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ABSTRACT

This paper is part of a sequence of numerical weather prediction efforts utilizing the special
observations from the GARP Atlantic Tropical Experiment (GATE). These observations, along
with those available from the World Weather Watch, provide a unique opportunity to carry out
numerical weather prediction (NWP) studies over portions of West Africa and the eastern
Atlantic ocean utilizing high resolution limited area models. The present study reports on the
results of 34 short-range numerical weather prediction experiments, with two simple models,
designed to study the westward propagation of African waves. In the time frame of 24 to 48
hours, predictions at 700 mb (the level of maximum amplitude of these waves, and the level of
non-divergence) show extremely promising results. These results are comparable to fine-mesh
predictions in higher latitudes. Errors in phase speed and vector root mean square (RMS) wind
errors are summarized for the third phase of GATE. A second part of this study deals with the
problem of specification of the West African squall line with respect to the position of the
predicted trough line of the African wave. A body of recent literature provides useful obser-
vational statistics relating the position of African waves, certain geographical regions, the time of
day and the formation of line squall systems. These studies also provide information on the
relative speeds of westward motion of the squall line and the wave trough. The decay of the
squall iines during their westward propagation away from the trough is also a part of these
observational statistics. Based on these observations, an empirical set of selection rules may be
defined to specify the squall lines with respect to the predicted motion field. Successful results
were obtained in the time frame of 24 to 48 hours for these experiments, the results of which are
summarized below.

1. Introduction

A series of experiments on numerical weather
prediction with the GATE data sets are presently
being conducted at Florida State University. The
first of the studies (Krishnamurti et al., 1979a)
reported on the impact of radiative and other
physical processes on African disturbances. In that
study, a multilevel, fine-mesh, primitive equation
model was integrated to 4 days with the data sets
from two initial states. A number of experiments
were carried out to investigate the impact of
diurnally varying radiative (including cloud feed-
back) processes on the energetics of the GATE
disturbances. The principal finding of this study
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was a demonstration of the close coupling between
the westward propagating African waves and the
broad scale African monsoons on the time scale of
3 to 4 days. The role of radiative and convective
processes was most crucial for the maintenance of
the latter (i.e. the monsoons) which in turn were
noted to be important for supplying the eddy
kinetic energy for the imbedded wave disturbances.
This study, furthermore, compared the per-
formance of several different numerical weather
prediction models. Among these, the single level
barotropic and primitive equation models were
shown to be most promising for studies on the
westward propagation of African waves when these
models were applied at the 700 mb level. The
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choice of 700 mb for the single level NWP models

appeared appropriate from the following consider-
ations:

(i) The maximum amplitude of the African waves
(v-component) is noted to occur near this level
(Thompson et al., 1979).

(ii) Barotropic energy exchanges (K,:-K;) are
large at this level (a list of useful symbols
appear in Table 1). In the single level models
the energy exchange (K,-K;) describes
essentially the barotropic contribution, i.e. the
product of the mean zonal flow and the con-
vergence of eddy flux of westerly momentum.

(iii) The intensity of the lower tropospheric West
African jet is largest near this level. In fact, the
jet core appears closer to 600 mb (Thompson
et al., 1979).

(iv) The level of non-divergence appears to be
close to 700 mb over the GATE- region
(Thompson et al., 1979; Krishnamurti et al.,
1979a).

The objectives of the present study include:

(i) An investigation of the predictive capa-
bilities of the single level models utilizing an
increased number of experiments. Our specific
interests lie in the prediction of the position of the
trough lines of the African waves and in the
evolution of the motion field. The results of 34

Table 1. List of useful symbols

earth’s vorticity

earth’s gravity

terrain height

zonal wind component

meridional wind component

free surface height

kinetic energy

Jacobian operator

Lagrangian operator

Laplacian operator

meridional deviative of the earth’s
vorticity

relative vorticity

potential vorticity

latitude

streamfunction

zonal mean

barotropic energy conversion (zonal
kinetic to eddy kinetic)

baroclinic energy conversion (zonal
potential to zonal kinetic)

baroclinic energy conversion (eddy
potential to eddy kinetic)
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NWP experiments are reported in the present
study.

(ii) Specification of the formation and motion of
squall lines over West Africa relative to the pre-
dicted position of the trough line and the motion
field. A body of literature and recent statistics
points to some interesting relationships between the
position of trough lines, the motion field in the
easterly waves and the evolution of West African
squall lines. We shall present a short review of these
observational findings and establish a set of useful
criteria for the specification of squall lines from the
predicted motion field. This is a non-interactive
approach, where the likely region of formation and
evolution of the squall line is specified without any
mesoscale-synoptic scale dynamic or thermo-
dynamic interactions. The single level models, with
their conservation laws (absolute or potential
vorticity), are capable of providing the background
information necessary for the predictive use of
these observational statistics. This is one of the
goals of the following experiments.

2. Data sources and analysis procedures

The GATE analyses in our studies includes an
effort at six levels of the troposphere (Krishnamurti
et al., 1979a). The motion field at 700 mb, relevant
to the waves identified here, utilizes the following
final validated GATE data sets:

(i) Land area World Weather Watch. This
includes the radiosonde/rawinsonde network
plus the pilot balloon data.

(ii) Upper wind observations from GATE ships.

(iii) Low resolution aircraft data at or around the 3
km level.

Data for only one map time, i.e. 12 GMT, were
used to define the initial states for the various
experiments during the third phase of GATE.

The analysis method consists of two parts:

(i) An objective analysis utilizing a successive
correction method (Cressman, 1959; Tripoli and
Krishnamurti, 1975) is performed on the wind
observations. The off-time as well as off-level
observations are incorporated via time- and space-
dependent weighting functions. The first guess field
is provided by a manually analyzed phase III mean
map.

(ii) In relatively data-void areas, a manual
analysis is made to extract subjective winds for
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insertion into a next cycle of the objective analysis.
These subjectively analyzed vectors constitute less
than 5% of the total wind observations on a given
map. The analysis is displayed by a computer-
drawn streamline program for further manual
corrections. This is done in order to provide vertical
continuity among the different analysis levels.

All of the 21 days of the third phase of GATE
were analyzed by this procedure. Fig. 1 illustrates
an example of the final analysis at 700 mb. This
diagram illustrates an easterly wave over the
GATE A/B scale ship array and an African wave.
Several other examples are presented in the
following sections. We believe that a high quality
set of motion fields has emerged, with subjective
inserts in data-sparse areas, with a reasonable
space-time continuity.

3. The tropical barotropic model

A carefully designed barotropic model
(Krishnamurti and Pearce, 1977) has been used for
experimental NWP studies of the tropical motion
field. This model utilizes the well-known quadratic
conserving scheme (Arakawa, 1966) for the non-
linear advective terms. This model has been tested
in various applications with the GATE data sets
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(Krishnamurti et al., 1979a). The model conserves
the absolute vorticity for parcel motions and
preserves the domain averages of kinetic energy
and square vorticity for periods of the order of 4
days. Examples of extremely successful 96 hour
predictions over the GATE region at 700 mb were
presented in Krishnamurti et al. (1979a). The basic
features of the present model include:

(i) Conservation of absolute vorticity, i.e.

0 ow
— Viy=-J(y, VzW)“ﬁ—a; )

ot

(ii) Second-order Arakawa Jacobean for the
advective terms.

(iii) A standard second-order Laplacian for the
finite representation of V2.

(iv) An Euler backward-time differencing scheme
following Matsuno (1966).

(v) A fast Fourier transform method for solution
of the Poisson equation for the stream-
function (Hockney, 1965).

(vi) A cyclic region extends the observational
region to the east over an approximate
distance of 1000 km (Krishnamurti, 1969).

(vii) The initial streamfunction is defined from

the initial horizontal motion field following
Mathur (1970).
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Fig. 1. Typical 700 mb data coverage and objectively analyzed streamlines: September 4, 1974, 1200 GMT.
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(viii) The domain extends from 15°S to 25° N and
50°W to 10°E. The horizontal mesh size is
1° latitude/1° longitude.

(ix) The initial streamfunction y varies in the
zonal direction at the northern and southern
walls of the computational domain.

(x) The tendency of the streamfunction, dy/dy, is
set to zero at the two walls during the inte-
grations. At the zonal extremities of the
computational domain, in spite of the cyclic
initial state, dy/at is still set to zero during
the integration to prevent the retrogression of
domain scale waves.

(xi) The evaluation of vorticity advection at the
northern and southern boundaries is carried
out following Arakawa (1966).

(xii) No explicit smoothing, other than that
implied within the finite differencing of the
time tendency and the advective terms, is
found necessary in this model.

4. One-level primitive equation model

This is the next model in line to the simple
barotropic model which can be used to study the
westward propagation of an African wave. It
should be noted that this model has been identified
by the following names: (i) Shallow water
equations, (ii) Divergent barotropic model, (iii)
Laplaces Tidal Equation, and (iv) one-level
primitive equation model. Following our earlier
papers we have designated the last name since it
utilizes the undifferentiated form of the primitive
equations and permits external gravity waves.

This model includes parcel invariants, such as
potential vorticity {, = ({ + f)/z and all its powers,
ie. {5 Domain invariants of this model (for a
closed domain) include: The domain averaged
potential vorticity {, and all its powers (}; a total
energy parameter (gz2/2) + kz and the mean height
of the free surface z. In the design of this model the
finite number of grid points restricts our ability to
conserve only a few of the above invariants, namely
the mean potential vorticity, the mean total energy
and the mean height of the free surface. During the
design of the finite difference analog of the one-levet
primitive equation model, tests were performed to
verify conservation of the invariants with a closed
boundary. However, in the actual prediction experi-
ments, the meridional boundaries were subse-
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quently left open in order to provide more realistic
flows. It should be noted that the conservation of
the above-stated properties does not hold for open
systems. We have, however, kept track of the mean
potential vorticity, mean total energy and the mean
geopotential in the following open boundary inte-
grations. These parameters were noted to vary by
less than 10% of their initial values at the end of the
4-day integrations.

4.1 The basic equations
(i) Equations of motion:

D gz =4 ®
—=fr—g—(z+ b=

Dt gax
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(ii) Semi-Lagrangian advection: Following Krish-
namurti (1969) and Mathur (1970), the above
equations are numerically integrated by using the
semi-Langrangian advective scheme. This requires
determining the coordinates of the origin of a parcel
that arrives at a grid point (i, j) in a time step At,
following the dynamics of this model. This entails a
successive correction procedure which updates the
location of the origin, as well as the magnitude of
forcing functions A, B and C, during each scan of
the correction.

(iii) Boundary conditions: In the zonal direction,
the domain is made cyclic by providing an artificial
region initially at the eastern end of the “obser-
vational domain”. This extension is carried out
over a distance of roughly 1000 km. This is carried
out, following Krishnamurti (1969), for the velocity
components # and v initially, while the geo-
potential over the entire domain is determined by a
solution of the reverse balance equation followed
by a dynamic initialization (Kanamitsu, 1975). The
southern (¢ = ¢¢) and the northern (¢ = ¢y)
boundaries are defined such that the time tenden-
cies of u and v are set to zero, while the geo-
potential z is defined from the geostrophic con-
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dition z = z + f/g(y — w). Here y is a stream-
function which is defined following Mathur (1970),
Z is the mean height of a standard atmosphere at
the appropriate latitudes of the two boundaries g
and ¢y, and ¥ the zonal average of the stream-
function at these respective boundaries. In this
analysis, following Mathur (1970), the conser-
vation of mass over the domain is assured by a
small correction to the outward normal flow V, at
the boundaries by the relations,

ym_V, eV,
e=—[,V,ds/[|V,ds

©
M

Where V'™ is the modified outward normal velocity
and the integral is carried out around the com-
putational domain. This correction is made to the
initial data and the subsequent mass conservation is
assured by the vanishing of the time tendencies at
the boundaries.

5. The bottom topography h

Fig. 2 illustrates smoothed mountains over West
Africa that were used in the present series of experi-
ments. They are extracted from the tabulations of
Gates and Nelson (1975). Among these, the
Guinea mountains, the Cameroons, the Tibesti and
Ahaghaar are some of the prominent mountains.
The treatment of these mountains in the primitive
equation model is discussed in Krishnamurti et al.
(1979a), where it is shown that these mountains do
have a significant influence on African waves on
the time scale of 2 to 4 days.
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Fig. 2. Smoothed terrain heights (meters) over the West
African region.
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6. Mean height of the free surface

The assignment of a mean height of the free
surface for the shallow water equations is impor-
tant in the single level predictions. The magnitude
of divergence and the phase speed of waves
critically depends on the choice of this parameter.
This parameter for middle latitude prediction at
500 mb is usually assigned a value 3 km, while for
low latitude predictions at 700 mb one uses a value
of 2 km (Krishnamurti et al., 1979a). This requires
that the maximum height of mountains be roughly
50% of these values. Some smoothing of the moun-
tain elevations is usually carried out to satisfy this
constraint. Since most of the mountains over West
Africa have a maximum height of roughly 1 km, no
drastic smoothing, beyond that implicit in the
tabulation of Gates and Nelson (1975) was
necessary.

7. Prediction experiments

A total of 34 NWP experiments were carried out
with the two models. Here we shall present a
summary of the results and illustrations for a few
examples.

Here “Model 1” refers to the barotropic model
and “Model 2” refers to the simple primitive
equation model. Fig. 3a, b, ¢ and 3d, e, f
respectively show one example of the 24 and 48
hour forecasts. The top panels a and d illustrate
the observed fields valid at 24 and 48 hours
respectively. The middle panels b and e respectively
illustrate the forecasted flow fields at hours 24 and
48 from Model 1 while the panels ¢ and f illustrate
those from Model 2. Fig. 4 illustrates another
example from the prediction experiments for the
third phase of GATE. The illustrations show the
flow fields (isotachs and streamlines) at 700 mb.
The heavy dark lines indicate the trough positions
for the African waves. Table 2 identifies the
approximate trough positions for all the experi-
ments (see Krishnamurti et al., 1979b, for details)
for the 24 and 48 hour predictions. The predicted
trough positions are in close agreement with the
observed positions. The errors in the trough
positions are about 1° to 2° longitude for the 24
hour positions and roughly 2° to 3° longitude for
the 48 hour positions. The largest forecast error in
the 24 hour prediction was encountered for
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Fig. 3. The observed and predicted motion field of 700 mb (light solid lines, streamlines; dashed lines, isotachs in
knots; heavy solid lines, trough axes). For hours 24 and 48: (a) observed motion field valid at 1200 GMT, September
9, 1974, (b) 24 hour barotropic forecast verifying at 1200 GMT, September 9, 1974, (c) 24 hour one-level primitive
equation forecast verifying at 1200 GMT, September 9, 1974.
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Fig. 3 (cont.). (d) Observed motion field valid at 1200 GMT, September 10, 1974, (e) 48 hour barotropic forecast
verifying at 1200 GMT, September 10, 1974, (f) 48 hour one-level primitive equation forecast verifying at 1200 GMT,
September 10, 1974.
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Fig. 4. The observed and predicted motion field of 700 mb (light solid lines, streamlines; dashed lines, isotachs in
knots; heavy solid lines, trough axes). For hours 24 and 48: (a) observed motion field valid at 1200 GMT, September
7, 1974, (b) 24 hour barotropic forecast verifying at 1200 GMT, September 7, 1974, (c) 24 hour one-level primitive
equation forecast verifying at 1200 GMT, September 7, 1974.
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Fig. 4 (cont.). (d) Observed motion field valid at 1200 GMT, September 8, 1974, (e) 48 hour barotropic forecast
verifying at 1200 GMT, September 8, 1974, (f) 48 hour one-level primitive equation forecast verifying at 1200 GMT,
September 8, 1974.
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Table 2. Approximate trough positions for the experiments illustrated here

Approximate mean longitudinal position of trough

24 hours 48 hours

Time of Wave

initial state No. Observed Model I Model 11 Observed Model I Model 11

Sept. 13,1974 12Z 1 8W 6W 5.5W 12wW 12w 11w
2 30w 2w 0w I5W 3I6W I5W

Sept. 10, 1974 12Z 1 12w 12w 13w 18W 19w 20W
2 kA’ I5wW 4w Moved out of domain

Sept. 8, 1974 12Z 1 0° 0° 1°wW 8W TW 5w
2 24W 22W 22W 29W ow 29W

Sept. 7, 1974 12Z 1 11w 11w 12W 22W 22W 21W
2 35N 9w 9w Moved out of domain

Sept. 6, 1974 12Z 1 9IW 9IW 9w 12w 16W 14W
2 28W 2w 1w 2w 41w 40w

Sept. 4, 1974 12Z 1 2E 3E 2E IwW 10w 10w
2 20W 21W 2w 26 W 30w 1w

Sept. 1, 1974 12Z 1 20W 22W 23w 27TW 27TW 2TW
2 9w 39w 9w Moved out of domain

Aug. 30, 1974 12Z 1 iw 1w 2W 12w TW 8W
2 28W 2TW 27TW 33w 2w 2w

September 10 when a wave was located in a
relatively data-sparse area around 39°W longitude
where the verification charts were, in fact, question-
able. The single level predictions of both models
(the non-divergent and the divergent) have compar-
able accuracy; this is perhaps related to the fact
that the level of non-divergence over the GATE
region is around 700 mb (Thompson et al., 1979;
Krishnamurti ez al., 1979a).

The flow fields (i.e. direction and speed) show
that, overall, the predictions at 24 and 48 hours are
in reasonable agreement with observations.

One measure of the accuracy of the forecasts is
root mean square (RMS) vector deviation of the
forecast model relative to the verification winds.
This was computed at hours 24 and 48 over an
inner domain bounded by the latitudes 0° and
15°N and the longitudes 0° and 25°W. Fig. 5
depicts the magnitude of this quantity, averaged
over all verifiable forecasts (RMSF). It increases
from 5.15 m s~! at hour 24 to 6.20 m s~! at hour
48. Persistence may also be used as a comparable
measure of prediction. The mean RMS vector
deviation of the persistence winds relative to the
verification winds (RMSP) is computed for hours
24 and 48. The error increases from 6.98 m s~! at
hour 24 to 8.41 m s™! at hour 48. In both cases the
forecast error is significantly lower, indicating that
NWP of the wind field at 24 and 48 hours are

better than persistence. In the tropics, climatology
is often useful where data are unavailable. Com-
putation of the RMS vector deviation of the time
mean winds relative to the verification winds
(RMSC) gives a value of 6.87 m s~!. Thus, at 24
hours, the forecast winds are significantly more
accurate than either persistence or climatology.

The prediction experiments in general exhibited a
decay of the maximum wind in the belt of the
strong easterlies around 15°N shown in Table 3.

10 -
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PREDICTION TIME (HOURS)—

Fig. 5. Magnitude of the RMS vector deviation of the
model II forecast winds relative to the verification winds
(RMSF); magnitude of the RMS vector deviation of the
persistence winds relative to the verification winds
(RMSP); magnitude of the RMS vector deviation of the
phase III climatology winds relative to the verification
winds (RMSC). The three curves are the averages over
all verifiable forecasts.
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Table 3. Maximum speed of the easterlies (knots) near 15° N (east of 30° W)

Time of At 24 hours At 48 hours

initial

state Observed Model I Model I1 Observed Modell Model 11
Sept. 13,1974 12Z 32 25 26 33 27 25
Sept. 10, 1974 12Z 26 20 22 39 22 31
Sept. 8, 1974 12Z 20 25 24 K} 23 21
Sept. 7, 1974 12Z 28 28 30 20 26 27
Sept. 6, 1974 12Z 42 30 28 28 21 23
Sept. 4, 1974 122 36 32 35 41 30 32
Sept. 1, 1974 12Z 32 28 24 38 21 21
Aug. 30, 1974 12Z 33 24 24 34 20 20

The decay is evidently related to model initiali-
zation and the restrictions on the boundary values
of u, v and z. The prediction experiments also
exhibited a tendency to carry an easterly velocity
maximum westward along with the easterly wave at
its poleward edge. The observations, although not
sufficient, did not always seem to bear this out. The
kinetic energy, following a parcel, is not an
invariant for these models. Hence the maximum
speed is not expected to retain its magnitude in
these one-level integrations. The domain averaged
kinetic energy (or total energy) is noted to remain
nearly constant (within 10% of the initial values).
Qur results show a decrease of velocity in the high
speed regions and an increase in the low speed
regions. This is, most likely, due to nonbarotropic
effects, subgrid scale processes and the computatio-
nal smoothing inherent in the finite differencing of
the forcing functions 4, B and C as well as the
smoothing due to the finite representation of the
semi-Lagrangian advection. In order to improve the
low latitude NWP efforts in this direction sys-
tematic extensions of present work are desirable
with multilevel grid point and spectral models. The
latter are better suited since they avoid the space
truncation and related smoothing. Only a few
experiments have been made thus far with multi-
level grid point models (Krishnamurti et al.,
1979a), and these seem to describe the eddy kinetic
energy of African waves somewhat better than the
single level formulations shown here. Since the
present study focuses on the capabilities of the one-
level model, ie. in its description of the trough
location, and in the specification of the relative
location of a squall line, we feel that the above
limitations are not critical during the first 48 hours.
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8. The specification of squall lines

An important phenomenon which is often
associated with African waves is the West African
Disturbance Line or squall line. It has been
described by Hamilton and Archibold (1945) and
Eldridge (1957). In a recent study, Payne and
McGarry (1977) noted that, during Phase III of
GATE, squall lines were most frequently initiated
ahead of the wave trough, near to the region of
maximum northerly winds at 700 mb. They
furthermore noted that these squall lines move
westward at an average speed of roughly 16 m s™1,
about twice the phase speed of the wave, and
decayed in the vicinity of the downstream ridge.
Moreover, they indicated a mean lifetime of around
10 hours and a mean latitude of about 13° N for
the squall lines.

Much of the intense rainfall over West Africa
occurs in association with squall lines (Cocheme
and Franquin, 1967). The following aspects of the
diurnal change in the heavy precipitation are of
interest here. McGarry and Reed (1978) note that:

(i) Over West Africa, around 15° to 20° N, the
rain amounts are greatest just prior to mid-
night.

(i) Over the Eastern Atlantic, in the vicinity of the
GATE ship array, the rainfall maximum
occurs in the early afternoon hours (1400 local
time).

(iii) Over West Africa, south of 15° N, the diurnal
amplitudes are much smaller, but it appears
likely that the rainfall maximum occurs in the
late afternoon or early evening. '

The general character of the diurnal variation of
heavy precipitation over West Africa noted by
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McGarry and Reed (1978) suggests that the squall
lines are in their mature stage during the early
evening hours. Thus, it seems reasonable to assume
that most of the squalls were initiated during the
late afternoon. This is confirmed by the findings of
Martin (1975) which indicate a preferred time of
development for the squalls of around 1800 GMT
(within an hour of local time for most parts of West
Africa).

Aspliden et al. (1976) investigated squall line
occurrences during the three phases of GATE and
found that they tended to form in preferred geo-
graphic regions over West Africa. Their data
indicate that there exists a maximum in the
frequency of squall line generation between 0° and
10°W longitude with a secondary maximum of
generation frequency between 5° and 10°E lon-
gitude. Moreover, they state that nearly all of the
lines -were confined within the latitudes of 7° and
17°N, with the squalls typically propagating
westward at around 60 km h~!. These findings are
in general agreement with the previously quoted
results of Payne and McGarry.

From the statistics compiled by the afore-
mentioned researchers and the results of our
numerical prediction experiments, a simple em-
pirical procedure has been developed for the specifi-
cation of the formation and subsequent motion of
West African squall lines:

(i) Each of the seventeen 30 hour! 700 mb
primitive equation forecasts verifying at 1800
GMT are inspected to see if the longitude of
maximum northerly winds ahead of the wave
trough lies in the zone extending from 0° to
10° W longitude. If this criterion is not met, it
is assumed a squall line will not form.

(i1) If criterion (i) is satisfied, squall line formation
is specified at this longitude, with a latitudinal
extent from 7° to 17° N.

!'We could have selected either the 6 or 30 hour
forecast for this purpose, but it is obvious that using the
30 hour forecast strengthens the predictive value of this
technique.
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(iii) The specified squall line is assumed to move
westward at twice the predicted wave phase
speed, which is determined from the predicted
trough positions between hours 30 and 39.

(iv) The squall line is assumed to dissipate 10
hours after formation.

We applied the above procedure to the numerical
forecasts and noted that 8 of the 17 days
considered met the above selection rules. Two
examples of the forecasted 700 mb fields and
evolution of the speeified squall lines {dashed lines)
are shown in the left panels of Figs. 6a and 6b. On
the right panels of Figs. 6a and 6b are the cloud
photographs from the infrared imagery of the SMS-
1 satellite. On these photographs we have super-
imposed dashed lines over those cloud clusters
which were associated with squall lines within the
belt from 0° to 10°W longitude. Here we have
employed essentially the same criteria to identify a
squall line cluster as used by Payne and McGarry
(1977), i.e. explosive growth, high brightness and a
fairly distinct leading edge. It should be noted here
that we have marked the approximate center of the
squall line clusters for clarity. However, for verifi-
cation purposes the leading edge of the cluster’s
cirrus shield, which was found by Aspliden et al.
(1976) to coincide with the heaviest rainfall, has
been used to denote the observed position of the
squall line for this study. A squall line was observed
on each of the eight days and in one of the cases
(12 September) two were observed, albeit one of
these (a cluster near 4° W longitude at 1800 GMT)
just barely qualifies as a squall line. As can be seen
from the satellite pictures in Figs. 6a and 6b and
others illustrated in Krishnamurti et al. (1979b), all
of the observed squall lines are near their formative
stages at hour 30 (1800 GMT), and near their
dissipative stages at hour 39 (0300 GMT on the
next day). This is consistent with the previously
stated notion of formation at around 1800 GMT
and dissipation roughly 10 hours later that was
used to develop the specification procedure.

The results of the squall line specification experi-
ments are summarized in Table 4. The mean

Fig. 6. Left panel: predicted 700 mb streamlines and isotachs (one-level primitive equation model) for hours 30 (top)
to 39 (bottom) at time intervals of 3 hours. Verification times are 1800 GMT to 0300 GMT the following day. The
specified (via NWP model) squall lines are indicated by heavy dashed lines. Right panel: Corresponding satellite
photographs with an observed squall line in the belt from 0° to 10° W longitude indicated by heavy dashed lines. (a)
Verifying September 2/September 3. (b) Verifying September 6/September 7.
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displacement errors for all cases at 30 and 39 hours
are 2.125 and 1.625 degrees longitude respectively.
The relatively large displacement errors for cases 1,
3 and 4 are ascribed mainly to deficiencies in the
numerical forecasts of trough phase speed and tilt.
Further details on the individual squall line episodes
are reported elsewhere (Krishnamurti et al.,
1979b).

9. Concluding remarks

Not many tests on the performance of NWP
models over low latitudes, with large samples of
experiments, have been undertaken. Vanderman
and Collins (1967) and Ramanathan (1976) have
published the results of operational NWP efforts.
The data coverage for operational NWP efforts is
known to be very poor. The present series of 34
experiments summarized in this paper utilizes the
final validated GATE data sets and provides a
better coverage than has been possible in the past in
the low latitudes. The series of experiments repor-
ted in this paper deal with the performance of a
barotropic and a simple primitive equation model in
low latitudes. When these models are applied at the
700 mb level, we notice that, on the average, phase
errors total on the order of 1.6° longitude after the
first 24 hours and 2.1° longitude after the full 48
hours. The magnitudes of the vector wind errors in
the 24 and 48 hour periods are of the order of 6 m
s~! respectively. The two models, in general, do not
show any appreciable differences in their predic-
tions; however, for certain cases the influence of the
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west African mountains is large and Model IT (with
bottom topography) is noted to perform better than
Model 1 (Krishnamurti et al., 1979a). The
energetics of the model was also determined during
the course of integration for each of the experi-
ments. The barotropic energy exchange has a
natural tendency to change sign, from whatever it is
initially, in the course of 3 to 5 days in these
models. We believe that it is an undesirable aspect
of the barotropic models since the sign of the baro-
tropic energy exchange can, in principle, maintain
the same sign if other forms of energy exchange
permit it to do so. For example, local Hadley type
overturnings can maintain an exchange, (P, K,)
> 0, and thus provide a steady supply of energy to
the zonal kinetic energy, which in turn could supply
energy, (K,-K;) > 0, to the waves steadily. In
view of this model bias in the energy exchange, we
feel that the barotropic model energetics are only
reliable during roughly one-half of the period of this
oscillation, i.e. roughly 2 days. In this time frame of
1 to 2 days, we have demonstrated that the fore-
casts are, in fact, quite reasonable at 700 mb in this
region. In this context, it is also worth noting that
the initial sign of the energy exchange, (K, K;), is
not always positive, as is suggested for individual
and composite African waves by Pedgley and
Krishnamurti (1976) and Reed et al. (1977). The
reason for this becomes clearer when one examines
the many initial states during the phase III of
GATE. We find that although a majority of waves
have a southwest to northeast tilt, however, in
about one-third of the cases (roughly 10 waves) the
opposite tilt is also present initially. Lacking other

Table 4. Specified (via NWP model) and observed squall line statistics. 30 hours refers to squall location
at 1800 GMT on the date shown and 39 hours to location at 0300 GMT the following day

Displacement Displacement

error at 30 error at 39
hours hours
30 hours 30 hours (degrees 39 hours 39 hours (degrees
Case Date (specified)  (observed) longitude) (specified)  (observed) longitude)
1 August 31, 1974 10.0°W 13.0°W 3.0 14.0°W 19.0°W 5.0
2 September 2, 1974 2.0°wW 2.0°W 0.0 8.0°W 8.0°W 0.0
3 September 3, 1974 7.0°W 12.0°W 50 16.0°W 16.0°W 0.0
4 September 4, 1974 0.0°W 5.0°W 5.0 7.0°W 10.0°W 3.0
5 September 6, 1974 10.0°W 9.0°W 1.0 15.0°wW 14.0°W 1.0
6 September 9, 1974 6.5°W 6.0°W 0.5 12.5°W 11.0°wW 1.5
7 September 12, 1974 3.0°W 4.0°W 1.0 9.0°W 8.0°wW
10.0°W 15.0°W 1.0

8 September 13, 1974 9.5°W 8.0°WwW 1.5 14.5°W 13.0°W 1.5

Tellus 32 (1980), 3



230 T. N. KRISHNAMURTI, R. J.
sources of energy supply in the barotropic model,
some of these waves were noted to decay in the first
48 hours due to an energy exchange from the
waves to the zonal flow. We believe that some of
the poor forecasts, illustrated here, lack the transfer
of energy via vertical massexchanges, (P.-K.).
This is only possible within the context of multi-
level primitive equation models with more complete
physics (Krishnanttrti et al., 1979a). Two such
models (one a fine mesh grid point model and
another a global spectral model) are currently being
used in experimental prediction for a larger sample
of experiments. The results of these will be reported
later.

The specification of the squall line was an after-
thought. The quality of success in the prediction of
the wave trough positions in the 24 to 48 hour time
frame prompted us to inquire about this predictive
possibility. Observational statistics by Payne and
McGarry (1977), and others, show that during the
late afternoon hours, if a certain region over West
Africa experiences northerly flow due to the
approach of an African wave, then squall lines are
quite likely to form. Our predicted positions (and
time of arrival) of the wave trough in this region
show reasonable skill in the specification of the
formation of the squall line. The examples of squall
line specification, shown here and in Krishnamurti
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et al. (1979b), are those that met the selection rules
we prescribed for the formation of the squall lines.
30 to 39 hours after initial time in these experi-
ments, a mean displacement error of about 2°
longitude in the location of the squall line was
noted. This is close to the limit of attainable
accuracy for an NWP model with a mesh size of 1°
longitude. The reasons for the formation remain
obscure and do suggest a need for further studies
on the interactions of the waves with the under-
lying surface and the eventual organization of the
line convection, as shown in the many satellite
photographs. The reasons for the faster westward
motion of the squall line (roughly twice the speed of
motion of the wave) as well as the decay of the
squall line during its approach towards the ridge
line of the African wave are beyond the scope of
this study.
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MPOrHO3 A®PHUKAHCKHUX BOJIH M

CraTbs SBJAETCH MYacThIO MOCHEAOBATEILHOCTH
IKCIIEPHMEHTOB MO  YHCJIEHHOMY MNpPEACKa3aHHUIo
MOTOAbl C HCMOMNBL30BAHMEM COELMANbHLIX HAGIIOA-
€HHHi, MNOMYYEHHbIX BO BpeMA ATJIAHTHYECKOIO
Tponuueckoro 3xcnepumenta ITHUTATT (ATOIII).
Otn HabmogeHHs BMecTe C AaHHBIMH CiyXObl
MHpPOBOH noroab! ofecneyuBarOT YHHKANBHYIO BO3-
MOXHOCTb )i HCCIEAOBAHHH TIO YHC/IEHHOMY
MpPEACKa3aHHI0 NOTOABI HAO 4acTolo 3amajgHoi
AdpuxkHd M BOCTOKOM ATIIAaHTHYECKOTO OKeaHa
C MCMONb30BAHHEM MOJEIN IPOTHO3a MO OFpaHM-
YeHHOK TEPPHUTOPMH C BBLICOKHM pa3pELUCHHEM.
HacTosiuee ucciieaoBaHue OCHOBAHO Ha pe3yJibTaTax
34 3KCNEPHMEHTOB MO YHCIIEHHOMY KPaTKOCPOYHOMY
MPOrHO3y MOroasl C TIOMOLUBIO HABYX INPOCTBIX
Mofeneit, CO3OaHHBIX AN H3YYSHUA PACTIPOCTPAHEHHSA
AOpPUKAHCKEX BOJIH HA 3anaA.

MporHo3sl Ha yposHe 700 mGap c 3abnaros-
peMeHHOCThIO 24-48 wyacos  (Ge3nuBEprEHTHBIH
YPOBEHB) TAE 3TH BOJHBI JOCTHTRIOT MaKCHMAJILHOH
AMIUIMTYAbI-, OBHApYXHIH MHOroobewaloiue pey-
nbTathl. Pe3ynbTaThl CPaBHHMBI C NPOTHO3aMH IO
yyalleHHOH ceTke B OONee BBICOKHX WIHpoTax. [ina
TpeTbeid craaun AT npusonsaTcs owmnbku $ha3oBoi
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OMPEAEJNEHUE JIMHUH WKBAJIOB

CKOPOCTH M CpeaHHe KBapaTHuHble OLIMOKH ompe-
[IefieHUA BEKTOpa BeTpa. BTopas 4acTh HCCNeNOBaHHA
paccMaTpuBaeT 3anady onpeaenennsi 3ananHoad-
PHKAHCKOW JIMHMM LIIKBAJia MO OTHOLIEHMIO K Mpenc-
Ka3aHHOMY TOJIOKEHUIO JIOKOHHHOR JIMHUH AQpH-
KaHCKOH BONMHbI. Bo MHOTrMX HemasHux paGortax
NPUBOAMTCA TONE3HAA CTATHCTHKA AaHHBIX HaGn-
J0[eHAH , CBA3BIBAIOILUX 33 ONOXKEHNE APPHKAHCKHX
BOMH, ONpeAeneHHble reorpaduyeckne obnacrty,
BpeMs CYyTOK C 06pa3oBaHMEM JIHHMH LIKBAJIOB. DTH
MCC/IEI0OBAHHUS TaKxke JaoT nHPopMaLHio 06 OTHOCH-
TENbHOM CKOPOCTH MABHXEHHMs Ha 3anaj /MHUH
1IKBAJIOB M JIOKOHMHBI BOJMHBI. OcnaGneHue THHHH
LUKBAJIOB [0 MEpe €€ NPOABHXEHHUA Ha 3anaj Io
OTHOLIEHHKO K JIOKOHHE TakkKe COREPXHMTCS B 3TOH
CTATHCTHKe HabmopeHmii. OCHOBBIBasSCh Ha ITHX
HaGIOOeHHAAX, MOXHO BBIBECTH PAA 3MINPHYECCKHX
NpaBHJ AJist ONPENE/ICHHS ION0KEHNS THHUH LIKBAJIOB
O OTHOWEHHIO K MPEACKA3aHHOMY MO0 CKOPOCTH.
B 3THX 3KCnepAMeHTax ObIIH NONydeHBI yCNEUIHbIE
pe3yJILTAaTHl AJI IPOTHO30B C 3a6,1ar0BPEMEHHOCTBIO
24-48 yacos. Pe3ynbTaThl 3KCIEPHMEHTOB IPHBOAATCS
HHXe.



