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A review of some recent results on numerical weather prediction over the tropics is
presented here. The emphasis of this review is on the prediction of hurricane
formation and motion from global models. Also presented is a brief summary of
results from regional single and multilevel models.

The major new results on the global models are that with increasing resolution in
the horizontal and in the vertical (especially in the boundary layer) major
improvements have been possible. The model is quite sensitive to data sets, the
performance being considerably better with the final FGGE data sets as against the
operational data sets. Improvements in short to medium-range prediction are
contributed by refinements in the parametrisation of physical processes. High
resolution global models show major improvement in storm tracks; the hurricane
formation is very well handled with these modelling refinements although the inner
storm area (radius less than 150 km) is not resolved by the high resolution global
models. Thus the maximum speeds and minimum pressure of storms are not well
handled in the present state of the art.

Introduction

Various centres in Europe, Australia, United

Table 1. Useful acronyms and symbols.

States, Japan and Asia have contributed to the ECMWE European Center for Medium Range
recent development of numerical weather predic- FGGE ?__’\{etlltlg; ll{:%reéfsll)sl Eoer

tion models (NWP) over the low latitudes. The FGGE Illb Analysed gridded final FGGE data sets
range of these models includes single level NMC National Metcorological Center
vorticity and potential vorticity conserving 4D Four dimensional data assimilation
models, regional high resolution primitive FSU Florida State University

equation models and high resolution global SIT c 8"‘."“‘" ;"‘.C“’O‘a"o"

spectral models. Operational efforts at ECMWF, SANDBAR Sa':;:::aB;;gﬁopic Model

UK Meteorological Office, Japan Meteorological NHC/YR National Hurricane Center’s Statistical

Agency, The US National Meteorological Center
and the Australian Bureau of Meteorology
Research Centre have placed a major emphasis on

T21,T31,..,T106

Model for different years
Various resolutions of Spectral Model,
Triangular truncation

) h & WWW World Weather Watch
the evaluation of NWP over the tropics. (A list of ¢ Vorticity
acronyms is given in Table 1.) The skill scores D Divergence _
based on the performance of the global model at IS lDeW'tPO"‘} depression
the ECMWF demonstrate a useful skill of roughly o e teal ceon e
2'» days for the tropical belt 30°S to 30°N. This ” diffusion coefficient
skill is based on the root mean square error of the Y Time filtering coefficient
vector wind and is measured against the persist- q Specific humidity _

[ Vertical velocity in sigma coordinate

ence error. The statistics of the prediction error
cover an extended period of time, 1.e. one year of
global forecasts. Overall, the tropical wind errors
in global models have been reduced somewhat in
recent years. This improvement has come largely
from model improvement. We shall be addressing
some of these areas in the following section.
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Several improvements in the modelling efforts

relevant to the tropical numerical weather predic-
tion have occurred in recent years. Much effort
has gone into evaluating model performance in
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the areas of analysis and short-range prediction.
Kanamitsu (1985) examined the performance of 2
to 3-day forecasts of the ECMWF model over the
tropics and noted that although the skill scores of
prediction in the tropics were quite low, the
model predicted the phase speed and amplitude
of African waves reasonably well. Reed et al.
(1986, 1987) presented an impressive account of
the ECMWF analysis system for the African
region. They have shown that the 4D analysis
provides a realistic structure of the African waves
initially and the model forecasts onto the time
frame of 3 to 4 days are very realistic.

Puri and Bourke (1982), Puri (1983, 1987) have
addressed the inclusion of diabatic heating in the
normal mode initialisation. Their work is particu-
larly noteworthy in reference to the description of
the tropical Hadley cell.

In a first such study, Bengtsson er al. (1982)
describe ‘intense hurricane-type vortices’ which
developed in many ECMWF operational grid-
point model forecasts of 1980 around the fourth
day of their forecasts. Although in some cases the
model storms appeared similar to actual storms,
there were several cases where spurious
cyclogenesis occurred. The model exhibited a
definite bias for the number of northwest Pacific
storms. The authors felt this was attributable to
relatively high sea-surface temperatures used in
the model. That was required to enhance the
transport of moisture upward from the boundary
layer. Since 1980 major improvements have been
incorporated in the formulation of the surface
layer physics at the ECMWF.

Dell’Osso and Bengtsson (1985), in a later
study, discuss the relative merits of two models by
carrying out three-day forecasts of typhoon Tip of
1979. Tip was a major super typhoon of that year.
The two models were the ECMWF operational
global grid-point model and a limited-area ver-
sion (ELAM) of this same model. The global
model output was used to provide boundary
conditions for ELAM. ELAM’s grid resolution
was around 57 km, as compared to roughly 208
km for the global model. The most striking aspect
of the ELAM was its ability to provide a
reasonable track forecast. The track of the
typhoon in the global model run was somewhat
worse. It appeared from this study that model
resolution had a significant impact on the accu-
racy of track forecasts. Such an increase in skill
may in part be due to the simulation of the
mesoscale typhoon structure on the finer grid.
The typhoon’s cross-sectional structure was much
more realistic in the ELAM forecasts. The ELAM
storm exhibited realistic tangential velocity, a
smaller radius of maximum wind, a stronger
warm core, and a steeper surface pressure gradi-
ent compared to the global model. Another
remarkably realistic aspect of the ELAM forecast

was the prediction of very realistic-looking spiral
precipitation bands, the location of these bands
corresponded closely with those seen on satellite
photographs. In this study, the authors demon-
strate that, beginning with large-scale data, a
sufficiently high-resolution model can, with
reasonable accuracy, simulate the development,
structure and motion of a tropical cyclone;
although the model’s need for time to develop the
mesoscale structure from the large-scale data
contributes substantially to errors in the track
forecast.

Heckley et al. (1987) described two forecasts of
Hurricane Elena starting from 31 August 1985.
These were made with a global spectral model at a
resolution of T106 waves (Triangular Trunc-
ation). The passage of this storm along the
northern Gulf of Mexico was of interest here. One
of these was an operational forecast while the
other used an experimental version of the oper-
ational global spectral model. The only difference
in these two experiments was in the
parametrisation of cumulus convection. The
operational model utilised a version of Kuo’s
parametrisation scheme (Kuo 1974) for deep
convection and a diffusive scheme (following
Tiedke 1986) for shallow convection. The exper-
imental model uses a lagged adjustment scheme
(Betts 1986; Betts and Miller 1986) for its
parametrisation of deep and shallow convection.
The operational forecast was somewhat poor; it
carried the storm roughly 200 km to the south of
the Louisiana coast, whereas the experimental
forecast showed a landfall very close to the
reported location on the Louisiana coast.

Tuleya (1987) described the genesis of three
tropical storms and the non-development of a
tropical wave during the FGGE year 1979. For his
study he utilised a regional model at a resolution
of 28 km. For each case he carried out two
experiments, the execution of which differed only
in the boundary conditions. In one experiment
real data at the boundaries from the ECMWF
FGGE IIIb data were ‘used, while in the other
series of runs the boundary conditions from an
R30 version of a global spectral model run were
used. In each case the forecasts began with an
incipient disturbance, moreover, development or
non-development was reasonably predicted. The
results did not seem to be particularly sensitive to
these boundary conditions.

Tropical data sets

The operational data sets are received via the
global telecommunication system. The oper-
ational prediction suffers from problems such as
poor communication of data, poor quality of
observations, missing observations and the short
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cut-off time for the receipt of observations. As a
consequence, less than 40 per cent of the data
from the total observation taken over the global
tropical belt are utilised in the global analysis.
Only in special efforts, requiring delayed mode
collections, has the input been drastically
improved. That was demonstrated in the collec-
tions for the GATE and FGGE periods. (These
data inventories are available at the World Data
Center, Asheville, NC, USA.) In the present
review we shall mostly be addressing results based
on FGGE data sets. The FGGE IlIb data sets
prepared by the European Centre are described in
Bengtsson et al. (1982). The European Centre’s
final IIIb analysis includes a multi-variate opti-
mal interpolation and a 4-dimensional data
assimilation. This data set is made available to the
users at a resolution of 1.875° latitude/longitude
mesh.

The tropical data coverage of the final FGGE
ITb is much superior to the operational NMC Ila
data sets. The analyses, based on these, are used in
intercomparison experiments reviewed here. Dif-
ferences in these two data sets arise from the
shorter cut-off time on the GTS for the data
receipt at NMC as compared to the ECMWF and
also from the larger covariance matrix of the
multivariate OI of the ECMWF IIIb. There are
also major differences in the 4 D assimilation
methodology. We shall next present an outline of
the FSU global model which is used for some of
the studies reported here.

An cutline of the FSU global
spectral model

Domain: global,
Dependent Variables: {, D, T, S, 1 Pg; (A list of
symbols is given in Table 1);
Vertical Coordinate: o (12 layers),
Computational Methods: (see below)
Horizontal: spectral representation T21, T31,
T42, T63, T106;
Vertical: finite difference representation;
Transform  Method: alias-free  nonlinear
advection,;
Time Differencing: semi-implicit, Asselin time
filter y = 0.5; Asselin (1972)
Horizontal Diffusion: linear (fourth order),
Kanamitsu et al. (1983).
K =2 x 10" m*S-'({,T,S)
K=2x 10" m*S-'(D)
Envelope-orography: h + 2o follows Wallace et al.
(1983)
Basic data based on NAVY’s 10-minute
resolution tabulation over the global
area used.
Vertical Boundary Conditions: kinematic, o = 0
top and bottom;

Data: ECMWF FGGE IlIb;

Initialisation: non-linear normal mode with
physics,
5 vertical modes; Kitade (1983).

Physical processes

Large-scale  Condensation:
supersaturation T, q;

disposition  of

Dry. Convective Kanamitsu

(1975);

Shallow Convection: Tiedke-Slingo (1983);
Deep Moist Convection: Krishnamurti ef al.
(1983),

Adjustment:

Planetary Boundary Layer: surface fluxes: simi-
larity theory;
vertica! distribution: Richardson num-
ber dependent;

Radiative Processes: long-wave radiation—Band
model, Harshvardhan and Corsetti
(1984);
short-wave  radiation—Lacis and
Hansen (1974); .
cloud feedback is based on threshold
relative humidity;
diurnal change invoked via a variable
zenith angle;
surface temperature is based on a
10-day mean fixed SST over oceans;
ground temperature is calculated from
a surface energy balance over land
which is coupled to surface similarity
fluxes and surface hydrology.

In the following two sections we present a brief
summary of the important physical processes.

Cumulus parametrisation

Four of the well known methods in current use
include (a) the soft convective adjustment, (b)
modified version of the so called Kuo’s scheme,
() the Arakawa-Schubert cumulus
parametrisation and (d) the Betts-Miller adjust-
ment scheme. Versions of the soft convective
adjustment scheme have been used by Kurihara
and Tuleya (1981), Bender and Kurihara (1986).
These are successful studies on the formation of
tropical storms under a variety of initial con-
ditions and different configurations of horizontal
and vertical wind shear. Realistic warm core
storms form in these simulations. Cumulus
convection is shown to be important for the
generations of the warm core. The Arakawa and
Schubert (1974) scheme has been used in various
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global modelling efforts. It is based on a quasi-
equilibrium hypothesis. The performance of this
scheme and that of a modified Kuo’s scheme
(Kuo 1974; Krishnamurti et al. 1983) are compar-
able in describing the heating and moistening
rates over the tropics.

The Betts and Miller scheme (1984) is a soft
convective adjustment scheme which has been
refined considerably from the classical adjust-
ment schemes. This method has shown much
promise in recent integrations of the global model
at the ECMWF. '

Here we shall present an example illustrating
the sensitivity of tropical prediction to cumulus
parametrisation. Figures 1(a),(b) and (c) illustrate
the results of a six-day global prediction from the
use of a T42 version of the global model. The three
respective panels show: (a) the observed 850 mb
flow field for 12 UTC 17 June 1979; (b) the
six-day prediction of the §50 mb flow field for 12
UTC 17 June 1979 from a use of a Modified
Kuo’s scheme, Krishnamurti ez al. (1983, 1984),
and (c) a six-day prediction of the 850 mb flow
field for 12 UTC June 1979 from the use of
Classical Kuo’s scheme, Kuo (1974).

The differences in the forecasts from the two
versions of the Kuo’s scheme are quite large. The
formation of a tropical storm (called the onset
vortex) over the northern Arabian Sea is reason-
ably predicted by the modified Kuo’s scheme that
provides larger heating rates. This large sensi-
tivity of tropical prediction to the cumulus
parametrisation is an area that deserves much
further work.

Planetary boundary layer

This is another area of the physical
parametrisation to which the tropical predictions
exhibit a large sensitivity. In this paper the surface
layer fluxes of momentum, heat and moisture are
calculated via the surface similarity theory follow-
ing Chang (1978). The vertical distribution of
fluxes utilises a Richardson number dependent
mixing length concept. The large sensitivity is
evident when one compares a poorly resolved
with an explicitly resolved planetary boundary
layer.

Hurricanes and typhoons

The operational prediction of hurricanes relies
largely on extrapolation, analog and statistical
methods. For very short range prediction of the
order of 6 to 12 hours, the positions of the most
recent storm centres are generally based on
coastal or airborne radar fixes. They provide the
most reliable extrapolative predictions. Analog
methods such as HURRAN (probability) and
various versions of the NHC-YR (multiple

Fig.1 The 850 hPa flow field for 17 June 1979 (12 UTC). (a) The
observed flows. (b) A six-day forecast made from a
modification of Kuo’s scheme. (¢) A corresponding six-day
forecast made from the classical scheme of Kuo. Stream-
line and isotachs (m s~1).
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regression) have been used extensively by the
National Hurricane Center in the US and several
other countries. Anthes (1982) provides an excel-
lent review of these methods. The overall predic-
tion skill of these methods are of the order of 100
km (for the position of the storm centre) for
24-hour prediction and of the order of 250 to 300
km (for the 48-hour positions). The statistical
methods appear to be slightly superior to the
analog methods.

The operational dynamical methods include
the vertically integrated equivalent barotropic
model (SANDBAR) (Sanders and Burpee 1968)
that is in much use and has a skill comparable to
the aforementioned methods for the 24 to
48-hours prediction. For longer periods, i.e. of the
order of 72 hours, the best guidance is provided
by multilevel primitive equation grid-point
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models, (MNGM, the Movable Nested Grid point
Model of NMC), Hovermale and Livezey (1977).
However, the position errors in this time frame
are still quite large = 300 to 500 km. Table 2
outlines the mean forecast errors based on the
statistics for the period 1975-1984, Fiorino
(1985).

Here we shall be reviewing some recent results
on the formation and motion of these storms from
high resolution global models.

Table 2.
Mean Forecast Error (kin)
Time Period
24 HR 48 HR 72 HR

MFM 207 337 424
NHC 181 390 522
CLIPER 196 468 463
SANDBAR 192 472 625
NMC73 189 385 664
Formation of hurricanes with very high

resolution global models

With the use of the FGGE IIIb data sets and a
detailed version of the global model, considerable
success has been demonstrated in the formation
of several hurricanes and typhoons. It should be
stated that in these experiments we have started
with an incipient wave or a weak depression

which is resolved by the FGGE data sets. The
incipient disturbances considered hére have
speeds less than 10 m s~! initially. In many ways
this appears to be one of the most promising areas
of research. After carrying out a series of some 12
experiments at a resolution of T42 and eleven
vertical layers we recognised that this resolution
was inadequate to address the hurricane forma-
tion problem. This T42 version of the model had a
vertical resolution of roughly 50 mb below the 6 =
0.8 surface. The failure was diagnosed to the
vertical resolution near the earth’s surface. The
vertical discretisation for the 11-level model is
presented in Fig. 2(a).

A T42 version of the model with 12 vertical
levels with an explicit constant flux layer near the
earth’s surface (located at o = 0.99) was able to
predict the formation of several hurricanes (and
typhoons). This vertical discretisation is pre-
sented in Fig. 2(b). This was tested for 4 different
storms of 1979. At the resolution T42 the size of
the storms and the location of maximum wind
from the storm centre was too large. Storms also
formed at the resolution of T31, T63 and T106
when the same vertical discretisation was used.
The model failed to predict storms at a resolution
of T21. The best results in terms of the track and
strength of winds were obtained at a resolution of

Fig. 2 (a) Vertical discretisation for the 11-layer model. (b) Vertical discretisation for the 12-layer model.
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T106. It was also apparent that the results
gradually improved as the resolution was
increased to T106. When the horizontal resol-
ution was increased for this 12-layer model, the
air-sea flux of water vapour dramatically
increased. This appeared to be one of the
important factors in the development of these
storms.

An advantage of this type of experimentation is
that at the same time one can examine the results
of the high resolution global forecasts over all of
the tropics (as well as over the globe). It is possible
to compare the tropical prediction of monsoons,
trades, tropical jets, equatorial waves and any
other phenomena of interest that are covered by
the initial state. Studies on model output
diagnostics over the tropics (based on ECMWF
model) have been very effectively demonstrated
by Reed et al. (1986, 1987).

Dynamics at a lower resolution and physics at a
higher resolution

The results of three prediction experiments are
presented here:
1. A 12-layer global model forecast with T42,
Fig. 3(a),
2. A I2-layer global model forecast with
T106, Fig. 3(b), and
3. A 12-layer global model forecast using
T42 dynamics and physics calculated over
the T106 transform grid, Fig. 3(c).

This was a first such study on mixed resolution
experiment that was completed recently. Figures
3(a), (b) and (c) show the 72-hour wind field at 850
mb from these respective experiments. Here we
present the results on the formation of hurricane
Frederic of 1979. The forecast of the storm from
an incipient easterly wave and its westward
motion are reasonably handled at the resolution
T106. The predicted maximum wind at hour 72
was around 28 m s-'. It should be noted that even
at the best resolution considered here, i.e. T106,
the maximum winds are underestimated by
almost a factor of two. The inner rain area, radius
< 150 km, is not resolved by these resolutions. At
the resolution for T42 the development was very
weak and the speed reached about 16 m s'; the
phase speed was very low. The third experiment
was very similar in behaviour to the T42 exper-
iment. In this mixed resolution experiment a
storm did form with maximum winds of the order
of 18 m s-!. However, its westward motion was
still too stow. It appears that a lower resolution
dynamics is not able to handle the phase speed as
accurately although the higher resolution physics
appeared to resolve the heating and rainfall rates
comparable to the second experiment which wasa
straight run with a T106. We propose to carry out
a reverse resolution experiment utilising
dynamics at T106 and physics at a lower resol-

ution. From the computational point of view this
would be economical since the dynamics is fully
vectorised in the code. We expect that this
experiment would provide a reasonable phase
speed and possibly also reasonable amplitudes.

The results on the formation of hurricane
Frederic appear quite reasonable at the resolution
of T106. Observationally all of the waves con-
sidered in this study became hurricanes between
hours 48 to 60 from the initial time. The storm
slowly organises into a closed circulation with a
strong wind speed area to the north. The storm
formed around hour 48 of the prediction as it
moved westward. The phase speed of the pre-
dicted storm was still somewhat slower than the
best track positions. The inner storm area (radius
r < 150 km) is hardly resolved at the resolution of
T106. The predicted maximum speeds are under-
estimated by almost a factor of 2 at this
resolution.

Stong horizontal shear flows evolve as a
function of time in the very high resolution
experiments. That was clearly evident for the
T106 resolution. Such strong shear force flows did
not show up in the experiment with lower

Fig. 3(a) Hurricane Frederic. Predicted winds at 850 mb, hours
24, 48, 72 (T42). Streamline and isotachs (m s-!).
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