
wave front region decays like exp (-et) as the wave front propagates out. In
the damped case, the vertical motion is no longer confined to the heating region
and the wave front. As in the undamped case, there is ascent in the heating

region and descent in the wave front but after the wave front leaves the heating
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Fig. 19 Response amplitude as a function of time, at y=0, to heating symmetric
about the equator localised in the region |x] < 2 suddenly switched on at
t=0. Solid lines are pressure perturbation, p, contouring interval 0.3,
Dashed lines are vertical velocity, w, contour levels 0.1 ; +21/10, n >2.
The horizontal arrows are in-the direction of the zonal velocity, u, the
length of the arrows are proportional to the logarithm of |u] . Both axes
are ticked at intervals of four units, corresponding to approximately 1 day
for the vertical axis and about 40° longitude for the horizontal axis, The
vertical axis extends from t=0 to t=25, The horizontal axis entends from

=-10 to x=15. (a) The total undamped response (€=0). (b) The totecl damped
response (£=0.1).

332



1

Planetary front

Heating region

Equator

Kelvin wave front

Fig. 21 Schematic illustration of the flow field in the absence of damping.
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region a region of relatively strong descent is established immediately adjdacent

to the heating region on its eastern edge. The magnitude of the vertical velocity
in this region decays exponentially with x towards the wave front where the second
region of strong descent occurs. Initially the descent is entirely within the wave
front, as soon as the wave front leaves the heating region (after about 1 day) the
descent begins to be spread over the region between the heating and the wave front
reducing the descent within the wave front progressively as it propagates away from
the heating until the desgent within the wave front is negligable. The circulation
at this time consists of ascent within the heating region, descent to the east of
the heating region decaying as exp(-ex), low level easterlies and upper level

westerlies.

Now consider the area to the west of the forcing region beginning with the undamped
case ¢ = 0 illustrated in Figs. 19(a) and 20(a). Here, the disturbance is entirely
due to the planetary wave part (4.19) of the solution. The associated disturbance
is emitted from the heating region at t = O and travels at one third unit speed
(about 13° longitude per day) towards the west, leaving behind it a flow in steady

state.

The wave front has a width equal to that of the heating region, and so takes about
three days to completely emerge from the forcing zone. After the emergence, the
circulation that is established has the form shown schematically in Fig. 21 with
rising motion in the heating region and low level flow away from the equator, as
required by vorticity constraints. (Bv = £3w/3z). The horizontal flow is cyclonic
at low levels and anti-cyclonic at upper levels. In the region of the wave front
descent occurs to the north and to the south of the equator with flow towards the
equator at low levels and away from it at upper levels; the low level flow is

cyclonic and the upper level flow is anti-cyclonic.

The damped solution is shown in Figs. 19(b} and 20(b). The effect of damping on
the planetary wave part is similar to that on the Kelvin wave part, with decreasing
air spread over the entire region between the wave front and the heating region,
and with the descent in the wave front falling off like exp(-et). Since the wave
moves at one-third the Kelvin wave speed, the fall off in amplitude with distance

from the forecing region is three times faster than with the Kelvin wave.

3.5 Asymmetric forecing

The heating rate has the form of (3.23), the only non-zero coefficient of én is
Q1 and is given by

3 =1 F). (5.1)
There are, again, two parts to the response. The first part for which (3.18} and
(3.19) give
q = 0, v, =04, (5.2)
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corresponds to the long, n=0, mixed Rossby~gravity wave; as pointed out by

Gill (1980) and the inverse Laplace transform of which is simply

q, = 0, v, = {Ql » fort>o0,

0
, for t <0 (5.3)

which, for t > 0, is simply the steady state solution.

The second part of the response is the long, n=2, planetary wave for which

(3.18)+ (3.20) and (3.19) give

dg
Vo = ax to(ete) qg, (5.4)
ry = 3aq ' (5.5)
\
dq, L
& T Sletelgy =9, . (5.6)

The solution of (5.6) is given by (4,15) with n=2. Using (3.10), (3.11), (5.1,
(5.2), (5.4), (5.5), (5.6), (3.25) and (3,9), we may obtain expressions

for the transformed variables 5,5,5 and w in terms of q3.

14

P-%a,y expl-iy?) ' )

u=x% §3 (y3—6y) exp(réyz) '

v = (6(cre)qy (y-1) + F(0y?) expl-iy?, [ e
w = {%(c+e)§3 yor éF(x)y} exp(—iyz)-

Py

The time-dependent solution is obtained by taking the inverse Laplace transform
of (5.7). The inverse Laplace transform of EB(x,c) is given by (4,17) with
n=2, and that of ca3(x,c) is given by (4.18) with n=2. The solution as a
function of x,y,t is found by substitution of these inverse transforms in

(5.7). In terms of these, the solution is given by
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3 .
p=5% q; ¥ exp(—%yz) '

N
3 2 )
u=5 ay (v -6y) exp -3v") ’
. , b (5.8)
v=1{6( 1{ch} + £q,) (y2—1) + F(X)Yz} exp(-iyz) K
_ -1, - 3 2
w = {4 “{eq,} + eqyly™+ F(x)y} expl-1y") . )

The solution is illustrated in Fig. 22a for the undamped case (e=0) and in

Fig. 24b for the damped case (e=0.1). The low level flow is illustrated
schematically in Fig. 23. The wave front propagates towards the west at one
fifth unit speed, about 8° latitude per day. The flow at low levels within the
wave front is characterised by a non-divergent southerly cross equatorial flow,
northerlies to the north of the equator and southerlies to the south of the
equator. The flow is initially dominated by the wave front with a very strong
cross equatorial circulation but as the damping takes effect the cross equatorial
circulation is steadily weakened until a steady state is finally reached where
the circulations in the two.hemispheres are almost independent. Once again,

we note that the steady state takes a long time to become established. The
t=40 (about 10 days) solution is not quite in steady state.

3.6 Vertical structure of solutions

The aim of this study was to present, in an simple a framework as possible, the
response of the tropical atmosphere to a sudden 'switch-on' of a heat source.
Attention has been concentrated on the horizontal structure of the solutions
which were. found only for a single vertical mode. As pointed out by Gill (1980),
this single vertical mode is the complete solution for an incompressible atmos-
phere with constant buoyancy frequency N, a rigid 1id at 2Z=D, and for which

the diabatic heating varies as sin(m2/D), in which case u,v and p vary as

cos (12/D) with w varies as sin(mz/D). This representation of the solution

is a useful aid to understanding and has been used to obtain the schematic

illustrations in the text.
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4. DISCUSSION

As has been demonstrated by Haseler (1982), the tropical circulations can
significantly influence the extratropical flow in the medium range. Unfortunately,
experience shows that the tropical flow is very difficult to predict. Investig-
ations of monthly means of forecasts show errors within the first 24 hours of

up to 7 or 8 ms“1 in the wind field at 850 mb and up to 11 or 12 ms“1 at 150 mb.
These errors continue to grow, although more slowly, for on average 7 to 8 days.
Such large errors occurring in the guasi-stationary flow suggests problems
associated with stationary forcing, i.e. orography Er large scale heating.

Close examination of the flow field associated with the tropical errors reveals
a surprisingly simple structure. The errors are largely associated with the
South American and African continents with Africa being the dominant source of
error. The erroneous flow in the African region consists, on the large scale,
of eésterlies off West Africa, westerlies off East Africa and anti-cyclonic flow
over North and South Africa. The mean error in the low level flow is the reverse
of this with westerlies off West Africa, easterlies off East Africa and cyclonic
flow o&er North and South Affica. As shown in section 3, this flow pattern is
precisely what one would expect for a heat induced tropical circulation where
the heat source is symmetric about the equator and corresponds to an eastward
travelling, damped, Kelvin wave and a westward travelling, damped, symmetric
Rossby wave. The structure of the flow revealed in theoretical studies and the
timescales involved agree with the evolution of the error field in the fore-
casts, suggesting that a substantial part of the forecast errors in the tropics
are associated with erroneous large scale heating at the start of the forecast.
This result does not exclude orography as a source of error since, for example,
incorrect extrapolation of pressure data over high orography would essentially
appear as a spurious thermal source in the analysis. An obvious candidate for
these errors in the adiabatic non-linear normal mode initialisation. The
absence of diabatic forcing in the initialisation results in an initial data set
for the model with very little tropical divergence. Starting a forecast from

an adiabatically initialised data set is like switching on a heat source. After
the switch-on the model rapidly "spins up". Recent incorporation of the diabatic
processes in the analysis has resulted in only a modest improvement in the

forecasting of the tropical wind field. Another possible candidate is the
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absence of a diurnal cycle in the forecasting system. There are large diurnal
and semi-diurnal variations in near surface parameters, the semi-diurnal
pressure tide is particularly strong in the tropics. The model, which provides
the first guess for the analysis, does not simulate the semi-diurnal tide and
therefore the first guess pressure field in the tropics can disagree with
observations by up to a few mb according to the phase of the tide. The observ- -
ational network over Africa consists mainly of a few SYNOP stations and the 122
observatioﬁs coincide with a peék in the tide. This surface pressure data is
accepted by the analysis scheme resulting in temperature increases at low levels
of several degrees which produces an analysis with a very unstable vertical
stratification. On starting a forecast this instability is released in the form
of very intense convection. Unrealistically large precipitation increases the
soil moisture over the African continent which, in turn, allows the enhanced
convection to become established; this could permanently change the model's

large scale thermal forcing and hence the model's tropical climatology.

It is expected that a correct accounting for the diurnal cycles in the data will

result in substantially improved tropical forecasts.
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