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Daily precipitation data for 24 rainfall-reporting stations
along the northeast Queensland tropical coast were collated
for a period of 295 days during periods of sustained trade-
wind flow. Associated grid-point data from the Australian
region numerical model analysis were also collected.

Parameters that were found to influence precipitation in
previous studies were derived from numerical model analy-
sis output and surface observations. Prior to the application
of linear regression techniques to develop statistical rela-
tionships between daily rainfall and 278 potential predic-
tors, the data were classified according to synoptic charac-
teristics. These synoptically stratified datasets were used to
produce probability of precipitation and rainfall quantity
.equations on a regional and individual station basis.

A 90-day comparative trial on independent data tested
the resultant rainfall predictive equations for projections of
between 24 and 48 hours beyond model analysis on a perfect
prognosis basis. The synoptically stratified rainfall occur-
rence and quantitative precipitation forecast (QPF) equa-
tions, derived from regional data, displayed superior skill to
the reference climatology and persistence forecasts. The
stratified rainfall equations developed from individual sta-
tion data showed greater skill than objective guidance and
persistence for most applications.

Introduction

The northeast Queensland coast provides an excellent
geographic setting for a rainfall study on the complex
interactions between the prevailing trade flow and a
coastal zone. The investigation was focused on a coastal
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region and adjoining mountain range with peaks in
excess of 1000 m (Fig. 1). The investigation area
encompasses the ‘Wet Tropics’ region, between
Cooktown and Ingham, where some of the highest
rainfalls in Australia are recorded. From March to
October, the convective southeast trade regime is
dominant (Wolanski 1982). However, other precipita-
tion regimes that also occur in this time period can be
recognised (Lyons and Bonell 1992).
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Fig. 1 Topographical map of the investigation area
showing locations of the upper-level wind,
radiosonde, and rainfall sites.
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Forecasting rainfall in a convective environment
will always be difficult, particularly in a tropical loca-
tion (Tapp and McNamara 1989). The rate of skill
improvement for quantitative precipitation forecasts
(QPFs) has not kept pace with the rapid advances
made in circulation prognosis (Shuman 1989; Roebber
and Bosart 1998), and temperature prediction (Stern
1996), during the previous decades. It is recognised
that precipitation prediction involving smaller scale
convective processes presents a far greater forecast
problem than rainfall attributed to synoptic-scale sys-
tems (Glahn 1985; Olsen et al. 1995).

Statistical techniques such as Model Output
Statistics (MOS) (Glahn and Lowry 1972) and perfect
prognosis (Klein et al. 1959) have provided signifi-
cant benchmarks in predictive skill for precipitation
(e.g. Mills and Tapp 1984; Wilson 1985; Dagostaro et
al. 1996). However, these procedures do not directly
address the fact that different factors are influential on
rainfall in different synoptic situations. For example,
onshore trade-wind precipitation is influenced greatly
by the strength of the low-level flow and humidity
levels (Connor and Bonell 1998), but other factors are
likely to be dominant in precipitation from an upper-
level cloudband (Wright 1997), or during a continen-
tal air mass convective event.

The generalised operator technique (Glahn and
Lowry 1972; Jacks et al. 1990) is employed in this

investigation to compensate for the relative infre-
quency of rainfall occurrence and the scattered nature
of tropical mesoscale convective events. This region-
al approach incorporates zone-averaged rainfall and
potential predictors for a group of stations, in a rea-
sonably homogeneous environment, to develop a sin-
gle predictive equation. The resulting relationship
may be used for regional or single station prediction
within the defining group.

Several approaches that may prove useful in future
investigations into precipitation forecasting, for trop-
ical convective regimes, were explored in this study.
In addition to contrasting regional and individual sta-
tion approaches to the predictand, this investigation
employs two further techniques in an attempt to cap-
ture the influence of mesoscale processes on precipi-
tation. Similar to Stern (1985) and Connor (1997),
predictors that empirically have shown a high corre-
lation with the predictand in operational forecasting
are offered to the equation development process.
Secondly, the development data are grouped into rain-
fall regimes prior to the determination of a statistical
relationship between rainfall and the model-based
predictors.

Stratification of data according to synoptic flow
recognises the inherent weather characteristics of a
particular synoptic regime due to air mass stream
properties or interactions with local circulations and
orography (Houghton and Rubin 1990; Mote et al.
1997). Classification of precipitation events by
weather regime (Heideman and Fritsch 1988) can
capture the importance of mesoscale forcing mecha-
nisms in convective precipitation. The techniques
explored in this study represent an extension of the
established wind field categorisation methods (Paegle
1974; Woodcock 1980; Reap 1994) that have attained
skill improvements by incorporating synoptic stratifi-
cation of development data into statistical-dynamic
methods. This investigation defines a series of geo-
graphical or weather-based synoptic precipitation cat-
egories, based on numerical model wind and moisture
fields. It is hypothesised that parameters will emerge
from screening regression that will be more relevant
to the precipitation mechanism involved (Tapp and
McNamara 1989; Mills et al. 1986).

This paper describes the development and testing
of quantitative and categorical rainfall predictive
equations based on a series of predominantly model-
derived parameters that are pertinent to precipitation
within the trade flow regime. A description of the
developmental dataset and an explanation of the tech-
niques involved in developing this synoptic stratifica-
tion scheme are provided. The performance of synop-
tically stratified rainfall prediction equations is com-
pared with other rainfall prediction methods.
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Data and methodology

The earlier months of the trade-wind season were con-
sidered as the major source data period for this investi-
gation as higher rainfalls predominate in this period
following the northward retreat of the monsoon shear
line (Manton and Bonell 1993). This period also has a
relatively simple climatology, with convection in the
moist easterly flow being the dominant precipitation
source. The original developmental data were deliber-
ately chosen to represent a range of monthly rainfall
deciles and consisted of approximately eleven months
of matched datasets (February/April 1991, March/May
1993, April/June 1996, March 1997 and July 1997)
from four trade-wind seasons.

The development numerical dataset for this inves-
tigation was extracted as grid-point fields from the
Australian Regional Model (ARM) 1200 UTC (2200
Australian Eastern Standard Time — AEST) analysis.
This analysis time lies approximately midway in the
Australian daily rainfall observational period ending
at 2300 UTC (0900 AEST). Nine-point spatial aver-
ages, approximately centred on each observing loca-
tion, were calculated from the original grid-point data
at approximately 150 km resolution. During the data
period from which developmental data were sampled,
numerous improvements have been made to the ARM
(Puri et al. 1998) and some of the model parameters
such as relative vorticity, divergence and vertical
velocity may be temporally inconsistent.

The trial on independent data of the techniques
developed in this study was conducted over 90 days
during the months April to June 1997. Grid-point fields
from the 0000 UTC run of the Limited Area Prediction
Scheme (LAPS) (Puri et al. 1998) at +36 hours projec-
tion were used on a perfect prognosis basis to provide
precipitation forecasts. The numerical model data
(based on 2300 UTC analysis data) are available short-
ly after 0300 UTC and are suitable for a ‘next day’ rain-
fall forecast. The +36 h prognosis data temporally cor-
respond with analysis fields used in model develop-
ment and are placed approximately midway in the +24
- 48 h period used for rainfall verification.

Predictand considerations

In an attempt to define the discrete convective rainfall
events that prevail in the trade-wind regime, the rain-
fall-verifying stations within the investigation area
were grouped into six regions of similar topography,
elevation and exposure to the onshore flow (Fig. 2).
The 16 daily rainfall reporting stations from the ‘Wet
Tropics’ area, representing yearly mean rainfalls rang-
ing from 1300 to 4300 mm, are divided into four
regions for the purposes of this study (Daintree,
Tablelands, Lowlands and Herbert). The five stations

Fig. 2 Location map of the 24 rainfall stations used
in the investigation together with the regional
groups used for the generalised operator rain-
fall equations. The crosses indicate the loca-
tions of the Australian Regional Model grid-
points at approximately 150 km resolution.
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on the coast between Ingham and Bowen (Burdekin),
where the coastline orientation is not favourable for
exposure to the prevailing southeast trade winds, pro-
vide examples of a drier climatology with annual
totals typically of around 1100 mm. The
Whitsunday’s region consists of three stations that are
well exposed to the prevailing flow, with yearly rain-
falls around 1500 mm. The latter region presents a
more subtropical climatology with baroclinic incur-
sions from higher latitudes often influencing rainfall.

Daily rainfall totals for 24 rainfall stations were
collected over the investigation period of 295 days —
a total of 7080 daily rainfall readings. On 29 (0.5 per
cent) of these readings, interpolations had to be made
due to rain-gauge readings being taken after two or
three days rather than daily. Distribution of these
accumulated rainfall amounts was on a proportional
basis according to daily rainfall in the other gauges in
the regional group. These groups of between three
and five stations were also used to obtain regional
rainfall equations.
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Typical of most rainfall climatologies, large rain-
fall totals are relatively rare for northeast Queensland
coastal towns and the distribution is dominated by
days of nil or low rainfall (Connor and Bonell 1998).
Following the methods of Tapp et al. (1986b), in-order
to more normally distribute the rainfall totals, a quan-
titative regional predictand was derived representing
the cubic root of the average daily rainfall for each
region. For verification purposes, this predictand was
expanded to daily rainfall and the quantitative results
were examined in rainfall ranges as defined in Table
1. For the development of the rainfall probability
equations, a rain event was defined as the occurrence
of at least 0.2 mm of precipitation in at least one of the
rain-gauges in the region. Individual station rainfall
and occurrence was also used as a predictand for the
three main population centres of the region (Cairns,
Townsville and Mackay).

Potential predictor development

The full list of 278 potential predictors offered to the
rainfall equation process is shown in Table 2. These
predictors are derived from sets of parameters that have
proved useful in previous convection-based precipita-
tion investigations (Peppler and Lamb 1989; Connor
and Bonell 1998). The bulk of the derived parameters
offered to the rainfall equations to supplement the raw
model data would be familiar to operational meteorol-
ogists, however it is not common for such an extensive
range of derived parameters to be utilised in traditional
stochastic-dynamic prediction schemes (e.g. Mills et
al. 1986). Some of the parameters specifically derived
for this study are explained in more detail below.

Inversion height. Previous studies have strongly
linked inversion height with rainfall (Firestone and
Albrecht 1986; Chen and Feng 1995) in the trade
regime. A similar philosophy to Chen and Feng
(1995), where inversion height is determined solely
on the relative humidity (RH) of the air mass, is fol-
lowed in this study with the inversion height defined
incrementally from model data by the relative humid-
ity at each level. Firstly, an inversion height range is
established, defined as the first layer from the surface

where the RH falls from 70 per cent to below 50 per
cent. A specific inversion height is then calculated
proportionally according to the vertical moisture gra-
dient within that layer. This crude method has provid-
ed effective estimates, with a Pearson R correlation of
0.7, when comparing model-derived inversion heights
with mean heights obtained by tephigram analysis
(based upon Townsville radiosonde data, 12 h earlier
and 12 h later than the model analysis time).

Geographically defined wind and moisture com-
ponents. In an effort to account for the importance of
the coastal exposure and parallel orography on the
prevailing winds (Basist et al. 1994), winds below
700 hPa were also resolved into components parallel
and orthogonal to the coastline. Coastal orientation
was designated as 345°/165° in the Daintree,
Tablelands, Lowlands, Herbert regions; 300°/120° in
the Burdekin region; and 340°/160° in the
Whitsunday’s region (Fig. 2). Onshore and parallel to
shore (northward), components were designated as
positive. In a previous study, Connor and Bonell
(1998) tested various combinations of wind and mois-
ture in a search for parameters closely linked to trade-
wind precipitation. The product of onshore wind
components and upstream moisture parameter, had a
consistently strong association with rainfall in a trade
regime. These combined parameters were thought to
represent the degree of low-level moisture forcing
incident upon a coastline due to mass advection in a
trade flow unmodified by other dynamic features.

Data stratification
The numerical model development data in conjunc-
tion with the associated synoptic charts were analysed
on a daily basis. Three broad synoptic categories
emerged from this process with a minimum represen-
tation of 20 cases for each region. An objective hier-
archical classification process (Table 3) was based on
the following synoptic precipitation regimes.

* Upper-level cloudbands — periodic perturbations in
the 700 to 500 hPa flow initiate broadscale uplift
and possible rain to the east of a defined upper
trough (Wright 1997).

Table 1. The rainfall ranges and associated lower limits used by the Bureau of Meteorology for daily verification. The
combined frequency of occurrence for each of these ranges, from all 24 stations in the development data, is

shown.
Rainfall range 0 1 3 4 5 6 7
Lower limit (mm) 0 0.2 2.6 5.6 10.6 20.6 40.6 80.6
Frequency of occurrence
in development data (%) 520 16.7 8.9 8.3 7.6 4.4 1.8 03
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Table 2. The 278 potential predictors offered to the stepwise linear regression procedure. The units for each category are
shown in parentheses. The number of parameters in each category is also shown.

Parameter categories

Description of potential predictors

Number of parameters

Raw model output variables

Vertical velocities

Derived moisture parameters

Derived moisture/
thermal parameters

Thermal parameters

Convective indices

Wind parameters

Wind derived parameters

Combined wind and
moisture parameters

Miscellaneous parameters

Relative vorticity, Divergence, Temperature, Dew-point temperature,
Relative Humidity (RH), East-west wind component (U), North-south
wind component (V) — for 1000, 900, 850, 700, 500, 200 hPa;

Vertical mean below 900, 850, 700, 500 hPa

For layers 1000/900 hPa, 900/850 hPa, 850/700 hPa, 700/500 hPa,
500/200 hPa,; Vertical mean below 850, 700, 500 hPa;
Vertical mean above 500 hPa (Pa s'l)

Dew-point deficit (°C), Inverse dew-point deficit (°C'l),
Mixing ratio (g kg'l) — for 1000, 900, 850, 700, 500 hPa;
Vertical mean below 900, 850, 700, 500 hPa;

Moisture depth [where RH =70% (km)] below 700 and 500 hPa

Equivalent potential temperature (°C), Wet bulb potential
temperature (°C), Virtual Temperature (°C), Lifted condensation
level [Temperature (°C) and height (km)] — for 1000, 900, 850,
700, 500 hPa; Vertical mean below 900, 850, 700, 500 hPa

Lapse rates (°C km™1); Vertical thicknesses - for layers 1000/900 hPa,
900/850 hPa, 850/700 hPa, 700/500 hPa, 500/200 hPa;
Vertical mean below 850, 700, 500 hPa

Total Totals; Showalter index; K-Index; Modified K-Index;
Lifted index; Rackliff index; Jefferson index [See Peppler and
Lamb (1989) for definitions]; Inversion height (derived on a
moisture basis)

Wind magnitude (m s'l) and bearing (degrees); Onshore and parallel
to shore components — for 1000, 900, 850, 700 hPa;
Vertical mean below 900, 850, 700 hPa. (m s'l)

Backing angle (degrees km'l); Horizontal geostrophic temperature
advection (°C s‘l) [Wallace and Hobbs 1977]; Thermal

wind magnitude (m shy —for layers 1000/900 hPa,

900/850 hPa, 850/700 hPa, 700/500 hPa;

Vertical mean below 850, 700, 500 hPa

Product of (i) Wind magnitude (m s"), (ii) Onshore wind
component (m s'l); with (a) Relative Humidity, (b) Dew-point
temperature (°C), (c) Mixing ratio (g kg'l) — for 1000, 900, 850,
700 hPa; Vertical mean below 900, 850, 700 hPa

Sine and cosine of Julian day; Observed daily rainfall

(range and occurrence) 24-48 h prior to commencement of

rainfall forecast period; Relative Humidity vertical difference (%)

— for layers 1000/900 hPa, 900/850 hPa, 850/700 hPa, 700/500 hPa;
Vertical mean below 850 hPa; Vertical mean above 850 hPa

70
(7x10)

29
(3x9) +2

45
(5x9)

16
(2x8)

28
(4x7)

21
3x7)

42
(2x3x7)

 Offshore flow — where the average low-level flow is

offshore from the coastline. Generally associated
with no precipitation, but if low-level moisture lev-
els are sufficient, land-based convection may occur.
Onshore flow — where the average low-level flow
is onshore to the coastline. Most of the data fell
into this category. This category was further divid-
ed, based upon a search of the development data,

on a criterion for onshore flow at which no precip-
itation would occur. Both lifted condensation level
(LCL) and dew-point deficit at 850 hPa showed
similar distributions (Fig. 3), and provided suitable
benchmarks to delineate ‘dry’ flow. For simplicity
of calculation, dew-point deficit at 850 hPa was
used to further partition onshore flow into ‘dry’ or
moist onshore flow.
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Table 3. The synoptic categories used for stratification with the hierarchical model data thresholds. The selection crite-
ria are shown in order of application to the numerical model data. As an example of the distribution of synop-
tic categories, the number of cases in the developmental sample for each category for both the Burdekin and

Lowland region are shown.

Synoptic category Selection criteria for synoptic classification No. of cases in region developmental sample
Burdekin Lowland
Upper-level cloudband Dew-point deficit < 8°C and V wind component < 0 24 22
possible (At either 700 or 500 hPa)
Offshore flow Onshore mean wind component below 850 hPa <0 96 25
Onshore flow  ‘Dry’ Dew-point deficit at 850 hPa 2 12°C 16 11
Moist All remaining cases 159 237

Fig. 3  Scatter diagram displaying the relationship
between rainfall range (Table 1) and the dew-
point deficit for onshore flow at 850 hPa for
the Lowlands region development data. The
dew-point deficit of 12°C is used to delineate
onshore moist and ‘dry’ flow. The diagram is

" based on 238 days of rainfall data.
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Although relatively rare in the trade-wind season,
tropical cyclones and depressions were considered as
a possible category as they can be responsible for
extreme precipitation events. However, due to insuffi-
cient representation (< 10 days for all regions), data
from this category were unable to be used in this
investigation. Missing data and the rejection of the
tropical cyclones and depressions category reduced
the development data to 295 days. The subdivision of
the onshore flow regime provides four categories for
data stratification in this study; the specific criteria
used to partition the data are shown in Table 3.

Each criterion that was used for data stratification
was developed from an examination of the 1200 UTC
model analysis developmental dataset for each synop-

tic regime. This process was straightforward for cate-
gories defined on flow direction but more difficult for
weather defined categories such as ‘upper-level
cloudbands’. For this category, synoptic charts and
radar imagery for the development period were exam-
ined and the days under the influence of an upper-
level cloudband were subjectively designated. The
associated numerical model analysis data were
reviewed for common parameter characteristics that
would define most of the ‘cloudband’ days.

The limitations of these objective criteria should
be discussed. Days from the development data when
no cloudband occurred were also drawn into this
cloudband category by the broad selection criteria for
this group. The ability of the stratified model to dis-
criminate these events on independent data depends
not only on the numerical model’s ability to forecast
the critical parameters (moisture and wind at 700 and
500 hPa) but also on the timing of the event. For
example, a cloudband associated with an upper trough
passage would not be partitioned from the main
dataset if the trough passage (and the associated
reversal in the 700 or 500 hPa V component) occurs
before the defining 1200 UTC analysis/prognosis.
However, despite these difficulties, the subjectively
derived upper-level cloudband criteria performed
well when applied to independent data (partitioning
over 92 per cent of cloudband events correctly).

The synoptic categories outlined in Table 3
describe a general type of weather or stream direction.
It is recognised that the meteorological environment
within the trades can be complex with the enhance-
ment of rain activity within each category attributed
to a number of sources. It could be argued that further
subjective classification could have proceeded, defin-
ing mesoscale processes that may have triggered the
precipitation (Heideman and Fritsch 1988), in order to
isolate particular subsynoptic mechanisms. However,
postanalysis in a convective tropical environment pre-
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sents many difficulties due to the subtle nature of
many of the precipitation mechanisms involved. For
example, it is often difficult to ascertain whether a
coastal shower or thunderstorm developed due to
interaction with a local circulation, static instability,
dynamic influences, orography or a combination of
these conditions. By restricting classification to these
broad synoptic categories it was possible to empiri-
cally devise a set of objective sorting criteria for
application to numerical model data.

Equation development

Separate equations were derived for each synoptic
category with the exception of ‘onshore dry flow’. If
data were partitioned into this group, rainfall was set
to zero. Using rainfall occurrence as a binary predic-
tand, following Glahn and Lowry (1972), separate
sets of equations for probability of precipitation (PoP)
were established for each region (Fig. 2) and the indi-
vidual stations Cairns, Townsville and Mackay.
Further sets of equations were derived for precipita-
tion amount. The equations derived using rainfall data
on a regional basis were designated as either the gen-
eralised operator stratified model (GO_SM), or when
the predictand was obtained from an individual rain-
fall gauge, the individual station stratified model
(IS_SM). The potential predictors (Table 2) were
offered to a forward stepwise multiple linear regres-
sion routine where variables are added sequentially
according to their statistical significance. The number
of predictors was arbitrarily set to eight with objective
selection for the larger ‘onshore moist flow’ datasets.
For reasons expanded upon later, for smaller datasets,
the number of predictors was limited to three for each
rainfall equation.

Due to the synoptic stratification of development
data, predictors emerged from the regression process
that were particularly relevant to each synoptic cate-
gory. This was most obvious in the synoptic cate-
gories with the most frequent representation in the
development data. The predictors that were most

influential for precipitation prediction for the two
most represented synoptic categories, ‘offshore flow’
and ‘onshore moist flow’, are shown in Table 4. The
mean amount of variance explained by each of the
predictor groups is also shown. These values were
obtained by calculating the average amount of vari-
ance explained by each of the predictor groups, for
the precipitation occurrence and QPF equations, for
each of the six regions.

Moisture parameters dominate the predictive
equations as would be expected. However, inspection
of Table 4 reveals a difference in the type of moisture
parameter that has emerged due to the different pre-
cipitation processes that are involved for each synop-
tic category. In the trade regime during an offshore
flow, air mass convection is the likely mechanism for
precipitation where a lifting process usually triggers
the release of potential instability. This process can be
enhanced by thermal or dynamic variables, but these
parameters explained a lesser proportion of predic-
tand variance than low-level moisture variables and
inversion height.

For onshore moist trade flow, parameters that com-
bine wind and moisture parameters dominate. These
parameters indicate the degree of moist air advection,
and explain most of the variance in the onshore moist
flow regime. However, it is recognised that the mech-
anisms for precipitation within the flow are more
diverse. As the airstream passes over the coastal
boundary, a combination of frictional drag, orographic
and thermal effects create a zone of low-level conver-
gence that modulates the development of convection
in the flow (Crowe 1971). The passage of upper-air
dynamic features can enhance this process (McAlpine
et al. 1983). However, when all regions were consid-
ered, much of the predictand variance was explained
by the product of a moisture parameter (predominant-
ly relative humidity) with an onshore wind parameter
at or below 850 hPa. This derived parameter captures
the low-level moisture forcing that is most influential
in the onshore trade flow (Connor and Bonell 1998).

Table 4. A selection of the most influential predictors that emerged from the combined regional predictive equations for
the two most frequently represented synoptic categories. The mean percentage of variance explained by each of
the predictor groups, on the development data, is shown in parentheses. Predictor groups are ranked according

to the amount of predictand variance explained.

Synoptic category 1

3

Offshore flow Moisture parameter at or below

850 hPa (13%)

Product of Onshore wind
component and moisture parameter
at or below 850 hPa (24%)

Onshore moist flow

Other moisture parameters (9%) Inversion Height (8%)

Product of wind magnitude and  Relative vorticity at or below
moisture parameter at or below 900 hPa (3%)
850 hPa (5%)







