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Observational data from the Australian Monsoon Experiment (AMEX) have been
used to extensively test and verify short-term forecasts from the BMRC tropical
prediction system. The main purpose of the paper is to provide a benchmark pre-
diction study based on this unique observational data set. We document the ability of
the system to predict a wide variety of tropical weather events, and identify system-
atic errors and problem areas in tropical prediction. These aims are achieved by
examining observed and forecast time mean tropical wind field structures and by
comparison between observed and predicted temporal changes in the large-scale
tropical flow. Particular attention is paid to the prediction of monsoon events (onset,
active and break phases) and to tropical cyclone behaviour (motion and strength).
Short-term predictive skill on the synoptic scale is clearly demonstrated for all of the
above phenomena. However, there is variability in skill on a day-to-day basis which
we speculate is related to the quality of the initial conditions, and the sensitivity of
prediction to both model resolution for certain phenomena (e.g. tropical cyclones)
and parametrisation of physical processes. For AMEX tropical cyclone events, pre-
dictive skill is promising. Root mean square errors for track predictions at 24 and 48
hours are 220 and 315 km. However, even with the enhanced observational network,
initial position and structure errors are still sometimes evident. Model spin-up on
both the monsoon scale and the weather system scale is also suggested as a likely
cause of systematic errors in the prediction system.

Future enhancements to the system to cope with some of the problems identified

here are discussed.

Introduction

The Australian Monsoon Experiment (AMEX)
took place over northern Australia from 10 Janu-
ary to 15 February 1987, and consisted of an
enhanced surface and upper air network making
six-hourly wind and temperature soundings.
Details of the observational network and the
meteorological conditions during the experiment
can be found in Gunn et al. (1989). Studies on
various aspects of the monsoon in that year have
been conducted by Hendon et al. (1988) (mon-
soon onset), Keenan et al. (1989) (diurnal vari-
ation), McBride et al. (1989) (convective heating
rates) and Davidson et al. (1990) (tropical cyclone
formations). Besides this observational work, case
studies of numerical predictability of tropical cyc-
lone behaviour have been conducted by Puri and
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Miller (1990a), Lazic (1990) and Davidson and
Kumar (1990). The relevance of this work to the
current study will be discussed in the text.

For numerical prediction studies, the AMEX
period and observational data set offer two main
advantages. Firstly, the enhanced network re-
duces some of the errors in the initial analyses, so
that the model dynamics and physics can be tested
more reliably; and secondly, extensive documen-
tation of the meteorological events during the
experiment allows more accurate diagnosis and
verification of model predictions. We have used
the unique opportunity provided by AMEX to
conduct extensive numerical prediction studies
on a variety of Australian tropical weather
phenomena. The results presented in this study
will form a benchmark, and provide guidance on
the selection of cases for future prediction and
simulation studies on the southern hemisphere
monsoon,
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Prediction system configuration

Features of the tropical limited area model are
described in detail by Puri et al. (1992). Here we
summarise the prediction system configuration
used in this study.

Analysis component

Objective analyses are obtained using the regional

analysis package of Mills and Seaman (1990),

modified for tropical applications. The method-

ology and features of the scheme as used here
are:

e Univariate optimum interpolation on pressure
levels.

e Mass-wind blending over higher latitudes, in
which the mass and wind increments are ad-
justed geostrophically according to the avail-
ability of data type. This coupling reduces from
one to zero between 25° and 10° latitude.

e Resolution: 150 km on a mercator projection;
14 standard levels from 1000 to 10 hPa.

e Data base includes all GTS (Global Telecom-
munication System) data collected after the
experiment, plus special AMEX data.

o First guess field for each analysis is the corre-
sponding operational European Centre for
Medium Range Weather Forecasts (ECMWF)
analysis which only included a limited amount
of special experimental data.

Prediction component

Features of the prediction model, described in

detail by Puri et al. (1992) can be summarised

as:

o Primitive equations cast in advective formon a
mercator projection.

e Vertical mode initialisation.

o Kuo-type convective parametrisation.

o Large-scale condensation for saturated layers.

o Shallow convection.

e Stability dependent boundary layer.

¢ Vertical diffusion using mixing length theory.

e Short and long wave radiation with zonally
averaged clouds (applied every six hours).

o Diurnally varying surface heating over land,
using the energy balance approach.

¢ Resolution: 150 km and 9 sigma levels (0.009,
0.074, 0.189, 0.336, 0.500, 0.664, 0.811, 0.925,
0.991).

e At ocean grid-points, a mean SST analysis gen-
erated locally from a collection of ship obser-
vations for the AMEX period is used.

¢ Boundary conditions: constant on tropical
boundaries (15°S to 15°N), ‘perfect’ (or analysed
values) on mid-latitude boundaries. For speci-
fied boundary conditions, the near-boundary
values and the model solution are linearly
weighted within five grid-points of the bound-
ary. We should also note that because of the
selection of a large integration domain (~ 45°S
to 40°N, 80°E to 173°E), the effects of the bound-

ary conditions should not penetrate to the inner

domain until late in the integration (perhaps 36

to 48 hours). For this reason, the predictions

over the inner domain are not overly sensitive -

to the choice of boundary conditions.

Thirty-one forecasts were run for 48 hours from
1100 UTC base times.

Meteorological conditions during

. AMEX

The Australian summer monsoon circulation dur-

ing AMEX is described in Gunn et al. (1989). The

weather conditions that prevailed are summar-
ised here in Figs 1 and 2. The first diagram shows

a time-height section of mean zonal wind over the

domain 5°S to 15°S, 110°E to 140°E, and the

second shows the tracks of the four tropical cyc-

lones that formed during the experiment. Figure 1

clearly illustrates:

(a) the rapid change from low-level easterlies to
monsoon westerlies near 14 January, which
defined the onset of the monsoon,;

(b) an active phase of the monsoon from 14 Janu-
ary to 22 January when enhanced convection
and low-level westerly winds predominated;

(c) the onset of the break phase of the monsoon
from 22 January to 24 January when the
westerly winds rapidly weakened;

(d) an inactive phase from 24 January to 30 Janu-
ary, when convectively suppressed conditions
with weak westerly winds prevailed;

(e) the revival of the monsoon after 30 January,
when convection and the monsoon westerlies
again increased; and

(f) a second active phase of the monsoon from
31 January to 12 February when enhanced
convection and low-level westerly winds
became re-established.

Fig. 1 Time-height section for the AMEX period of
mean zonal wind over the domain 5°S to 15°S,
110°E to 140°E. Units are m s~

1.00

10 18 14 18 18 20 @2 24 B 2 3 4 3 8 7T O 1
1100 1100 1100 1100 $100 1100 1100 1100 1100 1100 1100 1100 1100 1100 1100 1100 1100
TIME: 1100 870110 TG 1100 870212



Davidson and Puri: Limited area tropical prediction for AMEX 181

Fig. 2 Tracks and central pressure information for Fig. 3 Objective verification against observations.
AMEX tropical cyclones Connie, Irma, Damien Observation fitting statistics for 24 and 48-hour
and Jason. The legend is PPDDHH where PP is predictions of 850 hPa vector wind for the first
central pressure, DD is day of the month and 15 days of AMEX. Verification domain is 30°S
HH is hour (UTC). to 30°N, 100°E to 160°E. Also shown are the

errors of a persistence forecast. Units are
ms~L
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We also note that the four tropical cyclones
formed during active phases of the monsoon. One
of the cyclones, Irma, after crossing the coast,
also became a major rain-producing monsoon !
depression over northern Australia.

One of the aims of the study is to document the
current skill of our numerical system in predicting 3
these weather events.

Results

Objective verification 1t
Figure 3 shows verification against observations
in the form of rms errors of 850 hPa vector wind 0
for 24 and 48-hour predictions for the first 15 days G 1 L 2 O € R e e 7
of AMEX. Also shown are the errors for persist- T EDLLT BTN R
ence forecasts. Verification was done for all vali- Date - January 1967

dated data over an inner tropical domain (30°S to .

30°N, 100°E to 160°E). No attempt was made to —— Persistence  —+— 4§ HR Forecast
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impose an observational error to account for inac-
curacies in the observations or the unrepresenta-
tiveness of an observation because of scales. The
observational error for radiosonde data used in
the optimum interpolation was 2 m s~'. Over the
tropics the model predictions are only slightly
worse than persistence at both 24 and 48 hours. It
is encouraging that the model is comparable in
skill to persistence over the large-scale tropics
where the low variability in the wind field is well
documented. As will be seen in the next section,
much of the model error is a bias associated with
the so-called spin-up problem. This may be
thought of as a relaxation and intensification of
the major wind systems (trades in either hemi-
sphere and monsoon westerlies) as the vertical
motion and hence the convective heat sources
slowly build in the model aftertime t =0. Thisisa
general problem in tropical NWP and is described
in Tiedtke et al. (1988) and Krishnamurti et al.
(1988). The small differences in skill between per-
sistence and the model can be easily accounted for
by this systematic error. We also note that ability
to predict significant circulation changes (e.g.
tropical cyclone events) is not reflected in the
gross statistics of Fig. 3 and will be considered in
the next section.

Time mean structures

Figures 4(a), (b) and (c) show the mean 1 100 UTC
analysed and 24 and 48-hour forecast 850 hPa
wind-fields for the AMEX period. These are based
on 31 analyses and corresponding forecasts. Over-
all there is good correspondence between the ana-

Fig.4(a) Time-mean analysed wind field at 850 hPa for
the AMEX period. The contour interval for
isotachs is Sms™1,

Fig. 4(b) As in 4(a) but for 24-hour predictions.

lysed and forecast structures, however some sys-
tematic errors are evident. We first note that the
wind maximum near the northwest corner of the
forecast charts is generated by extrapolation be-
low topography and is thus spurious. Apart from
this, at 24 hours the northern hemisphere trade
winds to the east of the Philippines are weaker
than analysed whilst the monsoon westerlies are
somewhat stronger and extend over a larger do-
main than is observed. At 48 hours the reverse is
true; the trades have intensified whilst the mon-
soon westerlies have eased. This problem seems to
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be mostly related to model spin-up. During the
first 24 hours, vertical motion and convective
heat sources within the monsoon zone build and
the westerlies intensify and over-react to the
heating (weather system scale spin-up). Because of
the time lag in convective development and the
spatial separation between the tropical heating
and the mid-latitude ridges, the trade winds relax.
By 48 hours, however, the model convection and
Hadley circulation have developed to such an ex-
tent that the trades have recovered. This type of
behaviour seems typical of a Hadley-scale spin-
up, similar to that described in Tiedtke et al.
(1988). However, the precise nature of the spin-up
problem for limited area models is still not well
defined and is the subject of future work.
Figures 5(a), (b) and (c) show the analysed and
predicted mean structures at 200 hPa. Again the
correspondence is good but with some systematic
differences. The model over-intensifies the south-
easterly tropical outflow from the monsoon into
the northern hemisphere. The TUTT structure
(Tropical Upper Tropospheric Trough) to the east
of Australia gradually relaxes during the first 24
hours of the forecast, and is non-existent by 48
hours. The structure of the subtropical jet in the
northern hemisphere is also not particularly well
maintained. Possible reasons for these errors
could be the lack of vertical resolution near the
tropopause, the difference between real and mod-
.elled topography (including land-sea differences)
around the Himalayas and China, and the lack of
parametrised momentum transports by tropical

Fig. 5(a) Time-mean analysed wind field at 200 hPa for
the AMEX period. The contour interval for
isotachs is 10 m s~ 1.

———= =
e - -

[ » rid
_ s Vi I
> S I i 2
K ; - : (—l@
-
T SR
\\ T - = '_ - g
N TR .
1 - ‘1.\
i {
T Nag
T_____"', et
SN =
Ny 2
L Z AT
-/'/—__‘ = 7 = —
- AL v T
- 7 )

Fig. 5(b) As in 5(a) but for 24-hour predictions.

convection in the model. These aspects will be
improved in future versions of the prediction sys-
tem. The deficiencies in the structure of the jet
could also be a reflection of its closeness to the
model boundaries.

Differences in analysed and predicted vertical
structure (at 24 and 48 hours) are illustrated in
Figs 6(a), (b) and (c) which show zonal wind cross-
sections at 135°E. (Please note that the times writ-
ten on these diagrams refer to base times, rather
than validity times of forecasts.) The maintenance
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by the model of the patterns in the zonal flows is
extremely encouraging. The systematic differ-
ences discussed previously are also evident in the
cross-sections. The apparent weakening in the
subtropical jetstream of the northern hemisphere
produced by the model is actually an incorrect
eastward translation of the jet core (see Fig. 5).
Note also that in the model configuration used
here, virtually all the easterly outflow from the
monsoon zone must occur at the 6 =0.189 level.
That is the upper-level structure cannot be real-
istically reproduced with the vertical resolution
used here.

Fig. 6(a) North-south cross-section of analysed zonal
wind at 135°E. Units are ms™!,

Fig. 6(c) As in 6(a) but for 48-hour predictions.

Temporal changes

The skill of the model in predicting temporal
changes in the monsoon (onset, active-break
phases) is illustrated in Figs 7 and 8. The first fig-
ure shows analysed and predicted time-height sec-
tions of zonal wind averaged over the domain
15°S to 5°S, 110°E to 140°E. The second figure
shows analysed and predicted time-longitude sec-
tions of zonal wind averaged over a 5° latitude
band equatorward of the monsoon trough. The
location of the trough was defined as the line sep-
arating subtropical easterlies from monsoon west-
erlies at 850 hPa, or, if no such line existed, by the
location of maximum cyclonic vorticity betweeen
the equator and 25°S. The diagrams illustrate the
analysed and predicted vertical and horizontal
structure changes of the monsoon during AMEX.
Some care needs to be taken in the interpretation
of these figures because of the necessarily com-
pressed time-scale. Note that the times of the
forecasts are the base times of the initial conditions
and not verifying times. The figures are aligned so
that the validity times correspond. The first two
days of the bottom panels and the first day of the
middie panels are analyses. The main aim here is
to determine whether the model can accurately
identify transitions when they occur, whilst main-
taining persistent flows during periods of low
variability.

Careful examination of Fig. 7 indicates that
there is large day-to-day variability in predictive
skill. For example, one-day forecasts during onset
(12-15 January) accurately predict the transition
from easterlies to westerlies and then correctly






