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Probabilistic forecasts of short-period precipitation for a location in the
Australian tropics were developed using Model Output Statistics (MOS).
During equation development the selected expressions were applied to
historical data withheld for independent testing. The resulting predictions
showed skill relative to climatology, despite a number of adverse factors:
the lead time of the forecasts was approximately 24 hours; the prognosis
model from which many of the MOS predictors were generated was
primarily designed for use in mid-latitudes; and the rarity of some of the
events being predicted was such that predictions based on climatology
were not easily improved on. The levels of skill achieved in the develop-
mental phase were not maintained during an experiment conducted in the
summer of 1986-87. The prognosis model in use during that period differed
in many respects from that which provided the archive from which the
prediction equations were developed, and the statistical characteristics of
many of the MOS predictors were changed thereby. The resultant forecasts

were affected adversely as a consequence.

Introduction

Model Output Statistics (MOS) has been used
widely in recent years as a means whereby
objective guidance for the prediction of var-
ious weather elements is generated using out-
put from numerical weather prediction models.
One of the earliest applications of this tech-
nique was to forecasting the probability of
precipitation (PoP) (Glahn and Lowry 1972;
Lowry and Glahn 1976). Subsequently, the
probabilities of rain amounts in various ranges
have also been predicted (Bermowitz 1975).
Predictions of the probability of precipita-
tion occurrence and of the expected amount
have been generated recently for seven cities
in Australia, using MOS (Tapp et al. 1986b).
Those predictions have been issued routinely
as guidance to forecasters since January 1984
(Mills and Tapp 1984; Tapp et al. 1986a).
However, the cities for which predictions were
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made were all located in middle latitudes or
the subtropics.

The applications of MOS to forecasting of
precipitation which have been reported in the
literature have also been essentially restricted
to those latitudes. There are many reasons
why the skill of MOS predictions of tropical
rainfall would not be expected to be high. For
example, the prognosis which forms the basis
of the predictions shows less skill at low lati-
tudes than at higher latitudes (Leslie et al.
1981); and in the pre-monsoon period, in par-
ticular, much of the precipitation comes from
convective weather systems, the scales of which
may be much smaller than the effective scale
of the data from which the MOS forecasts are
generated. To these may be added other fac-
tors which are not specific to tropical lati-
tudes. For example, forecast skill decreases as
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the lead time of the predictions is increased,
particularly when the forecast period occurs
after the validity time of the prognosis (Tapp
et al. 1986a). It also decreases as the forecast
period is reduced (Hughes 1979). Set against
this, some of these factors might also be ex-
pected to affect other techniques: the skill of
short period precipitation prediction in the
tropics is generally not high (Holland et al.
1987).

During the summer of 1986-87 an experi-
ment was conducted which compared the ac-

curacy of various probabilistic predictions of -

the occurrence of precipitation in Darwin,
Australia, during daytime in the ‘wet’ season
(Holland et al. 1987; Fraedrich and Leslie
1988). One of the objective predictions was
produced using MOS. The experiment thus
provided the stimulus and the framework for
an examination of the skill of predictions gen-
erated for a tropical location using that tech-
nique.

The principal purpose of this paper is to
examine the absolute skill achievable when
MOS is used to forecast the probability of
short-term precipitation in a tropical location.
However, shortly prior to the Darwin experi-
ment, the operational version of the Austra-
lian region numerical prediction model was
upgraded. The results of the 1986-87 study
have therefore been used to examine some of
the implications for MOS guidance of major
changes in the prognosis model upon which it
is heavily dependent.

Equation development

Precipitation events predicted

Elements which were considered to give a
broad description of daytime precipitation in
the tropics were the occurrence of any rain in
that period, and the occurrence of significant
rain and its temporal variation during the
period. This information was provided by the
occurrence of the following three events:
measurable precipitation (0.2 mm or more)
between 0600 and 1800 Local Standard Time
(LST) each day, and 5 mm or more precipi-
tation between 0600 and 1200 LST and be-
tween 1200 and 1800 LST (Fraedrich and
Leslie 1988). The only data set available in
the Darwin area which was suitable for equa-
tion development and forecast verification was
from Darwin Airport (12°28'S 130°50'E). The
predictions were thus for a single point.

The forecasting experiment was to be con-
ducted from November 1986 to February 1987,
inclusive, which included parts of both the
pre-monsoon and the monsoon of the 1986-87
wet season. The synoptic conditions prevalent
during the two parts of the season differ con-
siderably (e.g. Holland 1986). It was therefore
considered likely that greater skill would be
achieved in precipitation forecasting if predic-
tion equations were generated separately for
each period. Previous studies of the Australian
monsoon found that, on average, it com-
menced at Darwin in late December each year
(Holland 1986). Therefore, data from October
to December were used to represent the pre-
monsoon period, and from January to March
used for the monsoon.

Eight years of suitable data were available,
from 1978 to 1985. A total of 146 meteorolog-
ical variables, which were derived from the
Australian region objective analysis (Seaman
et al. 1977) and from the 24-hour regional
prognosis (McGregor et al. 1978), were of-
fered for selection. All variables were pre-
sented in the form of departures from their
monthly means, and most were offered as
nine-point averages calculated over a 250 km
grid centred on the location of interest
(Woodcock 1984). The potential predictors
included both primary (e.g. height, tempera-
ture and dew-point, wind components) and
derived (e.g. relative humidity, vorticity, di-
vergence, thermal and moisture advection)
elements. The data base and the potential
predictors have been described in greater de-
tail by Mills et al. (1986). For this experiment
all analysis and prognosis wind components
were offered in both unidirectional and bidi-
rectional form. For example, a S m s easterly
wind would be described by an east-west wind
component of -5 (bidirectional form), and ad-
ditionally as an easterly component of +5
and a westerly component of 0 (unidirectional
form). The reason for this stems from earlier
unpublished experiments which suggest that
two wind components of equal strength but
opposite direction need not necessarily affect
the predictand in an exactly opposite manner.

The latest data used to produce the objec-
tive analysis and the 24-hour prognosis from
which the MOS predictions were generated
were recorded at 0900 LST on the day prior
to that on which the forecasts were valid.
(However, the MOS forecasts would not be-
come available until approximately four hours
later, after completion of the prognosis.)
Hence, the lead times of the forecasts were 21
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hours for those whose validity periods com-
menced at 0600 LST and 27 hours for the
1200-1800 LST prediction. The prognosis was
thus valid at a time within the forecast period
in the former instance and three hours before
the period commenced in the latter.

Equation selection

Multiple linear regression was applied to the
available data and equations with up to ten
predictors were generated. The factors to be
considered when selecting the final prediction
equation from among those determined by the
regression procedure have been discussed in
detail elsewhere (e.g. Glahn 1985). There are
no rigid rules in this regard. The approach
taken here broadly followed that outlined by
Mills et al. (1986), who used a combination
of statistical rigour and scientific judgment
when making their final selections. The regres-
sion procedure was performed twice for each
predictand, with a different year of data ex-
cluded from the dependent sample on each
occasion. For each execution of the regression
procedure the number of predictors was iden-
tified beyond which the meteorological infor-
mation being described began to differ. For
example, in going from equations with four
variables to ones with five, a moisture predic-
tor may be added in one instance and a geo-
potential height in the other, while the other
four predictors selected are comparable. Var-
ious measures of skill were applied to predic-
tions generated from both the dependent and
independent data samples. Particular attention
was given to the number of times an equation
generated probabilities which approached 0 or
1 and which correctly identified event occur-
rence or non-occurrence. Where the predicted
event occurred very infrequently, lesser
weighting was necessarily given to the skill
shown on independent testing. Mills et al.
(1986) also considered the point at which the
additional variance explained by the inclusion
of a further predictor first fell below one per
cent. However, when the explained variance
was low little weight was given here to the
results of this test.

By using the above criteria, the appropriate
numbers of predictors to be included in each
equation were determined. The final predic-
tion equations were then derived from the full
eight years of data.

By generating the forecast equations for two
three-month periods rather than one six-month

period it was expected that some skill would
be gained through better identification of dif-
ferent factors influencing precipitation occur-
ence, but that use of smaller data samples
might result in a loss of skill. Hence it was
possible that the losses would outweigh the
gains, particularly for those predictands which
occurred very infrequently. Therefore, tests
were also conducted where the equations for
each predictand were developed using data
from all six months (October to March). It
was found that the equations derived specifi-
cally for each period performed better for all
of the events being predicted. Thus, separate
prediction equations were used for the two
three-month periods, October to December and
January to March, for each of the three events
of interest, a total of six equations. All the
results presented in Tables 3 and 4 and Figs
1 to 3 refer to predictions generated using
those six, three-month equations.

The selected equations contained approxi-
mately equal numbers of variables from the
base analysis and from the 24-hour prognosis.
This is in contrast to experience with predic-
tions in middle latitudes, where prognosis pre-
dictors dominated (Tapp et al. 1986b). The
higher fraction of predictors selected from the
analysis may reflect either the strong persist-
ence shown by meteorological variables in the
tropics over periods of at least 24 hours or
the lesser skill of the prognoses in low lati-
tudes, or both. The equations identified mois-
ture and wind predictors as being the most
relevant, as would be expected: predictors re-
lated to the wind field accounted for 42 per
cent of those selected, and another 30 per
cent were moisture variables. Sixteen of the
nineteen variables which involved wind com-
ponents were unidirectional. Eight predictors
were selected in more than one equation, of
which four were unidirectional wind compo-
nents. These are listed in Table 1. Out of the
45 variables contained in the six equations
only eight were from among those considered
during the initial development of the Austra-
lian MOS system (Woodcock 1984; Tapp et
al. 1986b). Thus, the overall predictive skill
has been enhanced by offering additional de-
rived variables, which attempt to identify more
closely specific aspects of rain-generating
processes. This becomes increasingly impor-
tant as the events become rarer. .

Categorical forecasts were determined from
the probabilistic predictions by using 50 per
cent as the delineating threshold between pre-
dictions of event occurrence and non-occur-
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Table 1. Predictors selected in more than one of
the six equations for prediction of the
pl:obability of wet season rainfall in Dar-
win,

Predictor
Source  Level

Analysis 1000 hPa
Analysis 850 hPa
Analysis 1000 hPa

Element

relative humidity
moisture advection
easterly wind component
Analysis 500 hPa westerly wind component
Prognosis 1000-850 hPa geopotential thickness
Prognosis Mean Sea Level 24-hour pressure tendency
500 km east of Darwin
westerly wind component
southerly wind component

Prognosis 1000 hPa
Prognosis 850 hPa

rence. This threshold was used for each of the
events being predicted. As had been found
previously (Tapp et al. 1986b), some transfor-
mation of the derived equations was necessary
to offset the tendency to underpredict event
occurrence, and to a lesser extent to also
remove biases in the predictions within indi-
vidual probability sub-ranges. This was partic-
ularly necessary for the predictions of the less
common events. The means by which these
transformations were developed is explained
in the Appendix. The final forecast equations
for PoP in the 0600-1800 LST period showed
good reliability at all probabilities when ap-
plied to the developmental data sample (Fig.
1(a)). The equations for predicting the occur-
rence of significant rain also showed excellent
reliability at low probabilities (Fig. 1(b)). The
loss of reliability at higher probabilities, how-
ever, is evidence of the difficulty of correctly
identifying the occurrence of those events.

Some further slight improvements in the
reliability and skill of the four equations for
predicting the occurrence of large rain amounts
could have been achieved if the transforma-
tions of those equations had been designed
such that probabilities between 25 and 50 per
cent had not been forecast at all. However, it
was decided that the range of forecast proba-
bilities should be continuous. In any event,
only two per cent of all forecasts fell within
that range when the final transformations were
applied to the development data.

Forecast skill

Climatological probabilities of occurrence in
each month of each of the three events of

Fig. 1 The reliability of MOS PoP predictions in
Darwin for the dependent data sample 1978-
85 (dots), and the 1986-87 forecasting ex-
periment (crosses). The size of each sub-
sample is indicated.

(a) Precipitation occurrence, 0600-1800
LST, pre-monsoon and monsoon pe-
riods combined.

(b) 5 mm or more, for 0600-1200 LST and
1200-1800 LST in the pre-monsoon and
monsoon periods combined.
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interest were determined from the eight years
of data which constituted the developmental
sample. These climatological probabilities have
been used to provide benchmark predictions
against which the MOS forecasts could be
compared. When discussing the skill achieved
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by the MOS predictions during the 1986-87

summer, comparisons have also been made

against persistence. Other forecasts were also
generated during that season; subjectively by
the operational forecasters, directly by a nu-

merical prediction model (Leslie et al. 1985),

and using a Markov chain model (Miller and

Leslie 1985). However, the comparative skill

of all the various predictions for the Decem-

ber 1986 to February 1987 period has been
discussed in some detail by Fraedrich and

Leslie (1988), and so the skill relative to those

other predictions of the MOS guidance during

this period will not be considered here.
Several measures of forecast skill and ac-
curacy have been used:

o Relative operating characteristics (ROCs, e.g.
Swets 1973) display the skill throughout the
forecast range of the probabilistic MOS pre-
dictions in terms of the hit rate, which is
the frequency with which the forecast event
is predicted correctly, and the false alarm
rate, which is the frequency with which the
event is forecast to occur but does not. In
terms of the elements of the 2 X 2 contin-
gency table presented in Table 2, these two
quantities are defined by A/(A+B) and
C/(C+D), respectively. Clearly, the higher
the hit rate for a particular false alarm rate,
the greater is the skill of the predictions.
The hit rate and false alarm rate are equal
for unskilled forecasts (for example, clima-
tology or persistence). When these two var-
iables are plotted on double-probability axes
the curves tend to approximate straight lines
parallel to the line of no skill, with positive
skill being shown when the curve is above
that line. Mason (1982) has discussed the
use of ROCs for verification of meteorolog-
ical forecasts, and has demonstrated the con-
struction of ROC curves for sets of
probabilistic forecasts.

Table 2. The definition of elements A, B, C and
D of the 2 x 2 contingency table.

Forecast
Observed Yes No
Yes A B (A+B)
No C D (C+D)
(A+C) (B+D)

o Half-Brier scores (Brier 1950; Lowry and
Glahn 1976), defined for N probabilistic
forecasts, F, and occurrences, E, as:

N
B=(1/N) Z (F:-E)} wl
i=1
provide an overall measure of accuracy. E;
is equal to 1 if the event occurs and O if it
does not. The half-Brier score ranges be-
tween O and 1, with lower scores indicating
greater accuracy. The skill, S, of the prob-
abilistic forecasts can be expressed as a per-
centage improvement over forecasts based
on the monthly climatological probability of
event occurrence (Glahn and Jorgensen
1970) as:

Sgcst= 100(1-Beegr/Bepim)- w2

e Hanssen and Kuipers’ scores (Hanssen and
Kuipers 1965; Woodcock 1981) can be cal-
culated for categorical predictions of event
occurrence, together with the frequency with
which the event occurrence and non-occur-
rence were predicted correctly. The Hanssen
and Kuipers’ score, V, is determined from
the elements of a 2 X 2 contingency table
(Table 2):

V=(AD-BC)/[(A+B)(C+D)). ..3

V ranges from —1 (all forecasts incorrect)
to +1 (all forecasts correct); a Hanssen
and Kuipers’ score of 0 indicates that the
forecasts showed no skill.

Equation development

All the equations, when applied to the eight
years of data available for equation develop-
ment, showed skill relative to forecasts based
on climatology (Table 3). This was particu-
larly heartening given the various factors which
were expected to act against the generation of
useful forecasts, and given that, for several of
the elements in particular, the guidance of-
fered by climatology was not easily improved
on. The general level of skill achieved was
comparable with that obtained previously for
predictions of PoP in the 24 to 48-hour period
in the summer months for Australian cities in
mid-latitudes (Mills and Tapp 1984; Tapp et
al. 1986a, b).

The variance explained ranged between ap-
proximately 8 per cent and 22 per cent. The
correct categorical prediction of event occur-
rence varied from 26 to 68 per cent, and
tended to become less as the event in question
became rarer (Table 3). Hanssen and Kuipers’
scores indicated that the categorical predic-
tions all showed modest skill. The levels of
skill were generally slightly lower than those
obtained previously for all-year mid-latitude
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Table 3. The skill and accuracy of MOS PoP forecasts for Darwin, achieved when the forecast equations
were applied to the full developmental data sample, 1978-1985.

Frequency of Correct

Categorical Forecasts Half-Brier Score
Sample
Climatological Event Hanssen and
Probability Occurrence Kuipers' Based on Improvement
of Event Explained  Event or Non- Score for Sample of MOS over
Forecast Occurrence Variance Occurrence  Occurrence  Eyent Monthly Climatology
Element (%) (%) (%) (%) Occurrence MOS  Climatology (%)
0600-1800 LST
Rain Occurrence,
October-December 22.0 16.4 50.4 71.5 0.356 0.144 0.164 12.5
0600-1800 LST
Rain Occurrence,
January-March 49.3 18.9 68.1 67.0 0.341 0.203 0.245 17.2
0600-1200 LST
Rain 5 mm or More,
October-December 3.0 14.1 26.3 95.4 0.239 0.027 0.029 6.5
0600-1200 LST
Rain 5 mm or More,
January-March 12.2 21.7 51.2 81.7 0.439 0.084 0.106 20.4
1200-1800 LST
Rain 5 mm or More,
October-December 5.7 13.5 36.1 92.6 0.321 0.048 0.053 8.8
1200-1800 LST
Rain 5 mm or More,
January-March 15.0 8.2 39.6 81.1 0.281 0.121 0.126 4.1

predictions (Tapp et al. 1986b). The figures
reflect the difficulty associated with develop-
ing a system to predict precipitation at a single
point in the tropics. There were many occa-
sions when the forecast probabilities of occur-
rence were high but the event failed to
eventuate or when the event occurred but
only low probabilities were predicted, as might
be expected given the relatively low levels of
skill.

As was mentioned previously, during equa-
tion development seven years of data were
used to derive possible prediction equations
using multiple linear regression, and the de-
rived expressions were then tested on the data
from the remaining year. This procedure was
performed twice. The formulation of the prog-
nosis model was changed slightly midway
through the developmental data sample: the
parametrisations of moist processes and sur-
face drag were altered, and nesting at the
lateral boundaries was included (see Tapp et
al. (1986a) for further details). Independent
testing was therefore conducted on data from
each part. The skill of forecasts based on these
independent data was generally slightly lower
than that achieved on the developmental data,
but the superiority to climatology was main-
tained (Fig. 2). Further such tests confirmed

Fig. 2 Relative operating characteristics of MOS
predictions of PoP in Darwin for 0600-
1800 LST from October to December dur-
ing equation development. The skill of seven
years of data used for equation generation
(dots) is compared with that of an eighth
year held for independent testing (crosses).
Full lines indicate the skill when 1978 data
were withheld, dashed lines when 1984 data
were withheld. The broken line indicates no
skill.
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this result. There were some variations in skill
when the year of data withheld from the
developmental data set was changed, part of
which can be explained by the model change.
Previous studies had shown that MOS fore-
casts may be adversely affected by such
changes (Tapp et al. 1986a), even though the
general level of skill of the regional prognoses
may have been increased in the process.

During the summer of 1986-87

When the forecasts for November 1986 to

February 1987 generated by the six equations

were examined it was found that the skill

achieved by some had decreased dramatically.

Others had approximately maintained their

overall level of skill but showed other indica-

tions that they were no longer performing as
well. These features are illustrated by the fol-
lowing examples:

» The November-December predictions of PoP
in the 0600-1800 LST period were much
worse than either those for any of the years
in the developmental data sample or those
made using independent data during the de-
velopmental phase (Figs 2 and 3(a)). They
in fact showed negative skill. The predic-
tions of six-hour rain totals of 5 mm or more
during January and February 1987 also
showed considerable loss of skill relative to
that previously achieved (Figs 3(c) and (d)).
(It should be noted that the occurrence of
large precipitation totals in Darwin in No-
vember-December 1986 was not sufficient to
enable production of corresponding ROCs.)

¢ Only the January-February predictions of
0600-1800 LST PoP maintained overall skill
relative to predictions based on climatology
(Fig. 3(b), Table 4). For some of the other
forecasts the loss of skill was considerable.

» The only categorical predictions of event
occurrence and non-occurrence to show su-
periority to persistence and climatology were
again those for January-February between
0600 and 1800 LST. Hanssen and Kuipers’
scores indicated that the categorical skill was
approximately zero or negative for four of
the six equations (Table 4).

¢ While the general level of skill of the 0600-
1800 LST PoP forecasts for January-Febru-
ary was comparable with that previously
achieved, there was considerable overpred-
iction of high probabilities. Whereas in the
developmental data probabilities of 90 per
cent or more were forecast on 23 days out
of 673, during January and February 1987

Fig. 3 Relative operating characteristics of MOS
PoP predictions for Darwin for the depend-
ent data (heavy full line) and the trial ex-
periment (heavy broken line). Curves for
each year in the dependent sample fell
within the stippled envelope. The thin bro-
ken line indicates no skill.

(a) Precipitation occurrence, 0600-1800
LST, November-December 1986 and
October-December 1978-85.

(b) As (a) but for January-February 1987
and January-March 1978-85.

(¢) Smm or more, 0600-1200 LST, Janu-
ary-February 1987 and January-March
1978-85.

(d) As (c) but for 1200-1800 LST.
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there were 27 such forecasts produced over
the 59 days.

Among the four equations developed to pre-
dict the probability of occurrence of large
rain totals in six-hour periods, the likely
occurrence of those events was mostly con-
siderably overforecast, and predictions of ex-
treme probabilities were much more
numerous. For example, during November-
December 1986 probabilities of rain totals
of 5 mm or more between 0600 and 1200
LST were predicted on 16 out of the 61
days whereas such a total was recorded only
once; forecast probabilities exceeded 75 per
cent on six days out of 61 compared with
only two such forecasts in the 632 days
which constituted the developmental data
set.






