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Statistical short-term forecasting
technique for wind and temperature in a
coastal tropical location (Townsville)
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An objective statistical technique for short-term wind and tem-
perature prediction is developed using linear regression tech-
niques. Potential predictors with immediate relevance to the sea-
breeze circulation were emphasised as an integral part of the
meteorology of the predictand. Potential predictors were empiri-
cally combined to partially account for non-linear relationships.
A 31-day operational trial compares the statistical model to
manual forecasts, climatology and persistence. It is established
that the temperature and wind direction predictions have simi-
lar skill to those produced manually by forecasters. The statisti-
cal model displayed superior skill over other methods for wind
speed prediction.

Specifically, for a compilation of three to nine hours, statis-
tical model forecasts for observed winds of greater than 10 kn
(5.2 m/s), root mean square errors for wind direction and speed

of 20° and 2.2 kn were achieved respectively.

Introduction

Cleveland Bay, Townsville, was chosen as the site for
the National and World championship regatta for the
‘505’ class of single-hulled yachts during April 1996.
Discussions with race organisers and contestants prior to
the regatta revealed that forecasts of specific wind ele-
ments were desired. By using regression techniques, the
relationship between these wind elements and a range of
meteorological variables is investigated.

Statistical techniques have been employed for short-
term prediction of many meteorological variables with

results comparable to that of manual forecasting tech- .

niques. For very short range forecasts, most methods
employ the use of initial observations rather than numer-
ical weather prognosis (NWP) model output. The rea-
soning behind this approach is based on the high corre-
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lation between meteorological observations over small
time intervals and initialisation problems with numeri-
cal models (Wilson 1985). The critical forecasts
required for the ‘505’ regatta were of a short-term nature
and required three to nine hours of lead time. Statistical
extrapolation from observed data, supplemented by
some forecast parameters, was thought to be the best
approach to the problem.

A study of the afternoon wind in a coastal location is
intrinsically linked with an understanding of the local
sea-breeze circulation. This is particularly so in a tropi-
cal location during the trade wind season where synop-
tic changes rarely dominate. -

Many theoretical, numerical and observational stud-
ies of the sea-breeze have been undertaken, extensive
reviews of research in the field can be found in Atkinson
(1981) and Wakimoto and Atkins (1994). Previous inves-
tigations have linked sea-breezes ‘with gradient wind
(Crooks and Brooks 1987) and sea/land temperature dif-
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ferences (Clarke 1955; Zhong and Takle 1992). Lyons
(1972) developed the Biggs and Graves (1962) relation-
ship between lake breeze onset and the quotient of the
square of the geostrophic wind speed and land/water
thermal differences. Walsh (1974) lends theoretical sup-
port to this relationship. Bedford and Davis (1987), in an
analog/numerical wind prediction scheme for the 1987
America’s Cup, noted the most important variables to
their numerical model input were gradient wind, vertical
wind profile and the morning potential temperature
sounding. Powell (1993) chose a more subjective
approach that combined analysis, NWP model output
and high-resolution satellite imagery to provide wind
forecasting support for the 1991 Pan American Games.
The statistical model was originally developed for
wind forecasting during the ‘505’ race period of 1-18
April 1996 with routine forecasts (Fig. 1) issued three
and a half hours prior to the race starting time of 1400
EST (Eastern Standard Time). The original scheme
achieved root mean square errors (RMSE) for wind
speed and direction of 3.8 kn and 30° respectively (for
observed winds greater than 10 kn). The scheme was
further refined by expanding the developmental dataset
and using wind magnitude, rather than components, as a

Fig. 1 Forecast presentation for yacht crew pre-race
briefing.
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predictand to account for the under forecasting of wind
speed (National Weather Service 1985). A comparative
31-day operational trial to test the refined statistical
model against manual forecasts, persistence and clima-
tology was conducted on independent data during the
month of May 1996.

The following sections will describe the study by
providing a synoptic setting, a description of the poten-
tial predictors, why they were selected, the methodolo-
gy of generating derived predictors, a description of the
dependent and independent datasets and the develop-
ment of a set of equations for surface wind and temper-
ature forecasting.

Geographical and climatological setting
for the investigation

As the monsoon trough retreats north after the ‘wet sea-
son’, the tropical region of Australia typically experi-
ences periods of sustained southeast trade wind flow
during the months of March to October (Wolanski
1982). The trade flow is punctuated by intervals of
lighter winds associated with the passage of high lati-
tude frontal systems. The afternoon inshore wind field is
influenced greatly by the mesoscale pressure gradient
force generated by the temperature contrast between
land and sea. The coastline orientation of the Townsville
region (Fig. 2) encourages a north-northeast sea-breeze.
Vector addition with the synoptic southeasterly flow
suggests a prevailing northeasterly afternoon wind for
Cleveland Bay.

SethuRaman and Raynor (1980) caution that winds
over a coastal site are not necessarily representative of
winds for an offshore location. However, Townsville
Meteorological Office is only 5 km from the Cleveland
Bay course and has an elevation of 6 m. The observa-

Fig. 2 Location map of the Townsville region.
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tion site (for both development and trial data) is exposed
to the prevailing northeasterly winds that dominate dur-
ing the afternoon and was thought to be indicative of
inshore coastal winds during a period when the bound-
ary layer is well mixed. Communication with the start-
ing boat prior to race commencement and during the
race, gave support to this assumption.

Observed and forecast predictors

Wilson (1985) points out that statistical meteorology is
often criticised for a lack of attention to physics in the
choice of predictors. Parameters were chosen on the
basis of determining a physical or meteorological con-
nection with the predictand. In this way, the equation
development parallels more closely the subjective tech-
niques employed by forecasters in manual forecast
development (Roebber and Bosart 1996). To develop the
initial predictor set, forecasters in the region were asked
for the most relevant parameters that influence the after-
noon surface wind. Prevailing synoptic wind, atmospher-
ic stability and the strength of the local sea-breeze circu-
lation were suggested as factors that were operationally
used to determine surface wind forecasts. The potential
predictors offered to the regression were dominated by
observed parameters sourced from 0600 wind, and 0900
EST wind and radiosonde data on the day of the forecast.
Measures of inland heating and synoptic flow were
thought critical to the forecasting of the sea-breeze and
added to the developmental data as forecast predictors.
Observed and forecast potential predictors utilised in
developing the statistical model are shown in Table 1.

Forecast land temperatures

Empirical and theoretical relationships between the sea
(lake) breeze and temperature difference between land
and water have been developed by Lyons (1972) and
Walsh (1974). In addition to Townsville’s maximum
temperature, the forecast maximum temperature for an
inland station (Charters Towers, 107 km southwest of
Townsville) was chosen to broadly represent inland tem-
peratures as coastal temperatures are clearly affected by
the onset of the sea-breeze (Clarke 1955). Preliminary
investigations on the developmental dataset revealed a
higher correlation between the onshore flow and inland
temperatures, rather than coastal temperatures.

The 0300 EST air temperature from an offshore
automatic weather station (Davies Reef, 115 km east-
northeast of Townsville) was used together with the
forecast land temperatures to provide a daily thermal
contrast. During the April race period a temperature
forecast was provided by the duty forecaster, however
during the May test period, in order to keep the statisti-
cal forecasting technique objective, Model Output
Statistics (MOS) temperature forecasts were utilised:

Forecast 850 hPa wind

The 850 hPa 24-hour wind prognosis from the European
Centre for Medium-range Weather Forecasts (ECMWF)
for the grid-point closest to Townsville was used as a
measure of forecast synoptic flow. The ECMWF model
output was chosen for its appropriate lead time and
availability. The forecast wind was added to the devel-
opmental dataset on a ‘Perfect Prognosis’ (Klein et al.
1959) basis. This term contributed mostly to the six and
nine-hour forecasts where trends in the synoptic wind
became important.

Development of derived and combined
predictors

The skill of statistical prediction schemes using regres-
sion methods relies heavily on the relevance of the oper-
ational predictors to the forecast predictand. Mills and
Tapp (1984) and Tapp and McNamara (1989) found
that, in forecast equation development, an improvement
in predictive skill resulted with the inclusion of derived
predictors. In particular, the resultant predictand equa-
tions can be enhanced by offering derived variables
which identify most closely with the physical process or
the influencing mechanism for the weather element
under investigation.

Conventional operational statistical forecasting tech-
niques for predicting surface wind in the United States
and Australia are dominated by model-generated low-
level forecast wind components. Other common predic-
tors found in surface wind prediction equations include:
pressure gradient, temperature, vertical velocity, relative
vorticity, divergence, temperature advection, vorticity
advection, moisture advection and stability indices
(Jacks et al. 1990; Bureau of Meteorology 1992).

During this investigation, attempts were made to
derive primary predictors that encompass as much as
possible of the meteorology of the surface wind in a
coastal location. Similar to Stern (1985), the predictors
offered to the regression equation include a set of
locally derived parameters that show a high correlation
to the predictand. In an attempt to account for non-lin-
ear effects in an otherwise linear equation, combina-
tions and transformations of observed and forecast
parameters were derived and tested for correlation with
the predictand. Inspection of residual regression plots
was incorporated to screen potential predictors for
appropriate transformations. The developmental
dataset comprised 124 derived or empirically com-
bined parameters together with the 70 observed and 4
forecast parameters. The dataset is described more
fully in Table 1.

In an effort to account for the importance of the
land/sea thermal contrast during the afternoon, winds
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Table 1. Potential parameters for wind and temperature prediction. All predictors were derived from Townsville data unless
otherwise stated.

# Potential observed predictor (70)

1-6 Temperature and dew-point temperature — 0300, 0600, 0900 EST.

7 0300 EST offshore air temperature ~ Davies Reef.

8-9 Minimum temperature — Townsville, Charters Towers.

10-39 Wind speed and bearing — surface, 950 hPa, 900 hPa, 850 hPa, 700 hPa (for 0300, 0600, 0900 EST).

40-69 West-East and South-North components of wind — surface, 950 hPa, 900 hPa, 850 hPa, 700 hPa (for
0300, 0600, 0900 EST).

70 Julian day

Potential forecast predictors (4)

71-72 Maximum temperature — Townsville, Charters Towers.
73-74 850 hPa 24-h prognosis wind speed and bearing (ECMWF).

Potential derived and combined predictors (124)

75-717 0900 EST lapse rate — surface/900 hPa, surface/850 hPa, surface/inversion height.

78-80 0900 EST modified lapse rate #1 (surface temperature modified to 0300 EST offshore temperature) —
surface/900 hPa, surface/850 hPa, surface/inversion height.

81-83 0900 EST modified lapse rate #2 (surface temperature modified to maximum inland forecast tempera-
ture) — surface/900 hPa, surface/850 hPa, surface/inversion height.

84-85 Thermal contrasts — offshore/Townsville, offshore/Charters Towers,

86-89 Temperature differences ~ 0300/0900 EST, minimum temperature/0900 EST (for Townsville and

: Charters Towers).

90-92 Saturation deficit at 0300, 0600, 0900 EST.

93-128 Onshore and parallel to shore components of wind — surface, 950 hPa, 900 hPa, 850 hPa, mean 950/900
hPa, mean 950/900/850 hPa (for 0300, 0600, 0900 EST).

129-132 Versions of the Biggs and Graves (1962) lake breeze onset index — ratio of inertial to buoyancy forces
(ou(wind speed)2 / (land-water thermal contrast)).

133-138 Vertical wind backing angle — 950/900 hPa, 950/850 hPa, 900/850 hPa at 0300, 0900 EST.

139-144 Temperature advection — 950/900 hPa, 950/850 hPa, 900/850 hPa at 0300, 0900 EST.

145-146 850 hPa 24-h prognosis onshore and parallel to shore components of wind (ECMWF).

147-158 Product of lapse rate (actual 0900 EST, modified lapse rate #1, and #2) and the mean onshore compo-
nent of wind (for layers surface/ 900 hPa and surface/850 hPa) at 0300 and 0900 EST.

159-170 Product of lapse rate (actual 0900 EST, modified lapse rate #1, and #2) and the mean parallel to shore
component of wind (for layers surface/ 900 hPa and surface/850 hPa) at 0300 and 0900 EST.

171-172 Product of lapse rate below 850 hPa (0900 EST) and 850 hPa 24-h prognosis onshore and parallel to
shore components of wind (ECMWF). v '

173-182 Difference between the wind components (onshore and parallel to the coast) at 0300 and 0900 EST —
950 hPa, 900 hPa, 850 hPa, mean 950/900, mean 950/900/850 hPa.

183-187 Difference between the wind speeds at 0900 and 0300 EST - 950 hPa, 900 hPa, 850 hPa, mean 950/900,
mean 950/900/850 hPa.

188-189 Inverse of maximum forecast temperatures (Townsville and Charters Towers).

190-194 Inverse of onshore wind components 950 hPa, 900 hPa, 850 hPa, mean 950/900, mean 950/900/850 hPa.

195-196 ‘Return flow index’ — difference between 950 hPa and 850 hPa onshore components at 0300 and 0900 EST.

197-198 Product of ‘Return flow index’ (0300 and 0900 EST) and the thermal contrast (Offshore/Charters

Towers).
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were resolved into components parallel and orthogonal
to the coastline. Coastal orientation in the Townsville
region (Fig. 2) is approximately 300°/120°.

Selection of parameters

As some of the one hundred and ninety-eight indepen-
dent variables offered to the regression were highly
intercorrelated, the method of forward stepwise regres-
sion was utilised. The statistical software package
‘Statistica 5.0" sequentially adds variables according to
their statistical significance until a manually determined
stopping point is reached. Similar to Woodcock (1984),
a stopping point was determined when the residual sum
of squares in the dependent dataset was increased by
less than one per cent when another predictor was
added. The predictive equations used in the operational
trial contained between six and ten terms. Due to the
relatively small developmental dataset (181 days), sta-
tistical significance tests were applied to parameter
selection.

Parameters were screened for normality and signifi-
cance. The F-test at the =0.05 level was applied to the
derived relationship between the independent and
dependent variables. The t-test at the 0=0.05 level was
applied to the individual parameters of the equation. If
the value of the regression coefficient was not statisti-
cally different from zero, then the variable was rejected
(Younger 1985).

Predictand considerations and statisti-
cal model equation development

Consultation with the ‘505’ race committee revealed
that parameters such as maximum wind gust, time of
onset of winds of a critical value (15 kn) and trends in
strength and direction of the wind were thought to be
most relevant. On this basis, forecast equations were
developed for the occurrence, onset and cessation times
of sustained 15 kn winds, speed and orthogonal compo-
nents of the surface wind (at 1200, 1500 and 1800 EST)
and maximum afternoon wind gust. Wind direction was
derived from the predicted onshore and parallel to shore
wind components.

Rather than a probability output to the 15 kn wind
occurrence equation (Glahn and Lowry 1972), it was
considered more useful and consistent to restrict the out-
come of the statistical model conditionally, dependent
on the binary outcome of the occurrence equation. If the
probabilistic forecast for occurrence was greater than
0.5 then an onset and cessation times were allocated,
otherwise the output was ‘Nil’.

The developmental dataset for the onset and cessa-

tion times consisted only of days when the sustained 15
kn winds actually occurred. This method proved to yield
the best results with the developmental dataset. The
standard error of the developmental dataset indicated
that the ‘onset/cessation of 15 kn’ wind equations would
be of only limited use, however they were included in
the standard set of forecasts to be used as a guide only.

The wind element predictive equations were the pri-
mary area of interest to the yachting community.
However, as preliminary data and local knowledge indi-
cated, the daily maximum temperature is influenced by
the strength and timing of the local sea-breeze. A pre-
dictive equation for maximum temperature was also
derived from the developmental dataset. '

The predictive equations for parallel surface wind
components were dominated by the product of upper
wind components and lapse rates (‘mixed upper wind’).
Onshore component equations relied mainly on combi-
nations of ‘mixed upper wind’ and thermal parameters
such as temperature differences (land/sea, Townsville
minimum/0900 EST temperature). Other predominant
predictors were 0900 EST surface wind components,
temperature advection terms, Julian date, 24-hour prog-
nosis 850 hPa wind components, ‘return flow index’
(onshore component of 950 hPa winds minus onshore
component of 850 hPa winds) and forecast lapse rate at
time of maximum temperature. For example, the predic-
tors used in the forecast equation for the onshore com-
ponent of 1200 EST wind speed contained the terms
shown in Table 2.

Table 2 Predictors and corresponding beta coefficients
used in the operational trial for the forecast
equation for the 1200 EST onshore surface wind
component.

Standardised
beta coefficient

Predictor

—_

. Product of the 0900 EST lapse rate
below 900 hPa and the average
onshore component of wind below
900 hPa at 0300 EST. 0.5851
2. Difference between the 0300 EST
air temperature at Davies reef and the
maximum forecast temperature at
Charters Towers. 0.4058
3. Minimum temperature Charters Towers. - 0.3905
4. Difference between the 900 hPa onshore
components at 0900 and 0300 EST. 0.2371
5. Component of wind parallel to the coast

at 850 hPa at 0300 EST. -0.1717

6. Lapse rate below 850 hPa at 0900 EST. 0.2202

7. Difference between the components parallel
to the coast at 0900 and 0300 EST. - 0.1090
8. Saturation deficit at 0900 EST. -0.1156
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Data and results

The 181-day developmental dataset was seasonally
stratified (Mills et al. 1986), but contained a range of
synoptic conditions (March/April 1991, April/May
1993, May 1995 and April 1996). Although the sample
size was considered relatively small for statistically
based forecasts (Carter et al. 1989), Wilson (1985)
found that a stable set of MOS wind prediction equa-
tions could be derived from about 200 events.

An operational trial of the statistical model perfor-
mance was conducted during the 31 days of May 1996.
The model output was compared to manual, persistence
and climatology forecasts. For each day of the trial, at
1030 EST, forecasters were asked to nominate wind
speed and direction (1200, 1500 and 1800 EST), maxi-
mum wind gust and maximum temperature for the after-
noon. The information available to the forecasters
included NWP products and MOS forecasts but not the
statistical model output.

Forecasts based on persistence (previous day) and
climatology (long-term monthly mean for wind speed,
long-term vector component mean for direction) were
included as controls. These forecasts represent a level of
zero skill and were incorporated as a reference level.

Most forecasts were rounded to the nearest whole
number (nearest 10° for wind bearing) prior to verifica-
tion as this was the preferred output for the ‘505’ cham-
pionships. Comparative verification of forecast methods
for most elements is based on the RMSE. This parame-
ter was thought most useful for comparison of the con-
tinuous variables as it penalises large errors more than
small errors.

RMSE = (-L— T & -xo)l)lz

where  n = the number of trials
x, = the forecast value of the parameter
x,, = the observed value of the parameter

Surface wind direction and speed

Figure 3 presents comparative verifications for the three
forecast times together with a summary of all forecasts
where the observed winds were moderate or stronger
(i.e. observed winds exceed 10 kn). This occurred on 50
of the 93 verified wind forecasts.

Analysis of the wind direction results indicate supe-
rior skill for both manual forecasts and the statistical
model over climatology and persistence. The relatively
large RMSEs for the 1200 EST wind direction are
explained by this forecast often coinciding with the
transition to the sea-breeze regime. The RMSE for the
statistical model exceeded that for the manual forecasts
at 1200 EST and for winds greater than 10 kn (Fig.
3(a)). However, application of a one-tailed t-test of

Fig. 3 Comparative verification of RMSE for the statis-
tical model, manual, persistence and climatology
forecasts. Forecasts for 1200, 1500 and 1800 EST
are presented together with a compilation of
forecasts where the observed wind was greater
than 10 kn. Results are for (a) wind direction and
(b) wind speed.
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matched pair forecasts revealed that the superior skill
demonstrated by the manual forecasts for these cate-
gories is not significant (0:=0.05).

Figure 3(b) indicates superior skill in wind speed pre-
diction for both the statistical model and manual fore-
casts over persistence and climatology. Of particular note
is the superior performance of the statistical model, with
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Table 3. Contingency table to define Hanssen and Kuipers’ (1965) discriminant (V) for occurrence of sustained 15 kn winds.
The results from the statistical model and persistence (bold), for the 31-day trial, are shown in brackets.

Observed

Forecast
Sustained winds 2 15 kn

Forecast
No sustained winds 2 15 kn

Sustained winds > 15 kn
No sustained winds 2> 15 kn

A(10,9)
C (1,3

B 4.4
D (16, 15)

smaller RMSE, for all forecast categories. The difference
between the statistical model and manual forecasts is sig-
nificant (one-tailed, matched pair 0=0.05) for the 1500,
1800 EST and winds greater than 10 kn categories.

Maximum afternoon wind gust and temperature
Figure 4 shows greater skill for both the statistical model
and manual forecasts over climatology and persistence.
Similar RMSE for the statistical model and manual fore-
casts for temperature prediction is displayed. However,
the superiority of the statistical model over.manual fore-
casts in maximum wind gust prediction is not statistical-
ly significant (one-tailed, matched pair a=0.05).

Onset and cessation of sustained 15 kn winds
Verification was conducted on the basis of defining the
time of occurrence/cessation of 15 kn winds as the time
of the nearest half-hourly weather report where a sus-
tained wind (duration greater than or equal to one hour)
first commenced/ceased. The non-occurrence of 15 kn
winds was assigned to an onset time of after 1600 EST
or a cessation time of before 1000 EST.

Fig. 4 Comparative verification of RMSE for the sta-
tistical model, manual, persistence and climatol-
ogy forecasts. Results for the maximum tempera-
ture and maximum afternoon wind gust are
shown.

S

W

Degrees Celsius
8]

—

Maximum Temperature Maximum Wind Gust

. Statistical Model I:’ Manual Forecast

_[EClimatology

Following Woodcock (1976), the Hanssen and
Kuipers’ (1965) discriminant (V) was used as a categor-
ical skill measure for the prediction of sustained 15 kn
wind occurrence. The statistical model output was supe-
rior to that of persistence with each method attaining a
V of 0.66 and 0.53 respectively during the trial period.
See Table 3, where.

AD - BC
V= (A+B)C+D)

The comparison of RMSEs is shown in Table 4 and indi-
cates an improvement in skill over persistence for the
statistical model. The relative increase in RMSE for ces-
sation time reflects an increase in the variance of this
parameter compared with onset time.

Conclusions

A short-term (three to nine hours) surface wind and tem-
perature statistical prediction scheme using linear
regression techniques was devised. Particular attention
was paid to developing locally derived parameters that
showed a high correlation with the forecast variable.
The scheme relies heavily on the relevance of the
derived predictors to the influential sea-breeze circula-
tion. A 31-day comparative real-time trial on indepen-
dent data was conducted.

The statistical model forecast skill for wind direction
was less than that of the manual forecasts in some cate-
gories, though not significantly. However, even in its

Table 4. Comparative verification of RMSE for the statis-
tical model and persistence forecasts. Results for
the onset and cessation time of sustained 15 kn
winds are shown.

Statistical model Persistence

RMS error (h) RMS error (h)
Onset time of
winds > 15 kn 1.3 2.1
Cessation time
of winds 2 15 kn 2.8 3.9







