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Introduction
Background
This technical report summarises the methods used to generate and validate a set of
spatially interpolated (splined) historical climate surfaces for the Australian continent,
and the resulting set of continental-scale gridded maps for monthly total precipitation,
and mean monthly minimum and maximum temperature. The spatial resolution of the
grids is 0.05 degrees (a grid cell of approximately 5km by 5km) with a land/sea
border derived from The Australian Digital Elevation Model (CRES)1 . The period of
analysis is January 1900 – December 2004.
This project was undertaken as part of the data management activities of the CRC for
Greenhouse Accounting. It was initiated in response to a number of requests for such
data from GACRC projects, and because continental-scale historic climate grids are
not currently freely available to researchers within Australia.
Accurate historic climate information is an essential pre-requisite for spatio-temporal
modelling of environmental processes. Model inputs vary, but generally include a
range of climatic, vegetative, and edaphic surfaces such as precipitation, temperature,
evaporation, radiation, NDVI, vegetation type, soil nutrient status, and water holding
capacity.

Alternative datasets
At present, vegetation and edaphic grids are available in Australia from various
sources to researchers at reasonable prices, albeit with varying degrees of inherent
uncertainty. For continental-scale grids of historical climate variables, at least two
other similar collections exist, however neither is freely available. A collection
cooperatively produced by the Queensland Department of Natural Resources
(QDNRM) and the Bureau of Meteorology (BOM) provides a wide range of up-tothe-present climate related products, including climate grids at daily and monthly
time-steps and climate his tories for individual lat- long coordinates (Jeffrey et al.
2001) 2 . However, the cost of acquiring the full set of data is prohibitive for most
researchers. The Australian Greenhouse Office has also produced high quality, high
spatial resolution climate grids for the Australian continent, for the period 1960-1990,
for use in the National Carbon Accounting System (AGO 2002). However, these have
not been made generally available. In addition, the Centre for Resource and
Environmental Studies (CRES) at the Australian National University have produced
grids of long-term average climate for the Australian Continent (Hutchinson and
Kesteven 1998; Kesteven 1998).

Aim
The aim of this project was to produce a set of monthly climate grids appropriate for
use in large-scale (regional-to-continental) analyses, and our primary concern was the
1

CRES: Centre for Resource and Environmental Studies, ANU, Australia.
Website: http://cres.anu.edu.au/outputs/ausdem.html
2
Website: http://www1.ho.bom.gov.au/silo/
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quantification of large-scale temporal patterns of climate, i.e. at a resolution of
approximately 5km x 5km. Unlike the QDNRM/BOM dataset, this project does NOT
seek to provide a database optimized for querying historical climate data for
individual (point) locations.

Methods
Data Source
Australian Climate records are systematically collected and made commercially
available by the Australian Bureau of Meteorology (BOM). BOM provides climate
records at varying time steps from half hourly to daily and monthly. The production
of the climate surfaces and grids described here utilised the commercially available
Australian Bureau of Meteorology (BOM) Climate Data Australia dataset (CDA),
which contains tabulated monthly climate data for all Australian climate stations 3 . The
production of the surfaces from this data is automated through customised software
and the ANUSPLIN software package 4 .
Data formats for reading files into ANUSPLIN are flexible in that they may be set by
the user, however once chosen, these data formats must be strictly adhered to.
Records were extracted from the CDA database for analysis in ANUSPLIN with a
custom program developed in the Delphi programming language.

Surface Production
ANUSPLIN is a package that provides a facility for transparent analysis and
interpolation of noisy multi- variate data using thin-plate smoothing splines. It allows
for the incorporation of parametric linear sub-models (or covariates), in addition to
independent spline variables (Hutchinson 2002).
Monthly total precipitation, and monthly mean minimum and maximum temperatures,
were interpolated in ANUSPLIN using tri- variate thin plate smoothing splines with
latitude, longitude and elevation as independent spline variables. For each climate
variable 1260 splines were therefore required (12 months x 105 years).
To assist in the identification of erroneous data, a two-pass interpolation scheme was
used for all climate variables, based on that described by Jeffrey et al. (2001). In the
first pass, data from all available climate stations were included in the analysis, and
the residuals calculated for each data point. These residuals were then automatically
scanned, and any that indicated potential data errors were removed from the
subsequent interpolation. As Jeffrey et al. (2001) note, such a procedure can
inadvertently remove genuinely correct data from the analysis, however this potential
cost must be weighed against the ability of the simple two-pass interpolation scheme
to automatically identify and remove gross outliers from the analyses. A climate
station record was removed from an analysis if its measured residual (following the
first pass analysis) exceeded a fixed threshold. For maximum and minimum
temperature the thresholds were 1.4 o C and 1.6o C respectively (Jeffrey et al. 2001).
For precipitation the threshold was set at 3 (in units of sqrt(mm month-1 ), see
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description of methods below). These values generally resulted in 1-5% of the total
data being excluded.
A description of the interpolation methods for the climate variables follows.

Monthly Total Precipitation
Of the standard climatic variables, rainfall displays the greatest variability in time and
space and so makes the greatest demands on both temporal and spatial analysis
techniques (Hutchinson 1995). Rainfall is the most commonly measured climate
element in Australia; approximately 2500 precipitation stations were in operation in
1900 and around 7000 are in operation at present. This compares to less than 1000
operating climate stations 5 (climate stations are defined here as stations measuring
climate variables other than precipitation, with or without the measurement of
precipitation). The large number of precipitation stations operating is testament to the
desire of the BOM to capture the inherent spatio-temporal variability of precipitation.
However production of surfaces incorporating large number of points within
ANUSPLIN becomes very computer intensive. As processing time for the splining
process within ANUSPLIN is proportional to the cube of the number of points, data
sets with large numbers of points can take a considerable period of time to interpolate.
In response to this, a recommendation to limit the number of data points used in the
interpolation to a maximum of 2000 (Hutchinson 2002) was accepted in the
production of the rainfall surfaces.
From the initial sets of (up to 8000) data points of precipitation, subsets of 2000
points used in the final interpolation were objectively selected in a two-step process.
First, stations were only selected for a particular year if a valid precipitation record
was available for all months in that year. In all cases (for the period from 1900 to
2004) greater than 2000 stations per year contained a full precipitation record,
although the actual stations changed from year to year. The second step of the
selection process used the ANUSPLIN module ‘SELNOT’ to objectively select a final
subset of 2000 data points. SELNOT equi-samples the surface area by progressively
removing the closest points until the desired number of points is reached.
From the 2000 stations selected with SELNOT, precipitation was interpolated using
the SPLINB module in ANUSPLIN, using the two-pass analysis procedure described
above. A second-order tri-variate spline with latitude, longitude (in decimal degrees)
and elevation (in kilometres) as independent spline variables was used. The degree of
data smoothing imposed was optimised objectively by minimising the predictive error
of the fitted function as measured by the generalised cross validation (Hutchinson
1991). Following the first interpolation pass, any data points identified as potentially
erroneous from the calculated residuals were automatically removed from the original
list of 2000 stations, and the interpolation re-run.
Methods for interpolation of mean rainfall from ground based point data have all
demonstrated the value of incorporating dependence on spatial patterns of rainfall and
elevation. It has been shown (Hutchinson 1995; Hutchinson 1998) that the
incorporation of a continuous, spatially varying dependence on appropriately scaled
elevation makes a dominant contribution to surface accuracy, and that elevation is
best expressed in kilometres in order to minimise the validated root mean square
interpolation error. Measured precipitation was transformed using a square root
5

Climate and Precipitation Station numbers calculated from the CDA database.
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transformation prior to splining to reduce bias. Square root transformation of the
dependent variable can reduce positive skew in measured values, as can arise when
fitting data that are naturally non-negative or positive. Hutchinson (1998) found that
applying the square root transformation to daily rainfall data, before fitting a thin plate
smoothing spline, can reduce interpolation error by as much as 10 percent.

Monthly Mean Minimum and Maximum Air Temperatures
The BOM record a wide range of temperature measurements across their climate
stations, including mean minimum and maximum air temperatures, ground and soil
temperatures, and wet and dry bulb temperatures. For the purposes of environmental
modelling the most commonly used temperature measurements are mean minima and
maxima. Wet and dry bulb temperatures are generally used in the estimation of
humidity values such as dew point temperature, relative humidity and vapour pressure
deficit.
Mean minimum and maximum air temperatures were sourced from the CDA
database, all values per month were used. Mean minimum and maximum air
temperatures were splined using a 2nd order tri- variate spline with longitude and
latitude (in decimal degrees) and elevation (in kilometres) as independent spline
variables. Temperature values were left untransformed and the degree of data
smoothing imposed was optimised objectively by minimising the predictive error of
the fitted function as measured by the generalised cross validation. (Hutchinson
1991).
Like precipitation, methods for interpolation of air temperature measurements have
demonstrated the value of incorporating dependence on spatial patterns of temperature
and elevation. In Hutchinson (1991), a Tasmanian example shows that temperatures
are well described by a partial spline with two independent spline variables (longitude
and latitude) and a linear dependence on elevation (as an independent covariate).
Hutchinson (1991) also makes the comment, “Since Tasmania represents just one per
cent of the area of the Australian mainland, it remains to be seen whether a single
lapse rate is appropriate when interpolating across the whole continent. The tri-variate
spline may be superior if there are broad latitudinal or other gradients in the
temperature lapse rate”. Preliminary testing of both tri- variate and partial splines
indicated, for the Australian continent, very little difference in results between partial
and tri- variate splines for temperature. Therefore a tri-variate spline with longitude,
latitude and elevation as independent spline variables was chosen so that broad scale
changes in the relationship between temperature and elevation could be incorporated.

Surface Validation
Surface accuracy was estimated through the use of a separate procedure whereby
interpolated surfaces were compared with a separate set of independent climate values
(Hutchinson 1995; Hutchinson 2002).
Validation involved dividing the initial CDA climate records into ‘validation’ and
‘spline’ datasets, and comparing the records in the ‘validation’ dataset to the
interpolated values produced from the ‘spline’ dataset. For minimum and maximum
temperature, 15% of the data points were randomly removed for the validation
dataset, and for precipitation, 1.25% of the data points were randomly removed for the
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validation dataset. Three months per decade were randomly chosen for validation.
The spline surfaces were interpolated using the same methods as described above.

Grid Production
After splining, the continental-scale grids were produced with the ANUSPLIN
module ‘LAPGRD’. The 1/20th degree Australian Digital Elevation Model
(‘aus20.DEM’) was used as the elevation surface. Ocean areas were masked out with
a land/sea mask derived from the DEM. Grids are made available in two formats:
Idrisi rasters (*.rst, *.rdc) or Arc float format rasters (*.flt, *.hdr). The *.hdr file
description of the grids is given below.
ncols
nrows
xllcorner
yllcorner
cellsize
NODATA_value
BYTEORDER

818
674
112.825
-43.725
0.050
-99
LSBFIRST

Results
Surface diagnostics
Figures 1a-d show summary diagnostics for each of the 1260 splined surfaces for each
climate variable. Five summary statistics are shown. The first panel for each climate
variable shows the number of data points used in the calculation of each spline. In the
year 1900 approximately 100 stations were available for temperature, rising to
approximately 800 stations by 2004. For precipitation the corresponding numbers are
approximately 2500 records in 1900, rising to approximately 7000 by 2004.
The second panel shows the Root Mean Squared Residual (RTMSR) of the spline. For
minimum temperature the average RTMSR over all 1260 surfaces was 0.4°C, for
maximum temperature the average RTMSR was 0.3°C, and for precipitation it was
10.9 mm/month. The third panel of each figure shows the Root Generalised Cross
Validation (RTGCV) statistic, that provides a somewhat conservative prediction error
because it also includes the data error as estimated by the ANUSPLIN algorithm. For
monthly minimum temperature the average RTGCV across all 1260 surfaces was
1.2°C, 0.9°C for maximum temperature, and 15.6 mm/month for precipitation. The
fourth panel shows the Root Mean Squared Error (RTMSE) of the spline model. Here
the error is somewhat optimistic, as it is an estimate after taking account of the data
error. For minimum temperature the average RTMSE was 0.5°C, 0.4°C for maximum
temperature, and a 6.6 mm/month for precipitation. The final panel shows the average
of each climate variable for each month.
Figure 1: (overpage). Summary diagnostics for each of the three monthly climate
variables over the period 1900-2004. (a) Mean monthly minimum temperature.
(b) Mean monthly maximum temperature, and (c) total monthly precipitation.
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Figure 1a. Monthly minimum temperature
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Figure 1b. Monthly maximum temperature
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Figure 1c. Monthly precipitation. These analyses were based on square-root
transformed data. The error values shown above are the approximate
untransformed statistics, to restore the original units of mm/month.
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Surface validation
Figures 2-4 show the relationship between measured and interpolated climate values
for the validation datasets. The first panel in each figure shows the interpolated
climate values plotted against their corresponding measured values. The black lines
show the 1:1 relationship, the red line indicates the best-fit linear relationship, and the
blue line indicates the best fit linear relationship if forced through zero. Equations for
these lines are shown in the figures in the format y = ax + c. Where: y is the
interpolated value; a is the slope; x is the measured value; and c is the y intercept.
The slope of these lines estimates the overall bias of the interpolation, slopes less than
1 indicate an underestimation of the climate variable, slopes greater than 1 indicate an
overestimation of the climate variable. Interpolated precipitation are generally
underestimated by less than 8%, interpolated mean minimum and mean maximum
temperature are underestimated by less than 3%. Note that Figure 4 for precipitation
has axes that are square-root transformed. This is because a square root
transformation was applied to the precipitation data prior to the calculation of the
spline (see above). The second panel in each figure shows deviations of interpolated
climate values against their corresponding measured values (the residuals). Table 1
summarises the information given in these figures. Note that the estimate of the root
mean square error (RMS) given in the table for precipitation is the back-transformed
value, to restore the original units.
The RMS (Root Mean Square error) value indicated in Table 1 is the average
deviation of the interpolated value from the measured value. The smaller the RMS,
the more accurate the interpolation. On average, interpolated values are accurate to
within 19.0mm for monthly total precipitation, 1.24°C for monthly mean minimum
temperature, and 1.04°C for monthly mean maximum temperature.

Climate Variable
Monthly Mean
Minimum
Temperature (°C)
Monthly Mean
Maximum
Temperature (°C)
Total Monthly
Precipitation (mm)

RMS

Unconstrained
Slope

Through zero
slope

1.24°C

0.97

0.99

1.04°C

0.98

1.00

19.0mm

0.91

0.98

Table 1: Validation results for interpolation of monthly total precipitation and monthly mean
minimum and maximum temperatures for the Australian continent.
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(a)

(b)

Figure 2: (a) The relationship between measured and interpolated mean maximum temperature.
(b) The residuals.

(a)

(b)

Figure 3: (a) The relationship between measured and interpolated monthly mean maximum
temperature. (b) The residuals.

(a)

(b)

Figure 4: (a) The relationship between measured and interpolated monthly total precipitation.
(b) The residuals.
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Climate grids
Precipitation and mean minimum and maximum temperature grids were produced for
the period January 1900 to December 2004. The grids are in geographical projection,
at 0.05 degree resolution, and cover the latitudinal range -10.025° S to -43.725°S, and
the longitudinal range of 112.825°E to 153.725°E.
Figures 5-7 show monthly grids of interpolated Australian climate for the period
January 1996 – December 2001.
In addition to the climate grids, a visualisation program (CRC for Greenhouse
Accounting Animated Climate Viewer V. 1.0) is also made available. The help file for
the Animated Climate Viewer is given in the Appendix.
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Figure 5: Monthly total precipitation, Jan 1996 - Dec 2001

14

Figure 6: Monthly mean minimum temperature, Jan 1996-Dec 2001
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Figure 7: Monthly mean maximum temperature, Jan 1996-Dec 2001
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Discussion
The results indicate that the climate surfaces discussed here provide a good estimate
of historic climate patterns across the Australian continent. Interpolated monthly
mean minimum and maximum temperatures both show high levels of accuracy and
indiscernible bias, precipitation is less accurate and, demonstrates some negative bias.
In the case of precipitation, accuracy and bias may be affected by the high spatiotemporal variability of precipitation, and the complex relationships between
precipitation and climate, environment and topography, which are not completely
captured using only elevation as the third independent variable. Moreover,
preliminary work on the effect of limiting the number of data points used to
interpolate precipitation suggests some small loss of quality in the final interpolated
surfaces when data-points are limited to 2000.
While on a broad scale these interpolated climate surfaces show good agreement with
actual records, it is important to note that in some locations interpolated values
deviate significantly from values as measured by the Bureau of Meteorology. In
particular, the precipitation surfaces show several points where recorded and
interpolated precipitation diverge markedly. Users wishing to use these surfaces to
derive values for ‘points’ in the landscape are advised that local differences between
interpolated and actual values may be significant, and should be validated with actual
(nearby) records (from BOM or some other source).
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Appendix
CRC For Greenhouse Accounting
Climate Animation Viewer
V. 1.0
1. INTRODUCTION
2. HARDWARE REQUIREMENTS
3. INSTALLATION
4. OPERATION
4.1 MENUS
4.2 ANIMATION CONTROL
4.3 ANIMATION DISPLAY

1. INTRODUCTION
This climate viewer displays animations derived from monthly historical precipitation
and temperature surfaces for the Australian continent. The original data on which
these animations are based are taken from the CRC for Greenhouse Accounting
monthly climate database, covering the period 1900-2004. For more information
about this database please read the accompanying report.
Note that the animations DO NOT read from the original database (which is
approximately 3 Gb of data per climate variable!), but are based on images resampled to a much lower resolution.
2. HARDWARE REQUIREMENTS:
The sampler runs on any windows-based PC (95, 2000, XP) with at least 50Mb of
free RAM.
3. INSTALLATION:
The sampler can be run directly from CD, or to increase performance the files can be
copied from CD into a directory. The only constraint is that all four files must be colocated within the same directory to run. The four files are:
ClimateViewer.exe:
Precipitation.bin:
Temperature.bin:
Readme.rtf:

The program
The precipitation database
The temperature database
This file

4. OPERATION
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4.1 MENUS
The ‘file’ menu allows the selection of either the precipitation or the temperature
database for viewing.
The ‘help’ menu displays this ‘readme’ file, and an ‘about’ box;
4.2 ANIMATION CONTROL
Select the type of climate surface for viewing, and the time period.
Select the ‘start year’ and the ‘end year’ to define the time period to be viewed.
There are four options for selecting different temporal resolutions of the data.
The ‘Display month-to-month variation’ option shows the highest resolution, with
the map updating every month over the timecourse of the animation.
The ‘Display year-to-year variation’ option animates from year to year. For
precipitation it represents the annual total, and for temperature it is the average
over the 12 months for that year.
The ‘Display 12 x long-term monthly averages’ option animates from January to
December, with maps representing the average of each month over the period
1900-2004.
The ‘Display 1 x long-term yearly average’ option displays the single long-term
average annual map.
Once the selections are made, pressing the VIEW button starts the animation.
Pressing the STEP button allows stepping through the animation one year or month
at a time (pressing RUN again resumes the animation). Changes to the animation
display (see below) can be made while the animation is progressing.
The ABORT button quits a current animation, and the CLOSE button exits the
program.
4.3 ANIMATION DISPLAY
These options control the display properties of the animation.
The DELAY RATE controls the speed of the animation. Slide the bar to the right
to slow down the animation.
The MERGE FACTOR controls the rate at which sequential images merge into
one another. Selecting some degree of image merging makes the animations appear
more ‘natural’.
Change the display colours of the continental map with the COLOUR PALETTE.
The colours can be reversed with the INVERT PALETTE option.
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VIEW AS ANOMOLIES allows the month-by- month and year-by- year animations
to be displayed as deviations from the long-term average values. This is useful for
seeing what months/years tended to be ‘warmer’ or ‘cooler’ or ‘wetter’ or ‘drier’
than the average conditions over the period 1900-2004.
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