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ABSTRACT

A series of experiments, designed to study single level predictions with a barotropic and a
primitive equation (PE) model, essentially following Krishnamurti et al. (1980). has been carried
out for June to September 1979 utilizing the FGGE (First GARP Global Experiment) data sets.
The level chosen for this study is the 700 mb. covering a domain extending from 100°W to
38°FE and 25°8S to 45° N. Most of the waves of 1979, identified by Frank and Clark (1980).
were investigated. Because these waves were not always well defined in the analysis at 700 mb. a
wave anomaly pattern, prepared from Reed et al.’s (1977) composite African wave model. was
carefully inserted in the respective locations of the waves. Major improvement in the tracking
and passage of waves resulted from the merging of the African and easterly wave models into the
broadscale flow patterns defined by the FGGE data sets. This study includes an analysis of the
prediction errors. In this context the root mean square vector wind errors and the anomaly
correlations are presented. The results of some 52 experiments show that the simple model based
on the conservation of vorticity, performs better than persistence up to 2 days. while the next
model, which is based on the conservation of potential vorticity, performs better than persistence
up to 4 days. In general, very useful forecasts up to 2 days are possible with the single level PE

model.

I. Introduction

The purpose of this present study is to establish
the predictive capabilities of simple tropical models
that use the conservation laws of absolute and
potential vorticity as the guiding principle, using the
best available data sets during the global
experiment. This is done by carrying out a very
large number of prediction experiments with the
respective models and the evaluation is here
determined from the measures of standard
statistical errors such as root mean square (RMS)
error and the anomaly correlation coefficient. This
study also provides a comparison of some of these
prediction errors with those from the persistence of
the tropical flow fields.

An objective of this study is to assess how well
the two single level models handle the passage and
intensity of African waves over the Atlantic ocean.
In this respect, this is an extension of the results
obtained with GATE data by Krishnamurti et al.
(1980). The predictability of the forecast models.

beyond which their operational value is limited. is
also addressed here.

A brief mathematical background of the
barotropic and the single level PE models, used in
this study. is given in Section 2. Section 3 addresses
the data sets and the analysis procedures of the
present study. Results of the 52 prediction
experiments are discussed in Section 4.

Only a limited amount of work has been done
previously with numerical weather prediction
models for operational weather prediction in low
latitudes. In particular the forecasting of the
movement of tropical waves or disturbances by
numerical means has so far not received the
attention it deserves. The main reasons for this
include the hitherto lack of adequate and rehable
observations, as well as the difficulty in modelling
the tropical flow patterns. Weak horizontal
variations of the weather variables in. and the
complexity of the physics describing the dynamics
of these regions are a few of the problems
contributing to this difficulty.
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The importance of the African wave disturb-
ances to the weather of the tropical Atlantic,
Caribbean and the southeastern coasts of the
United States during the northern summer has been
an established fact since the work of Piersig (1936),
who used charts of the Netherlands Institute from
1881 to 1911 to study the behavior of “pressure
disturbances which form in the trade wind belt of
the eastern North Atlantic”. Dunn (1940) also
mentioned “tracks of isallobaric waves™ moving
along the trades current over the Atlantic. These
westward propagating disturbances have since been
shown to be the major sources of many tropical
depressions and hurricanes. Fritz (1962) tracked
hurricane Anna from 12°N 43°W-——i.e. from the
middle Atlantic ocean: however he gave evidence
for a low pressure area which originated over
Africa. Frank (1970) has shown that although only
a small number of waves ultimately intensify,
African waves account for about half of the
tropical cyclones of the Atlantic ocean.

Erickson (1963), Carlson (196%9a, b), Burpee
(1972) and Adefolalu (1974) used some surface
and upper air observations, supplemented later by
satellite photographs, to define the origin, structure
and motion of the African waves. Later. other
authors, Pedgeley and Krishnamurti (1976): Reed.
Norquist and Recker (1977), and several others
utilized the African and the GATE (GARP
Atlantic Tropical Experiment) data sets to
construct the structure. and properties of monsoon
cyclones and African wave disturbances over West
Africa. {A list of acronyms is provided in Table 1.)

Krishnamurti et al. (1980) carried out a number
of experiments with single level models utilizing the
special observations from GATE with promising
results on the passage of African waves. In this
study, these efforts are extended with the more
complete data sets from the global experiment—i.e.
FGGE level I1Ib data.

Table 1. List of acronyms

NOAA National Oceanic and Atmospheric
Administration

FGGE First GARP Global Experiment

GARP Global Atmospheric Research Programme

GATE GARP Atlantic Tropical Experiment

RMS Root Mean Square

PE Primitive Equation
ECMWF European Centre for Medium Range
Weather Forecast

399

Thompson et al. (1979) and Krishnamurti et al.
(1979a), among others, have shown that the
maximum amplitude of the African waves occurs
near the 700 mb level. They also observed that
barotropic energy exchanges, (K, -K,), as well as
the intensity of the lower tropospheric West
African jet are largest near the 700 mb level. In
addition, the level of non-divergence seems to be
close to 700 mb, especially over the GATE region.
For the above-mentioned reasons, the 700 mb level
has been chosen for the present series of single level
experiments.

2. The models

2.1 The tropical barotropic model

2.1.1. Basic equation. Using the principle of
conservation of absolute vorticity, Krishnamurti
and Pearce (1977) designed a tropical barotropic
model. This is expressed by the familiar relation on
the streamfunction v

¢ oy

iy = =l (p. Vi) — f— (1
ax

at
where J is the Jacobian operator and § = ¢f/oy. A
list of symbols is provided in Table 2.

Eq. (1) forms the basic framework of the tropical
barotropic model used in this study.

Table 2. List of symbols

c phase speed

¥ coriolis parameter

g earth's gravity

h terrain height

u zonal wind component

v meridional wind component
z free surface height

K kinetic energy

J Jacobian operator

V2 Laplacian operator

D/Dt Lagrangian operator

il meridional deviation of the earth’s vorticity

¢ relative vorticity

Ca absolute vorticity

<5 potential vorticity

[ latitude

W streamfunction

O zonal average

K, K> barotropic energy conversion (zonal kinetic
to eddy kinetic)

E, total energy parameter
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2.1.2. Features of the barotropic model. This
model is constructed to conserve not only the
average absolute vorticity, Za, in a domain but also
the square of the mean absolute vorticity, Zaz, as
well as the domain average kinetic energy, K. The
invariance of {,? and K are important properties if
the model is to give realistic forecast flows. Another
property of the barotropic model is its capability
for energy exchanges, (K,-K.), during baro-
tropically unstable shear flows. Other features
of the model include the use of the so-called
“Arakawa Jacobian™ for the finite-differencing of
the advective term J(w.v?y), following Arakawa
(1966), and an Euler backward time-differencing
scheme as suggested by Matsuno (1966). For this
study a time step of 2700 s was utilized. This time
step was determined by the Courant, Levy,
Fredrick criterion to a grid distance of 1° latitude/
longitude mesh. For the finite difference
representation of V2, a standard second-order
Laplacian was utihzed.

2.1.3. Computation of streamfunction. In the
barotropic model used for this study, the initial
streamfunction has been defined from the initial
horizontal motion field following Krishnamurti
(1969). Subsequent computations of the
streamfunction for the 96 h of integration are
determined using the Tukey’s Fast-Fourier
transform method following Hockney (1965). This
is a much faster method than the usual relaxation
of the relative vorticity, v2y.

2.1.4. Boundary conditions and smoothing. As
boundary conditions. the domain has been
extended in the zonal direction by adding six extra
rows of grid points beyond the analysis domain
using a linear interpolation. This removes the
east—west boundaries and ensures a smooth cyclic
continuity of the analysis. At the northern and
southern boundaries the initial streamfunction is
made to vary in the zonal direction while the
tendency of the streamfunction &/ 4t is set to zero
at these two walls during the integration. In effect
we have an open boundary with v = ¢ = constant
at the north and south boundaries.

Apart from the smoothings implied in the finite
differencing schemes used for the time tendency
and the advective terms of the model no other
smoothing is found necessary.

2.2. One-level PE model

2.2.1. Basic equations. The following three
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equations describe the model:

Equation of motion:

LA @
—=fr—g—(z+

Dt g(’)x

L )
— =—fu—g—(z + h).

Dt gﬁy (e

Mass continuity equation:

Dz du o

—=—z|—+—1 4)
Dt fx oy

where z is the height of a free surface and 4 is a
smoothed mountain height.

2.2.2. Features of the one-level PE model. The
invariants of the model include the domain aver-
aged potential vorticity, {, = ({ + f)/z and all
its powers ({7), a total energy parameter, £, =
z(K + gz/2 + gh), and the mean height of the free
surface, z. While the model conserves the above-
mentioned invariants for a closed domain, in this
study the northern and southern boundaries have
been kept open to allow for a more realistic flow. In
spite of this it was found that the three invariants
mentioned above remained within 2% of the initial
values throughout the 96-h integration.

In order to assure a near invariance of the
domain invariants mentioned above, and at the
same time control non-linear computational
instability, the semi-Lagrangian advection scheme
as proposed by Krishnamurti (1962) and Mathur
(1970) is used in the treatment of the horizontal
advective terms of the model. In this scheme the
dynamics of the PE is used to determine the origin
of a parcel arriving at a grid point in a time step,
At. For this study a time step of 600 s has been
utilized.

2.3.3. Boundary conditions. The boundary
conditions used for this model are as described by
Krishnamurti et al. (1980). Briefly, the domain has
a cyclic continuity in the zonal direction by
providing an artificial region, extending for about
1300 km at the eastern end of the observational
domain. This 1300 km region is created only for
the initial © and r ficlds while the geopotential, z,
over the entire cyclic domain is obtained by solving
the non-linear balance cquation. At the northern
and southern boundaries. the time tendencies du/dt
and ¢v/ét. are set to zero even though the
boundaries are kept open. Thus u, v, z are kept
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constant at the north and south boundaries. As a
result of these boundary conditions large inflow—
outflow discontinuities develop at these lateral
boundaries. In order to reduce these discontinuities
a smoothing of the form:

Fio=dF )+ 1 —a)(Fy , +Fi; )

is applied. F is any variable and ais a smoothing
coefficient, = 0-95.

2.2.4. Treatment of the bottom topography, h,
and the mean height of the free surface, z. Krishna-
murti et al. (1977) has discussed the importance
of mountains in the one-level PE model. In that
study it was shown that forecast experiments run
(using GATE data) with terrain heights included,
give results closer to the observed flow than those
run without terrain.

It is important that a free surface mean height be
assigned in the one-level PE since z, the height of
the free surface is made up of the mean height z
and a perturbation portion z’

iez=2z+2

From the shallow water equations (egs. 2, 3 and 4)
it can be shown that 7 is related to the wave phase
speed, ¢, by the relationship

c—u=+\/gz
It follows then that the wave phase speed is
proportional to the mean height of the free surface.

For the mean height of the free surface. z, a
value of 2000 meters has been utilized in this study.
This is in line with earlier studies by Williamson
(1976), who showed that values of z smaller than
the actual mean values of the depth of the pressure
surface slow down the waves and give improved
forecasts of the shallow water equation. Further to
this, Ploshay (1977) has shown that in the GATE
area, a value of 2000 meters for the mean free
surface height gives most realistic phase speeds and
amplitudes of the African waves.

Because of the reduced mean free surface height,
the terrain heights extracted from Gates and
Nelson (1975), and used in this study (see
paragraph 3.1). have to be further smoothed in
order to avoid unrealistic wave phase speeds. In the
experiments performed, it was necessary to scale
down and smooth the mountain heights to less than
one-tenth of their values especially in the south-
western part of the domain where the high Andes
mountains were initially producing very high values
of the motion fields.
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3. Data and analysis procedure

3.1. Data

The data used in this study comprise of

(a) The FGGE Level lIIb wind data at the 850
and 700 mb, from the European Centre for
Medium Range Weather Forecast (ECMWF),

(b) the high resolution satellite cloud motion
vectors over the Atlantic ocean, derived by the
University of Wisconsin on the McIDAS
system.

(c) smoothed mountain heights obtained from
Gates and Nelson (1975). The treatment of this
parameter in the PE model has been described
earlier.

The period covered in this study is from June
16, 1979 to September 15, 1979 for the observation
time 1200 GMT each day. The 1200 GMT
analysis includes low cloud motion vectors between
0600 GMT and 1800 GMT for each day.

The domain of this study is from 25°S to 45°N
and from 100°W to 38°E. while the horizontal
mesh size is 1° latitude/1° longitude for the
barotropic model and 2° latitude/2° longitude for
the one-level PE model. The difference in spacial
resolution is an attempt to considerably reduce the
computer time and high cost of running each
experiment with the one-level PE model.

3.2. Analysis procedure

The 850 mb and 700 mb grid point values of the
u and v components used in this study are results of
objectively analysed fields of the original FGGE
observations by the ECMWEF. The ECMWF
analysis does not include the high resolution cloud
motion vectors on most days. In order to incorpor-
ate and thereby fully utilize the cloud motion
vectors, a reanalysis was felt necessary. The
method used here foilows the method proposed by
Krishnamurti et al. (1979). The wind shear between
850 mb and 700 mb is assumed to be given. i.e. in
the ECMWF analysis. A reanalysis of the 850 mb
motion field is first made with all available data.
Next. we add the shear field to reconstruct the
700 mb analysis. The following steps were fol-
lowed. First, the shears, Au and Av, between the
700 mb and 850 mb levels were calculated for each
grid point. The 850 ECMWF analysis and the high
resolution cloud motion vectors were merged
together and objectively analysed to produce a final
850 mb field. The details of the objective analysis
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method used are described in Tripoli and
Krishnamurti (1975) and are not reviewed here.
Finally, the shears, Au and Av, at each grid point
are added to the new 850 mb u and v fields to give
the new 700 mb « and v fields. These 700 mb « and
v fields form the basic data used for this study.

3.3. Initial state tropical wave identification

In order to effectively study how well the models
handle the passage of African waves, twenty-six
waves identified by Frank et al. (1980), between
June 15, and September 15, 1979, were tagged for
the present investigation. In spite of the efforts put
into obtaining a detailed 700 mb analysis as
described in paragraph 3-2 above, most of the
waves identified by Frank were still not reasonably
well defined. For a more realistic initial state of the
African wave, therefore, a 700 mb composite
easterly wave anomaly, following Reed et al
(1977), (see Fig. 1), was carefully inserted in the
respective locations of the waves as determined by
Frank’s study. Here the anomaly implies a pertur-
bation wind field from Reed et al. {1977) com-
posite, where the zonal mean composited flows had
been removed. The premise here is that the larger
scale data sets define the broad scale horizontal

-2 t
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Fig. 1. Streamlines for perturbed wind field (Wave
Anomaly) at 700 mb—copied from Reed et al. (1977). A
category width represents about 3° of longitude. The
cross denotes disturbance center. “Zero” latitude on the
A latitude scale corresponds to average latitude of
disturbance center. One full barb corresponds to Sm s,
one half barbto 2.5 m s 'and nobarbto 1 ms~".
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shear which is important for the future evolution of
the waves themselves. A limitation of this approach
is that the variability of easterly waves anomaly
from one case to the next is ignored. We found that
this was inevitable simply because the density of
FGGE observations were inferior to those during
GATE over the eastern Atlantic ocean. It is to be
noted here that Frank used satellite photographs
and time sections to determine the approximate
locations of the waves. As a result of this merging
of the easterly wave anomaly model with the
African wave, major improvement in the definition,
tracking and passage of the tagged African waves
ensued. Fig. 2 illustrates a typical objectively
analysed 700 mb initial state streamlines (solid thin
lines) and isotachs (dotted thin lines). Five tropical
waves (heavy dotted lines) may be identified in this
illustration.

4. Results of prediction experiments

Fifty-two 96-h prediction experiments were
carried out with the two single level models—the
barotropic and the one-level PE. The detailed
results of only a few are presented in this section.
Detailed error statistics of the experiments are also
given in this section.

4.1. Flow fields

Figs. 3 and 4 show the flow fields (streamlines
and isotachs) at 700 mb for the days indicated.
Here Model I refers to the barotropic model while
Model II refers to the one-level PE model. The top
panels (a, d, g and j) of each of Figs. 3 and 4 are
the observed flow fields for each day of the
indicated 4-day experiment. The middle panels (b,
e. h and k) of each figure show the predicted flow
fields for each day using Model 1 (barotropic
model) while the bottom panels (c, f, i and 1) depict
corresponding predicted flow fields using Model 11
(one-level PE model).

In general, the main synoptic features of the flow
fields show close agreement between the observed
and the model predictions. The close agreement is
better illustrated in the 24-h and 48-h fields and to
some extent in the 72-h fields. In 96 h the
agreement is in general not as good. The main
differences between the observed and predicted
fields are generally obvious at the north and south
boundaries because of the boundary conditions
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Fig. 2. Typical objectively analysed 700 mb streamlines (thin solid lines) and isotachs (thin dotted lines in units of m
s71). Troughs of tropical waves are identified with heavy dashed lines: September 4, 1979 at 1200 GMT.

imposed. On the average the prediction fields of the
one-level PE model seem to show smoother flow
patterns especially in the trade wind areas. This is
most probably because of its coarser resolution—
2° mesh size—as opposed to the 1° resolution of
the barotropic model.

4.2. Atlantic tropical waves

The heavy dark lines in the flow fields illustrated
by Figs. 3 and 4 indicate the approximate trough
positions of the tropical (African) waves over the
Atlantic ocean. Table 3 also shows the mean values
of the longitudinal trough positions of some of the
waves as defined by the observed and predicted
flow fields. In general, close agreement between the
observed and the two predicted tropical wave
trough positions exists, especially during the first 48
h. The errors in trough positions during the first 48
h average from 1° to 2° of longitude. Significant
errors in trough positions (sometimes as large as
10° of longitude) have been noted between the 72
and 96 h observed and the predicted trough
positions. This is mainly due to the different phase
speeds of the two models. While the average phase
speed of the African waves in the observed flow
field for the 4 days run of each experiment is about
6-2 deg/day {or 8-0 m s™'), their corresponding
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phase speeds for the barotropic and one-level PE
model runs are approximately 5.4 deg/day (or 6.9
m s7!), and 6.7 deg/day (8.6 m s~ 1) respectively.
These phase speed values show that, of the two
models, the one-leve] PE model has a somewhat
faster phase speed than the barotropic model. The
main reason for this is that the wave anomaly
pattern (see Fig. 1) superimposed on the initial flow
field is somewhat enhanced by the convergence
which is often found ahead of the wave trough
position (Reed et al. 1977). Besides, it should be
noted that the phase speed in the one-level PE
model is also dependent on the value of the mean
height of the free surface, z, chosen (see paragraph
2.2.4).

4.3. Wind speeds

Table 4 shows the approximate values of the
maximum speeds of the easterlies for the observed
and model flow fields around 10° N.

In general, both the barotropic and the one-level
PE models show a decay of the maximum winds by
the end of each 96-h experiment. This bears out the
findings of Krishnamurti et al. (1980) who also
indicated that the decay is evidently due to
restrictions on the boundary values of u, v and z in
the models. Besides, since the kinetic energy
following a parcel is not an invariant in the models,
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Fig. 3. The 24, 48, 72 and 96-h observed and predicted 700 mb streamlines (thin solid lines) and isotachs (thin dotted
lines in units of m s~!) for initial state 1200 GMT, June 28, 1979. Model I is the Barotropic Model and Model II is the
One-level PE Model. The heavy dotted lines are approximate trough positions of the tropical waves. (a) Observed
motion field valid at 1200 GMT, June 29, 1979, (b) 24-h barotropic forecast verifying at 1200 GMT, June 29, 1979,
(c) 24-h one-level PE forecast verifying at 1200 GMT, June 29, 1979, (d) Observed motion field valid at 1200 GMT,
June 29, 1979, (d) Observed motion field valid at 1200 GMT, June 30, 1979, (e) 48-h barotropic forecast verifying at
1200 GMT, June 30, 1979, (f) 48-h one-level PE forecast verifying at 1200 GMT, June 30, 1979, (g) Observed
motion field valid at 1200 GMT, July 1, 1979, (h) 72-h barotropic forecast verifying at 1200 GMT, July 1, 1979, (i)
72-h one-level PE forecast verifying at 1200 GMT, July 1, 1979, (j) Observed motion field valid at 1200 GMT, July 2,
1979, (k) 96-h barotropic forecast verifying at 1200 GMT, July 2, 1979, (1) 96-h one-level PE forecast verifying at
1200 GMT, July 2, 1979.

the values of maximum winds are not expected to earlier findings of the same authors in respect to the
remain constant. decrease of velocity with time in the high speed
The results of the experiments also support the regions and an increase in the low speed regions.
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4.4. Invariants

For the 96-h runs of each of the experiments
with the one-level PE model, invariants were
computed each day. Table 5 illustrates the values of
the mean height of the free surface, 2, the domain
average potential vorticity. ¢ . the domain average
square potential vorticity. ‘ff, and the domain total
energy. E . for a few of the experiments. It can be
seen from these values that the invariants remained
nearly constant through the 96 h in spite of the
open north and south boundaries introduced into
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the model. Percentage departures were between 0.0
and 2.0%. This confirms the characteristics of the
single level primitive equation model as earlier
specified in paragraph 2.2.2.

4.5. Verification scores

In order to assess the degree of accuracy of the
forecasts made using the single level prediction
models in this study. two different types of
verification scores have been computed. These are
in addition to the wave trough positions already
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discussed in paragraph 4.2. These verification
scores are (a) the RMS errors for the vector. zonal
and meridional winds and (b) the anomaly cor-
relation coefticient.

The RMS errors have been computed over a
limited inner domain bounded by longitudes 0° and
98°W and latitudes 10°S to 30°N, while the
anomaly correlation coefficient was obtained for
the entire domain.

4.5.1. RMS errors. One good way of estimating
the performance of the two forecast models used in

this study is to look at the RMS vector deviation of
the prediction models relative to the verification
winds. Table 6 (i) shows the limited domain and
time averaged RMS vector errors computed every
day of each 96-h forecast for the two models
compared with the results of Krishnamurti et al.
(1980). Ploshay (1977) and with persistence. It is
to be noted that in the tropics persistence is
considered a good forecasting tool. The results
show that the barotropic model performs better
than persistence only in the first 48 h while the

Tellus 35A (1983), 5
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one-level PE model’s performance in this study
excels those of the barotropic model and of
persistence throughout the 96 h. The results also
show marked improvement over the results of
Krishnamurti et al. (1980) and Ploshay (1977),
who used the same models with GATE data.
Tables 6 (ii) and 6 (iii) are RSM errors for the
zonal (1) and meridional () components of the
flow fields. From the tables we see that the greater
errors come from the zonal flow in both models.

Tellus 35A (1983), 5

This is most likely due to the open boundary
conditions imposed in the models. The time
evolution of the zonal wind (u) is dependent to
some extent on values of the meridional wind (v) in
the physics of the models (see eq. 2 for example).
4.5.2. Anomaly correlation coefficient. This skill
score system has been used by the European
Centre for Medium Range Weather Forecast
(ECMWEF) to evaluate medium range forecasts
(Hollingsworth et al. 1980). The anomaly cor-
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relation coefficient is the correlation between the
forecast and observed variables after the monthly
normal has been subtracted. In this study. the

streamfunction. . is the variable used in comput-
ing the coefficient for the barotropic model experi-
ments while the wind speeds were used in respect to

Tellus 35A (1983), 5
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September 15, 1979 has been utilized. This period mean.

is most representative of a typical African wave Yg X

s€ason.

If X(¢) is the value of a variable at a predicted
time, ¢, then the anomaly is defined by: i

AX(t)

where, in this study., X, is the 77-day initial states

Tellus

=X(0) - X,

35A (1983), 5
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PE model runs. Instead of the mean. AXp(t) and AX (1) are the predicted and
observed values at the predicted time, ¢, respec-
tively. The averaging operator X indicates an area

where X, is an arbitrary variable at the grid point i
and g; is a weighting factor. Here the cosine of the

latitude has been used as weighting factor.
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The operator E(X) is an ensemble mean of all
the experiments run with each model.

l n
E(X) = ;;‘ X,

where X is the value of the anomaly correlation
coefficient for each experiment and »n is the number
of experiments.

Anomaly correlation = E

( (AX, (1) ~ AX (1) (AX (1) — AX (D)) )
VIAX (0 — AX,(0?  \(AX (1) — AX (D)
Tables 7 and 8 show the anomaly correlation

coefficients between the model forecasts,

barotropic and one-level PE, and verifications.
From the Tables we see that the one-level PE model

Tellus 35A (1983), 5
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performed better than the barotropic model predictability over the tropics of two single level

throughout the 96-h period. It is also observed that
both models seem to show more skill during the
peak of the tropical wave season—August—than
at other periods.

5. Summary and conclusion

Fifty-two 96-h prediction experiments have been
carried out in this study mainly to assess the

Tellus 35A (1983), 5

prediction models—the barotropic and the one-
level PE models—-that respectively use the laws of
conservation of absolute and potential vortivity.
The westward movement of the 700 mb Atlantic
tropical waves which had originated over Central
Africa are examined. In similar studies (Ploshay,
1977; Krishnamurti et al., 1980) the data set from
GATE have been previously used. In the present
study the data sets from the 1979 global experi-
ment, FGGE, have been utilized.
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Table 3. Approximate positions of troughs of tropical waves

Approximate mean longitudinal position of trough

24h 48 h 72h 96 h
Time of initial state Wave
12GMT  » Obs Ml M2 Obs M1 M2 Obs M1 M2 Obs Ml M2
June 19, 1979 12 GMT | 18W  18W 20w 21W  25W  3IW 29W  32W 39w 33W 35W 46W
2 25W 30W 30W 32W 0 34w 38W — 42W  46W  48W  4TW  5IW
3 48W  50W 52w S3IW 0 S6W 60W  saw S6W T0W 53w T2W TTW
4 T9W 8O 80W  BBW  B6W  BTW  — 92W 93w — 9TW —
June 28, 1979 12 GMT 1 27TW 2TW 26W 0 12W 0 32W 3TW O 39W 42W 4BW 41W 49w 52w
July 18,1979 12 GMT 1 20W 20W 20w 26W 27TW 26W 2TW 29W 31w 32W 34W 36w
2 50W  47W 42w 5TW 52W S50W 63W 5TW 56W — 60W 62w
July 20. 1979 12 GMT | 27W 0 28W 28W 12W 32W 33W 40W 3TW 39w 43W 40W 45w
July 30,1979 12 GMT 1 2TW 26W 26W  42W 36W 36W 4TW 40W  40W  56W  45W 45w
August 171979 12 GMT 1 28W  28W  28W  3BW  38W  40W  46W  46W  46W  55W  4TW 53w
August 22, 1979 12 GMT 1 23w 21w 2w IIW 27w 28w 3TW 30W 32W 46W 33W 3TW
September 4. 1979 12 GMT | 29W 28w 28W 16W 32w 33w 43w 33w 38w — BW 45w

Obs

Observed: M1—Model 1 (Barotropic): M2—Model 2 {One-Level PE): A

dash (—) indicates waves cannot be defined or moved out of

domain.

Table 4. Maximum speed of easterlies (m s=') around 10° N

24h 48 h 72h 96 h
Time of initial state Obs Ml M2 Obs M| M2 Obs Ml M2 Obs Ml M2
June 19,1979 12 GMT 10.2 13.5 15.0 11.6 12.8 14.2 13.7 12.5 13.5 12.3 12.4 12.1
June 28. 1979 12 GMT 133 135 119 134 137 120 133 129 11.0 107 132 121
July 18,1979 12 GMT 15.1 11.1 10.4 13.7 9.7 9.6 10.5 1.7 7.6 12.6 7.7 74
July 20, 1979 12 GMT 105 1.7 11.8 (2.6 104 105 144 103 103 159 107 9.7
July 30. 1979 12GMT 13.4 12.6 12.2 13.6 11.0 10.9 11.2 10.3 8.9 8.87 9.6 8.2
August 17. 1979 12 GMT 12.5 12.1 12.2 11.2 i1.8 131 9.4 13.9 14.4 12.6 12.0 14.7
August 22. 1979 12 GMT 14.0 1.7 12.6 12.5 11.9 11.1 11.2 11.8 10.8 13.7 11.0 9.5
September 4. 1979 12GMT 10.0 12.5 I.0 10.0 11.5 11.0 13.2 9.7 11.5 12.2 8.3 10.7

Obs - Observed: M1—Model 1 (Barotropic): M2—Model 2 (One-Level PE).

During the period, twenty-six of the tropical
waves that moved over the Atlantic between June
16, 1979 and September 15, 1979 were in-
vestigated. The waves are those identified by Frank
and Clark (1980) in their annual summary of
Atlantic waves.

The results show that:

(a) The models conserved domain invariants. In
particular, the one-level PE model invariants.
for which statistical values have been computed
(see Table 5) did not depart for more than 2%
of the original value through each 96-h run.
These are the domain averaged potential
vorticity, square potential vorticity. mean
height of the free surface and the total energy.
The prediction experiments shown here used
open boundaries.

(b) There exists. in general. good agreement in
respect to the main synoptic features, between
the predicted flow fields of the models and
those of the observed, at least up to 72 h.
Beyond 72 h. however. the positions of some
features seem to depart considerably from the
observed.

The models advect the tropical waves fairly
accurately for the first 48 h. the predicted
trough positions are within 1° to 2° latitude of
the observed. Thereafter. a deterioration in the
phase speed of the waves in the barotropic
model and in the one-level PE model are noted.
In general. the barotropic and the one-level PE
models respectively advect the tropical waves
with average phase speeds of 5.4 deg/day (6.9
m s™") and 6.7 deg/day (8.6 m s ') while the

Tellus 35A (1983), 5
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Table 5. Domain invariants for the one-level PE model

June 16, 1979
Hour z & &2 E

T
(m) (x10%m ') (x10-*m 2572 (x10-3m’ s°?)

24 2017. 1.142 6.863 0.2039

48 2016. 1.140 6.865 0.2036

72 2014. 1.141 6.784 0.2032

96 2012. 1.142 6.736 0.2029

% departure 0.24% 0.00% 1.85% 0.49%

July 11,1979

24 1996. 1.161 7.042 0.1997

48 1993. 1.155 7.011 0.1990

72 1991. 1.155 6.926 0.1986

96 1989. 1.153 6.915 0.1982

% departure 0.35% 0.69% 1.80% 0.75%

August 17, 1979

24 1999. 1.153 6.907 0.1986

48 1989. 1.146 6.913 0.1983

72 1988. 1.142 6.852 0.1981

96 1987. [.140 6.782 0.1979

% departure 0.6% 1.13% 1.81% 0.35%

September 4, 1979

24 1985. 1.158 6.870 0.1976

48 1983. 1.156 6.900 0.1972

72 1981. 1.155 6.865 0.1968

96 1980. 1.153 6.795 0.1966

% departure 0.25% 0.17% 1.09% 0.51%
average observed phase speed of the waves is (Krishnamurti et al. 1980). This may be a
about 6.2 deg/day (8.0ms ). result of the better sets of the present study.

(d) The maximum winds in the easterlies seem to Anomaly correlation coefficients (Tables 7 and
slow down somewhat in the models. This is 8) were computed for both models. They show
traces to the boundary conditions imposed. At considerable skill at 24 and 48-h predictions;
the boundaries the time evolutions of w. v, z correlations greater than 0-5 were noted at 72
were set to zero: this does not permit adequate to 96 h as well. The coefficients also indicate
middle latitude interactions. that the performance of the one-level PE model

(e) The RMS errors (Table 6) for both models was consistently better than the barotropic
show considerable skill at 48 h; this perfor- model throughout the 96-h forecasts.
mance is better than peristence. The perfor- The results of this series of experiments with the

mance of the one-level PE model was better  barotropic and the one-level PE models suggest
than that of the barotropic model and per-  that predictions of the movement of tropical waves
sistence throughout the 96 h for each experi- over the Atlantic ocean can be carried out
ment. The errors show an improvement over  reasonably well up to 48 h. The predictive
the earlier studies with the GATE data sets  capability of the one-level PE model is in general

Tellus 35A (1983). 5
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Table 6. Root mean square error comparisons

(i) Vector deviation

One-level PE One-level PE
Barotropic model One-level model (Krish er al., 1980) (Ploshay, 1977) Persistence
(ms™h) (ms") (ms™") (ms™') (ms™')
24 h 4.82 4.97 5.15 6.06 5.47
48 h 6.15 6.02 6.20 6.08 6.58
72h 6.87 6.31 — 6.92 6.49
96 h 7.09 6.44 — 7.18 6.66
(it) Zonal wind (u) deviation
Barotropic model One-level PE model
(ms~!) (ms')
24 h 3.78 3.50
48 h 4.61 4.49
72h 5.35 4.68
96 h 5.60 4.95
(iit) Meridional wind (v) deviation
Barotropic model One-level PE model
(ms™ (ms™1)
24 h 3.24 333
48 h 4.05 3.99
72h 4.40 4.22
96 h 4.32 4.09

Table 8. Anomaly correlation coefficient between
Table 7. Anomaly correlation coefficient between one-level PE model forecasts and verifications
barotropic model forecasts and verification

Date of initial state 24h  48h 72h 96h
Date of initial state 24 h 48 h 72 h 96 h

June 19, 1979 070 059 067 0.54
June 19, 1979 0.53  0.55 0.55 040 June 21, 1979 0.89 0.65 0.58 0.50
June 21, 1979 043  0.53 0.48 —0.09 June 23, 1979 0.50 0.62 050 0.46
June 23, 1979 038 007 0.18  0.03 June 28, 1979 0.86 0.71 059 0.37
June 28, 1979 0.50  0.37 033  0.10 Tune 29, 1979 093 0.69 047 025
June 29, 1979 0.67 047 028 0.31 July 11, 1979 087 077 075 0.65
July 2, 1979 044 000 033 —0.11 July 18, 1979 092 069 0.66 0.61
July 11, 1979 0.64 040 0.21  0.05 July 20, 1979 099 0.80 067 0.59
July 18, 1979 048  0.62 0.52 0.5 July 30, 1979 091 0.76 074 0.73
July 20. 1979 0.70  0.69 047 059 August 2, 1979 091 0.86 0.65 069
July 30, 1979 0.65  0.57 0.60 046 August 10, 1979 090 0.77 067 0.68
August 13,1979 0.66  0.69 0.52 066 August 13, 1979 0.87 0.69 0.63 0.60
August 17,1979  0.72  0.63 0.80  0.66 August 17, 1979 094 075 0.70 0.74
August 19,1979 0.80  0.78 0.68 0.71 August 19, 1979 093 082 073 073
August 22,1979  0.77  0.65 0.69  0.34 August 22, 1979 099 090 072 0.69
August 25,1979  0.58  0.79 0.62 0.54 August 25, 1979 096 079 071 0.72

September 4, 1979  0.64 0.67 0.38 0.66 September 4, 1979 096 068 058 053
September 7, 1979 0.64 0.54 0.20 0.55 September 7, 1979 089 065 069 067

Average 0.60 0.51 0.43 0.38 Total average 0.88 0.73 0.65 0.60

Tellus 35A (1983), 5
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better than that of the barotropic model, and its 72
h forecast appears acceptable. Beyond that forecast
time the predictions made with the models may not
be of any operational value other than to provide a
rough outlook of the flow field and trough
positions. Both of these models lack physics which
is necessary for the maintenance and propagation
of tropical waves and that is of course a limitation.
For further improvement of results one must resort
to multi-level PE models where physical processes
such as air—sea interaction, radiative effect, convec-
tion and condensation processes are included. Such
tests with multi-level models would establish the
scope of the tropical predictability problem; this
again would require a large experimentation
program.
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