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Abstract A statistical model (SM) has been developed to
downscale large-scale predictors given by general circu-
lation models (GCMs); emphasis has been put on local
surface air temperature in two areas of interest: the
south-west corner (SWC) of Western Australia and the
Murray-Darling Basin (MDB) in southeastern Austra-
lia. This is a complementary approach to the dynamical
modelling of climate change using high-resolution nested
regional models. The analogue technique was chosen for
this study as it has proven successful in the past for mid-
latitude climate and, in particular, for forecasting in
Australia. Furthermore, the analogue technique is suc-
cessful in reproducing spells of anomalous events. The
development and validation datasets used for both pre-
dictors and predictants cover the 1970-1993 period.
Predictors are extracted from a dataset of operational
analyses for the Australian region. Several predictors
have been assessed alone and combined. Mean sea level
pressure and temperature at 850 hPa have been identi-
fied as the most useful combination. Predictants have
come from quality controlled stations with daily tem-
perature extremes for the 1970-1993 period. Twenty two
stations in the SWC and 29 in the MDB have been se-
lected. The sensitivity of the SM has been tested to
several internal parameters. The number of atmospheric
predictors and the geographical domain on which large-
scale fields are used are key factors that maximise the
skill of the SM. Several metrics have been tested taking
into account the state of the predictors on the day or, in
order to describe the evolution of the atmosphere, over
several days. This latter has been particularly useful in
improving the representation of anomalous spells as it
partially incorporates the auto-correlation of surface
temperature. The correlation obtained between the ob-
served local temperature series and the reconstructed
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series ranges between 0.5 and 0.8. Best results are ob-
tained in summer and for maximum temperature. The
reproduction of spells is satisfactory for most stations.
The SM is then applied to large-scale fields obtained
from a GCM forced by observed sea surface tempera-
ture; the improvement gained when using the SM
instead of relying on the surface temperature calculated
by the GCM is shown.

1 Introduction

Since anthropogenic climate change has become an
issue, most research has been directed toward under-
standing the impact on the entire climate system. Due to
the complexity of the task, state-of-the-art models are
most accurate for large-scale features, but are not yet
suitable to describe local effects. However, most impacts
are related to regional scales. Current coupled atmo-
sphere-ocean general circulation models (CAOGCMs)
provide transient scenarios of climate evolution follow-
ing expected emission scenarios provided by the Inter-
governmental Panel for Climate Change (IPCC)
(Houghton et al. 1996). While these are broadly con-
sistent in their predictions on the large scale, due to
limited horizontal resolutions, amongst other factors,
this approach has so far failed to provide consistent
estimates of climate change on regional scales.

Several methods have been employed to increase at-
mospheric model resolution. Time-slice experiments,
where high-resolution atmospheric models are forced by
coarse oceanic anomalies derived from CAOGCMs are
often used (Stephenson and Held 1993; Timbal et al.
1995a). Numerous integrations can be performed to in-
vestigate regional uncertainties due to model formula-
tion or oceanic forcings (Timbal et al. 1995b). Up to
now, the most common dynamical approach has been to
run a regional climate model at high resolution nested
within a GCM at coarse resolution. This approach has
had numerous applications (Giorgi et al. 1990; a review
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by Giorgi and Mearns 1999) but is not without its
drawbacks (e.g. the one-way nesting and spurious
boundary effects), but so far it has allowed the finest
resolution for a dynamical approach.

While observations used for environmental impact
modelling are usually point specific, model variables are
an integration of a broad area represented by a model
grid box (von Storch 1995). Statistical approaches are an
alternative for bridging the scale difference (“‘downscal-
ing”’) between coarse grid CAOGCMs and the fine
temporal and spatial scales required for regional and
environmental impact studies of climate change. Statis-
tical downscaling techniques originated in weather pre-
diction but are commonly used in climate studies. They
give access to finer resolutions than deterministic mod-
elling, matching the scales needed for climatic change
impact studies.

Several types of functions, called transfer functions,
linking large-scale patterns to local surface predictant
values have been used (Wilby and Wigley 1997). Most
are based on large scale atmospheric predictors (e.g.
mean sea level pressure, geopotential height or atmo-
spheric thickness) for which GCMs are considered to be
“credible” or at least more reliable than surface obser-
vations averaged over grid boxes. Predictor series are
then obtained from these functions with a high temporal
distribution (e.g. daily) and are more trustworthy than
from a dynamical approach. Hence, climatic issues such
as extreme events can be investigated (e.g. frost days,
anomalous spells and return of extremes). This is a key
area of research where insufficient effort has been de-
voted so far, as noted by the second IPCC scientific
assessment (Houghton et al. 1996).

Whatever transfer function is developed, a primary
step is to ensure that the statistical model has skill. In
particular, the reconstructed temporal series given by the
statistical approach must be more realistic then raw
variables given by the GCM (Palutikof et al. 1997).

For this approach to succeed, the GCM must repre-
sent the large-scale climate realistically. If not, the lack
of reasonable estimates of the predictors dooms the
statistical approach to failure. At this point it is worth
emphasising that, for the reasons stated, statistical ap-
proaches will always be complementary to dynamical
modelling.

Australia is a particularly suitable region for the
application of downscaling methods, since it has been
demonstrated that climate variability and global changes
have a strong impact on regional ecological and eco-
nomic fluctuations (Nicholls 1997). Therefore two areas
of interest have been selected according to their impor-
tance in term of agricultural production. One is the
Murray-Darling Basin (MDB) and the other one is the
south west corner (SWC) of Western Australia (Fig. 1).
The latter is of particular concern as it appears to be
affected by transient changes in long term climatologies
(Allan and Haylock 1993).

In this work, firstly the datasets used to develop
and validate the statistical model (both predictors and
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predictants) are described, as well as the GCM simula-
tion on which the transfer function is applied. The
development of the model is described, in particular
the methodology and the treatment of predictors. The
model is then validated using atmospheric analyses and
finally applied using GCM predictors. The final section
assesses the results against the aims and discusses future
perspectives for the downscaling system.

2 Data

To build and validate the statistical model (SM), a long set of data
is mandatory for both predictors and predictants. The database for
predictors, METANAL, are historical synoptic analyses obtained
from the Bureau of Meteorology operational numerical analysis
system. From 1970 to 1993, at 00UTC and 12UTC, grid point an-
alyses for the Australian region have been archived (Seaman et al.
1977). Analyses are not available beyond 1993. The series has been
projected on a coherent and regular grid over the entire period.
With a resolution of 1.5° on a domain from 50°S to 10°S and from
90°E to 170°E, the analyses provide a detailed description of the
synoptic situation over Australia and the major air masses cha-
racterising the weather.

The analyses available contain mean sea level pressure (MSLP),
geopotential heights at various pressure levels (1000, 850, 700, 500
and 250 hPa), temperature at 850 hPa (7ssp) and wind speed at
500 hPa (Windsy). Although a reasonable representation of the
dynamics of the atmosphere can be inferred from these variables,
no information is available on the hydrological cycle. Therefore,
the moisture availability in the atmosphere affecting cloudiness and
daily temperature range (Power et al. 1998) is only indirectly
inferred. Consequently, more variables were extracted from the
original dataset only for the subset of the time interval (namely
1978 to 1993) for which they could be retrieved. The extra variables
extracted were the dew point temperature at 850 hPa (from which
the relative humidity (RH) at the same level can be retrieved) and
the vertically integrated precipitable water (PW). The latter is
considered more reliable than the former, as moisture is integrated
over the atmospheric column.

The bench mark simulation used to test the SM is an AMIP-
type integration (1979-1988) of the AGCM developed by the
Bureau of Meteorology Research Centre (BMRC). The AGCM is
a state-of-the-art atmospheric model which has been thoroughly
described in the literature. For details on the model genesis see
McAvaney et al. (1978). The model configuration is described by
McAvaney and Colman (1993). Since 1993, the major changes are
the introduction of the Tiedtke (1989) convection scheme
(McAvaney et al. 1995); improvements in surface flux formulation
(McAvaney and Hess 1996) and horizontal and vertical diffusion.
The resolution is R31L17. From the 17 vertical levels of the
model, variables interpolated to 1000, 850 and 500 hPa were used.
The horizontal resolution of the model over Australia is ap-
proximately 250 km in latitude by 350 km in longitude giving 25
and 40 point respectively in the MDB and SWC. This is not a
climate change experiment, and thus at this stage we are not
downscaling a climate change scenario. However, forcing the
model with observed SST limits climate drift, and it is anticipated
that local atmospheric variables are more realistic with annually
varying SSTs. Therefore, the ability to reconstruct local temper-
ature series using GCM output, validated against the coarse grid
surface series given by the GCM, is a mandatory step in the
development of the SM.

The predictants are 2 m surface-air temperature daily extremes
(Tpax and T,,). Most of the 29 and 22 stations (Fig. 1) used in the
MDB and the SWC are part of a set of high-quality synoptic sta-
tions. The methodology used to correct and homogenise these
datasets at a daily time scale has been described in Trewin and
Trevitt (1996). The two regions chosen are of major interest for
climate research; this is also where most of Australia’s agricultural
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Fig. 1 Locations of tempera-
ture stations used. The per-
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production is located. Furthermore, the density of high-quality
data is better than for most other parts of Australia. Some addi-
tional stations have been added to extend the coverage, they are
also of high quality for the entire period of interest in this study
1970-1993.

The reliability of the data is high and very few missing days are
reported. Fifty percent of the stations have less than 1% of missing
data, however a few stations have up to 10%. To avoid missing
data influencing the results, several analogue situations were chosen
to back up the best analogue in case synoptic data were missing for
this particular date, so that an analogue temperature could always
be provided. Results indicate no dependence of the statistical
model’s skill on the percentage of missing data.

3 Methodology

A range of statistical downscaling methods has been used in the
past (Wilby et al. 1998) in regions where sufficiently good local
observations are available for model calibration. In this study, the
chosen method is the identification of analogues. This technique
was first described by Lorenz (1969). Analogues have been used by
meteorologists for forecasting as a specific tool or simply as the
main driver of forecaster subjective prognosis (Gedzelman 1994).

Finally, the experience gained by the Australian Bureau of
Meteorology, since 1980, while using analogues for forecasting, has
shown the potential of this technique for many variables (Stern
1999).

More recently, analogue techniques have been successfully ap-
plied for downscaling in climate studies (Zorita et al. 1995; Martin
et al. 1997). They have been shown to be successful at mid-lati-
tudes, producing unbiased series with the right spatial correlation
structure. The latter is a very important feature in the Australian
landscape where orography is weak and spatial correlation high.
Moreover, Zorita et al. (1995) have shown that analogues are ca-
pable of reproducing dry and wet spells of precipitation, and in the
present study a similar technique is investigated for spells of tem-
perature. More recently, Zorita and von Storch (1999) have shown
that, though the use of analogues is a simple technique, it compares
well with more elaborate statistical methods.

How to determine the best analogue to describe any particular
synoptic situation given by a GCM is the main interest of this
study. All predictors are transformed to deviations from the sea-
sonal cycle (seasonal mean is used through the report). To filter the
synoptic signal (which has the potential to predict local tempera-
ture) from the meteorological noise, the analyses and the model
fields are projected onto the leading empirical orthogonal functions
(EOFs) or principal components (PCs) (Barnett and Preisendorfer
1978; Sneyers and Goosens 1985). The principal components (PCs)



950

obtained from analyses are a synthetic way to separate the synoptic
signal. In addition to the decomposition into PCs, changes in the
geographical extent of predictors was also tested. Reducing the
number of points considered produced highly spatially correlated
values in direct relationship with local predictants. Optimising the
size of the useful domain has proven one of the key issues in se-
lection of the best analogue. The relationship between PC decom-
position and domain size is discussed in view of the statistical
model results.

The parameters of the statistical model are the set of large-scale
atmospheric forcing fields and the metrics to choose analogues. The
best analogue of day ¢ is defined as the day ¢ where the following
Euclidean distance is a minimum:

& t,t) = i[aj(t/) — q/(t)}z with | — 1] < Atew (1)
=1

When atmospheric forcing fields are decomposed in PCs, a; refers
to PC scores and n = Npc is the number of PCs (usually between 5
and 10): n is chosen to explain a pre-determined level of variance
and according to the Craddock and Flood (1969) criterion. PC
scores are normalised in order to give the same weight to the
variance explained by all PCs. When PCs are not used, a; are the
point values of the atmospheric predictors and n =N, x N, is
the spatial dimension.

The parameter At.,, defines how close ¢ and ¢ are in the cal-
endar year. It was tested between 90 days, allowing any date in the
same season, and 5 days. When large values are chosen, it is pos-
sible to choose as best analogue a day on which, although the
synoptic situation was very alike, the actual radiative forcing (due
to the solar zenith angle) and other seasonally varying factors were
different. This leads to large errors in observed temperature. On the
other hand, small values of Az, reduce the pool of available sit-
uations from which to choose analogues (e.g. 120 cases for
At = 5). Optimum values of At.,; were found to vary between 10
and 20 days, allowing 250 to 500 possible analogues.

Due to the limited size of the sampling, no attempt was made to
use a weighted combination of the first few best analogues. Al-
though this technique is known to increase the skill of the model
(Drosdowsky 1994), it is only suitable if a large pool of data is
available, otherwise the standard deviation of the reconstructed
series will be strongly reduced.

The first step is to construct, validate and optimise the model.
The available dataset is split into two subsets of independent data:
1970-1981 and 1982-1993. The statistical model is applied on the
second sample, the temperature series are reconstructed using
analogue situations extracted from the first period. The model is
adapted for each season and location and parameters are set up
during this validation. The main validation tool is the comparison
of the reconstructed series with the observed one. Differences of
means and variances are compared, as well as the correlations
between the two series:

S (T = T)(T — T9)
[ (1 = T e (7

In some cases, the root mean square error (RMSE) between the
observed and calculated series was also used:

Corr =

I (2)
—Ta?|

Hoby (Ta _ T, 2 3
(1 1) } o)

RMSE = [Z

i1 Nobs

T is the observed temperature, 7% is the reconstructed one and T
denotes time averages. The subscript i denotes daily measurement
and varies from 1 to nyps.

These statistics are not the only method to measure the skill of a
model nor the most complete. However, they were found to be
reliable and to provide a clear picture which is easily interpretable
in terms of the strengths or weaknesses of the SM. A more synthetic
way, the normalised mean square error, as proposed by Williamson
(1995), could have been used instead.
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In the second step, the optimised model is applied to GCM
outputs and the reconstructed temperature series is validated
against the same period as the AMIP run: 1979 to 1988. The val-
idation is on the main characteristics of the series: mean, variance
and probability density function (PDF).

4 Optimisation of the atmospheric predictors

Several atmospheric predictors were tested, with selec-
tion based on these criteria:

1. Being realistically simulated by GCMs
2. Having a strong predictive skill for surface temperature
3. Being complementary to the other predictors

4.1 Validation of the model fields

The comparisons of the GCM fields with the analyses
were performed for seasonal means. The overall patterns
need to be well represented, although mean biases of the
model are removed by using daily anomalies from the
seasonal mean. More importantly, the daily variations
of the field also need to be well represented.

Mean sea level pressure (MSLP), during Southern
Hemisphere winter (June-July-August) over the entire
METANAL domain is shown in Fig. 2. Analyses are
averaged over the 1979-1988 AMIP period simulated by
the GCM. Mean and standard deviations fields are
given. The overall pattern is reproduced, with a realistic
high-pressure centre over the southeastern part of the
Australian continent (overestimated by around 1 hPa)
although there is a too-active low belt over the Southern
Ocean (by up to 2 hPa). The gradient affecting the south
of Australia is too strong. This bias is removed when
anomalies are used. The standard deviation given by the
model is also realistic; however the model underesti-
mates daily variation from the Equator to 40°S (by less
than 1 hPa). Synoptic variations are measured using
decomposition into principal components (PCs), to
summarise modes of variation. The first five PCs of
MSLP in JJA (Fig. 3) given by the model are similar to
the ones from the analyses. Furthermore, the percentage
of explained variance is of the same magnitude. Overall,
this validates the previous hypothesis that the climate
(i.e. large-scale features) simulated by the GCM is real-
istic in terms of broad-scale synoptic variations.

The spatial correlations between the GCM and ana-
lyses PCs are summarised in Table 1 for different
atmospheric predictors. It appears that dynamical vari-
ables (MSLP, Zs5yy and Windsg) are well captured by the
model. Spatial correlations of the first five PCs are well
above 0.7; except for the third PC of Zsy. The per-
centage of variance explained is very high for MSLP and
Zsop (over 75%) and similar in the model and the ana-
lyses. Less variance is explained by the same number of
Windsg PCs, and 4 out of 5 PCs are permuted. There-
fore the most reliable representation of the dynamics of
the atmosphere is based on MSLP and Zs.
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Analysis: Mean (hPG)

Fig. 2 Mean and standard
deviation of MSLP in winter
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(JJA), averaged over 1979-1988
for METANAL (left) and
BMRC GCM (right). Dotted
lines are for contours below the
aerial average of the field

GCM: Mean (hPo)

Andlysis: Standard Deviotion (hPa)
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Next, we analyse variables representing the thermal
profile of the atmosphere: 735y and the thickness between
1000 hPa and 500 hPa (7h;900_s00)- These PCs tend to be
captured less well by the model — apart from the first two —
and the order is often mixed. The percentage of
explained variance is also smaller.

Finally, the components of the hydrological cycle
(RH at 850 hPa and precipitable water) are compared.
The correlation between the PCs is marginal and the
explained variance by the PCs from the model is very
low. Further analyses of the PCs revealed that a large
part of the difference is due to temporal non-homo-
geneities in METANAL. These are due to changes to the
analysis system, in particular a strong discontinuity
which appeared in 1986 (Fig. 4) when a new regional
forecast model was used to assimilate the observations
(P. Stewart personal communication). Differences of
over 50% are observed in the tropics for the ratio of the
difference of the mean of precipitable water before and
after 1986 divided by the mean prior to the discontinu-
ity. At mid-latitudes, errors are smaller but show a
land-sea contrast which would strongly affect the iden-
tification of a suitable analogue. The moisture PCs ob-
tained from METANAL are strongly influenced by this
feature and therefore not comparable with the GCM
outputs. Furthermore, the large difference between
patterns would limit the choice of analogue before or
after the discontinuity. For this reason, these variables
were abandoned in further development of the SM.

4.2 Predictor skills

The predictive skill of the atmospheric variables has been
assessed for each pre-selected field using the correlation

between the reconstructed series and the observed ones.
Results are shown for winter, using the six leading PCs of
each field and averaged over all SWC stations (Table 2).

MSLP is the most skillful predictor, followed by Tgs,
Zsoo and Thipgo—s00. Windsgy is the least skillful of the
predictors considered; this is possibly due to the lesser
variance explained by the first six PCs. The local time
correlations between each atmospheric field and its an-
alogue were calculated. This coefficient measures how
close each situation is to its analogue; this is a mea-
surement of the efficiency of using PCs in order to rec-
ognise analogue days.

The spatially averaged correlation is around 0.5 for
most predictors except Windsgy (0.36). The spatial pat-
terns (Fig. 5) show that correlations are a maximum
where variability is the highest, as expected, since PC
analysis was performed on the covariance matrix. In the
case of dynamical fields, the maximum occurs over the
Southern Ocean while for thermal variables it extends
over the Australian continent.

The Euclidean distance between each day and its
analogue has been calculated using Eq. 1 and norma-
lised by the number of PCs. This is a measure of the
difficulty of finding suitable analogues: the larger the
distance, the more data is needed to identify a suitable
analogue. This distance is of the same order for all
predictors and does not reveal any weaknesses amongst
the predictors considered.

A combination of predictors was also tested. In all
cases but one, two predictors gave better predictive skill
than one predictor alone. The exceptional case was
MSLP and Zsyy. At mid-latitudes these two variables are
strongly related due to the equivalent barotropic char-
acter of the atmosphere. The PC decomposition of both
variables (not shown) gave very similar results. There-
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Fig. 3 First five principal com-
ponents of MSLP in JJA for
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Table 1 Spatial correlation between the PCs obtained from the METANAL analyses and their counterpart from the GCM fields

Predictors MSLP Z500 Wind;sgg T30 Th1000—500 RHzgsg Precipitable
water

PC1 0.78 0.96 0.85%2 0.89 0.94 0.43*7 0.77*2
PC2 0.86 0.84 0.74*! 0.93 0.90*3 0.64*8 0.51%*3
PC3 0.94 0.68 0.91* 0.54*¢ 0.51*2 0.45+! 0.62%1
PC4 0.76 0.75 0.78*3 0.86*° 0.82 0.42+10 0.64
PC5 0.79 0.79 0.90 0.88* 0.63*¢ 0.41* 0.60*7
Variances

Analyses 78.4 75.7 46.0 58.9 64.1 68.3 53

GCM 77.9 78.1 42.1 51.8 62.1 25.6 35.5

The total variances explained by the first five PCs in both cases is given. The asterisks denote PCs deduced from GCM fields which are
ranked in a different order, in terms of explained variance

fore no additional synoptic signal is added when the two  skill. These variables describe the thermal profile of the
fields are combined. Similarly, the combination of Tgsy atmosphere and are too similar to be complementary. In
and Thipp_soo does not provide much improvement in general, useful combinations are of a dynamic and a
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Fig. 4 Difference between prec-
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ipitable water, in summer
(DJF), before and after the
1986 discontinuity expressed as
a ratio of the difference over the
mean prior to the discontinuity.
Dashed isolines imply a decrease
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Table 2 Skill scores, defined as correlations of the 7, series,
obtained for various single predictors and for combinations

Predictor(s) Correlation Correlation  Euclid d
of Tpux of analogues
MSLP 0.36 0.57 0.44
Zsoo 0.32 0.48 0.43
Windsoo 0.26 0.36 0.43
Tgs0 0.33 0.47 0.42
Thi000—500 0.32 0.50 0.42
MSLP and Zsy 0.34 0.55/0.47 0.51
MSLP and Tys 0.41 0.55/0.45 0.61
MSLP and Th]()()()_s()o 0.40 054/048 0.61
Zsop and Tyso 0.39 0.49/0.52 0.50
2500 and ]7’[10()0,5()() 0.41 051/050 0.57
Tg50 and 1711000,500 0.34 049/052 0.50
MSLP, T350 and ]7110()0,500 0.42 052/048/050 0.63

Results are shown for winter (June, July, August), using the six
leading PCs of each field and averaged over all SWC stations. The
second column gives the spatial correlation for the predictors
averaged over the entire series between any date and its analogue.
The third column is a measure of the normalized Euclidean dis-
tance between any day and its analogue, search for in the leading
six EOFs dimensional space

thermal predictor together. For instance, MSLP and Tgs
represents the most skillful combination. When com-
bined with Thygg_s00 the improvement is not significant.
Moreover, as analogue situations become less alike,
correlation decreases, and the normalised Euclidean
distance increases. Therefore, the more predictors used,
the larger the pool of historical analyses which must be
used to find an equally good match, this is consistent
with earlier studies (Van den Dool 1994). Due to the
limited dataset available, and as the extra skill added is
not significant, MSLP combined with Tgsy is the chosen
combination.

4.3 Selection of the domain of interest

Local temperatures are influenced not only by the at-
mosphere in the vicinity of the measurement but also
from further away, due to the spatial correlation of these
fields. The domain size applied to predictors to optimise
the recognition of synoptic systems from unnecessary
background noise is a key parameter of the SM. Dif-

]
110E

ferent domain sizes (Fig. 6) were tested, ranging from a
minimal size just encompassing the domain of interest to
the entire METANAL grid. RMSE of the reconstructed
series, using two predictors (MSLP and Tgsy), versus the
observed one are presented for winter June, July, August
(JJA) over the SWC of Western Australia (Table 3).
Both primary fields and their decomposition were used.
In the latter case the number of PCs used varies for each
domain. This number decreases with the size of the
domain as more variance is explained by fewer leading
PCs. The small domain (not much larger than the area
of interest) was found to be the best in most situations
and gives better results than analogues based on per-
sistence. Any domain gives better results than a random
choice of analogue.

Over the SWC of Australia, an obvious choice would
be an off-centre domain extending over the ocean to the
southwest of the continent, where prevailing synoptic
systems originate. This domain was not optimal, even
though this area is important for forecasting weather
and, in particular, temperature over the SWC of Aus-
tralia. The analogues are used as a real time tool to
extrapolate local temperature from a coarse grid. In this
case the local pattern is more important than that fur-
ther away, despite this being where the synoptic situa-
tion originated from.

An important aspect of this comparison is the de-
creasing effectiveness of the PCs with decreasing domain
size. In large domains, PCs, by filtering synoptic signal
from remanent noise, increase the predictive skill from
the raw fields. In smaller domains, however, primary
variables lead to better results. This feature can be linked
to a common criticism made of PCs: they are tightly
constrained by their orthogonal nature and the bound-
ary of the geographical domain (Jolliffe 1989). The use
of PCs was not pursued further in this study and instead
primary fields were used over the small domains.

4.4 Selection of the best metric

The simple metric (method 1) defined previously (Eq. 1)
assumes that the current state of the weather system
defines the local temperature. Another approach to
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Fig. 5 Time-correlation pat-
terns in winter (JJA) between
daily circulations and their
analogues for MSLP, Zsqo, T3s0,
Th1000,500 and Wind500. The
spatial average of the correla-
tion is given in brackets

Fig. 6 Domains used for
atmospheric predictors
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Table 3 RMSE for 7,,,, and T,,;, obtained for different geographical domains using either atmospheric predictor raw fields or decomposed

into PCs for JJA. Bold figures denote the smallest values

RMSE Entire Large Medium Small Minimum Random Persistence
Tnax Raw field 2.64 2.52 2.33 2.23 2.32 3.56 2.41

PCs 2.57 2.48 2.34 2.37 2.49 3.56 2.41
Tonin Raw field 3.42 3.26 3.04 2.90 2.96 4.12 2.94

PCs 3.39 3.22 3.14 3.03 3.13 4.12 2.94

choose the best analogue, proposed by Barnett and
Preisendorfer (1978) would be to take into account the
weather trajectory. Therefore a second type of metric
(method 2) was defined to take into account the evolu-
tion for N days prior to day ¢:

d3(t,1)
N

=5 ) — aOF + S laft — i) —at—iF| (@
=

i=1

The minimum of this Euclidean distance defines the
analogue as the particular day ¢ for which the evolution
of the synoptic situation for N days was the closest to the
actual evolution N days prior to day ¢. It would have
been possible to combine the lagged analogues with
domain sizes by using larger domains and moving fur-
ther back in time. The results obtained, however, did not
make it necessary to add this extra refinement. Mean-
while, an extension of this method (method 3) with time
derivatives of the a; coefficients was tested but did not
prove as successful.
Finally method 2 was extended in method 4 where both
the evolution before and after the day ¢ are considered:
n Ni
HOEDY [[aj(f') —ai () + Y (! —i) —a;(t = D))
i=1

j=1
+§zj[aj(/ +i) —a;(t+i) (5)
i=1

In this method, the analogue is chosen on N; days prior
and N, after the day ¢. In this case, it is not only the build
up of the synoptic situation which is important but also
the way the system further evolves.

Methods 2 and 4 were tested for N equal to one or
two. Method 2 proved useful in particular for 7,,;,, be-
cause the minimum temperature is often reached early in
the morning around 6 a.m. Local time (LT) while the
analyses are for 00UTC, between 8 and 11 a.m. LT of the
same day. Therefore, taking into account the analysis at
day ¢ — 1 improves the skill of the model by covering the
actual time of 7, and the previous day.

5 Validation of the statistical model

5.1 Evaluation of the analogue-based
temperature series

The results obtained with the SM are presented as sea-
sonal means, averaged over all stations for the MDB

Table 4 Difference in °C between the mean of the reconstructed
temperature series and the observed (1982-1993) one. Results are
given for seasonal means and the two areas of interest

Tof — Tona DIF MAM JJIA SON
TrmLx
MDB -0.04 +0.08 -0.35 +0.35
SWC -0.71 -0.31 —-0.07 +0.17
Tmin
MDB -0.35 +0.61 +0.52 -0.10
SWC -0.25 +0.31 +0.19 +0.45

Table 5 As in previous table but for differences of variance (in °C2)

Var Ty — Var Ty, DIJF MAM JJA SON
Tax
MDB +0.85 +2.04 +0.57 +2.99
SWC +1.14 -0.37 +0.41 +0.52
Tm[n
MDB +0.12 +0.41 +1.13 -0.05
SWC +0.22 +1.18 +1.58 -0.28

and SWC. The SM was optimised using results from the
previous section: raw MSLP and Tgs fields are used over
a small domain.

The mean of the reconstructed series is compared
with the mean of the observed one in Table 4. Biases are
small, global values are averaged from contrasting in-
dividual results. Furthermore, results are given for the
best skill score obtained (with method 2 for 7,,;, and
method 1 for T, and with Az.,; equal to 10 or 20) and
this varies greatly from one set of parameters to another.
There is no particular tendency toward positive or neg-
ative bias.

Variances are compared in Table 5. Although
the magnitudes of the errors are small compared to
the variance of the original series, reconstructed series
using analogues underestimate the variance of the
observed series (in all cases but three). This is most
apparent for 7, in the MDB. In contrast to the small
bias in the mean, this underestimation is coherent from
one station to another and robust to parameter changes
in the SM. Although results are presented for 1982—
1993 as the validation period, similar results were
obtained when tested and validation periods were
reversed. It is worth noting that since a random
re-sampling of the original series would give no biases
in mean and variance, this does not infer the skill of
the technique but it is a crucial test to insure that
the method is not biased.
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No clear cut cause is apparent for this bias, in the
selection of analogues, toward less extreme cases. It is
likely that analogues based on a few atmospheric fields
are not sufficient to explain the entire variability of the
atmosphere, since part of this variability is expressed by
other, independent, variables.

The skill of the SM was then assessed by looking at
the correlation (Table 6). To better assess the results of
the SM, correlations were compared with persistence. In
this case the reconstructed series is the observed series
shifted by one day. This is a bench mark for validation
purposes often used in forecasting, and often displays
skill. In the climate domain, however, persistence which
uses information valid locally (although delayed by one
day) is not applicable, as the previous day’s temperature
will never be known. The SM was able to surpass per-
sistence in most cases. Best correlations are achieved for
the transition seasons spring and autumn. Comparison
with persistence shows that a large proportion of this
good score is due to the seasonal trend of temperature
which increases the variability around the seasonal
mean, in particular in the austral autumn. Results are
consistently better than persistence in the SWC for both

Table 6 Correlation between the mean of the reconstructed tem-
perature series and the observed (1982-1993) one. The two values
give the SM value (left) and the value for persistence (right)
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Tnin and T,,,.. In winter, where daily temperature vari-
ations are small, correlations are low and persistence
does as well. Results are less convincing compared to
persistence in the MDB, in particular in winter. Overall,
the skill of the SM compared to persistence persists all-
year-around, except for winter in MDB.

In the SWC of Western Australia, in summer (Fig. 7),
best results are achieved near and east of Perth, with
correlations above 0.8. Results are very homogeneous
with a good spatial correlation, as expected, with the
analogue technique which conserves the spatial corre-
lation provided by the predictors. On the fringe of the
domain, results are poorer, with correlations falling be-
low 0.7 and as low as 0.52 at Cape Leeuwin. The strong
oceanic influence generates very low day-to-day vari-
ability which analogues fail to describe fully. The other
coastal locations (Perth excepted) obtain low correla-
tion. A possible reason for the limited skill of the ana-
logue is that local temperatures are mostly driven by
land-sea interactions such as sea-breezes which are local
and only partly taken into account by large scale pre-
dictors (Connor 1997).

In the MDB (Fig. 8), correlations have a tendency to
decrease from the south west, where the best scores (0.8)
were achieved, toward the north east (0.5). Analogues
based on the synoptic situation fail to explain a large
part of the daily variation of 7,,,, in the northern part of
the basin. Due to the tropical nature of the weather in

Correlation DJF MAM — JJA SON summer, daily maximum temperatures are strongly de-
T pendent on localised conditions such as convection,
mlf\);[DB 0.65/0.64  0.82/0.82 0.60/0.65 0.81/0.71 cloud cover or soil moisture. It is worth noting that, in
SWC 0.76/0.56  0.83/0.73  0.59/0.55 0.83/0.66 this area, persistence achieved much better results. This
Tonin seems to indicate that the local weather of the previous
MDB 0.62/0.58  0.73/0.76  0.48/0.60  0.75/0.62 day is a better guide than large scale patterns. This result
SWC 0.66/0.55 0.69/0.67 0.53/0.52  0.68/0.57 . . ; . . .
is consistent with earlier findings (Timbal and Hender-
Correlation for Tmax RMS for Tmax
30 S+
+081 +078 478 + 313 43323 | 346
+ 0.81 +0.79 + 0.72 + 3.13053 + 328 + 4.20
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Fig. 7 Correlation for T, in the SWC area given by the statistical model (zop) and persistence (bottom) in summer (DJF)
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Fig. 9 Probability density function of 7., in summer (DJF), at four stations in the SWC, for 1982-1993 observations (bold line) and the
reconstructed series using analogues (fine line). The mean, variance and extreme values of each series are given

son-Sellers 1998). This suggests that information on the
hydrological cycle is needed to provide a more reliable
analogue.

5.2 Probability distribution of temperature series
Probability density functions (PDFs) have been plotted

at selected stations in the SWC for both the observed
and reconstructed 7, series (Fig. 9). Four stations have

been chosen, as they cover markedly different climate
regimes. On one hand, Cape Leeuwin shows a rather
constant maximum temperature, around 23 °C, with
very few extremely warm days, typical of a coastal site.
On the other hand, for inland Kalgoorlie, a broad
maximum area between 30 and 35 °C is seen, with
symmetrical decreases in probability toward warm and
cold days. Geraldton and Perth show a combination of
the two previous weather regimes, with a broader area of
maximum for Perth, a regular decrease toward warm
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Fig. 10 Hot spell duration (HSD) (left) and hot day return (HDR) (right) probabilities, in summer (DJF), obtained with several analogue
methods, at four locations in the SWC, compared to 1982-1993 observations

temperatures and a sharp one toward cold days. In all
these cases, the reconstructed series match the particular
shapes of the individual station PDFs very well. No
significant biases are observed for any PDF apart for the
maximum probability for Cape Leeuwin being too warm
by 0.5 °C.

5.3 Extreme events

One of the major applications of statistical downscaling
is to provide daily predictants. The reconstructed daily
temperature series allows one to study spells of anoma-
lous temperatures. Such features are particularly crucial
when dealing with climate change as these events are the

most stressful for human health and farming industries.
For example, the impact of heat waves is dependent on
their duration. Similarly, long cold spells impact on plant
growth (Rosenzweig and Tubuello 1996).

Therefore particular attention has been paid — in the
validation of the SM — to assessment of the analogue
technique for its ability to reproduce the probability of
spell duration. Here, hot spell duration (HSD) is defined
as the number of days where:

Tar > Tax + 0.5 % O T (6)

Similarly, cold spell duration (CSD) is defined as the
number of days where:

Tmin < Tmm 0.5 % 0T,

< (7)
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The mean is calculated from all the days of a particular
season and the standard deviation is calculated from
daily variations around this mean.

As well as the length of anomalous temperature
events, the return period of temperature below or above
a particular threshold is also important. In particular,
the frequencies of such days have critical impacts on
plant growth (Beswick et al. 1998). Both hot day return
(HDR) and cold day return (CDR) were defined as the
number of days where:

Tnax < Tpax + 0.5 % 0T and (8)
Tonin Zm—()j*orm . (9)

In all these cases, frequencies of particular events are
plotted as the logarithm of the ratio between the number
of events and the total size of the sample (usually around
1000 cases). Therefore, a probability of 19, refers to a
single case.

It has been shown, that the analogue technique has
the ability to reproduce both dry and wet spells (Zorita
et al. 1995). But this is a simpler task than for temper-
ature as it is based on a binary outcome (wet or dry
days). In the case of temperature, the function is con-
tinuous and values are selected according to a threshold.
When a spell is broken, it could be by a day which is
marginally below or marginally above the threshold.

Both HSD and HDR were plotted for four stations in
the SWC (Fig. 10) using the three different metrics de-
fined in Sect. 4. In almost all cases, there is at least one
method which matches the observed features well.
Where there are discrepancies it is usually toward an
underestimation of the length of particular events. There
are big differences between methods and no particular
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method is better, overall. This is worth noting: contrary
to spell probabilities, skill-scores were not as sensitive to
the choice of method. As these methods differ mainly by
the amount of autocorrelation of the temperature series
accounted for, it appears that this may be a key com-
ponent in reproducing anomalous spells.

It is worth noting that the functions are very de-
pendent on the threshold value. If a smaller threshold
is imposed for the analogues, the underestimation of
the spell duration is strongly reduced. This indicates
that even when analogues fail to reproduce a particular
spell it is likely that the temperature is still far from the
mean but not quite enough to be over the expected
threshold.

In the MDB, the probability for HSD and CSD
shows interesting contrasts between Mildura and Mo-
ree (Fig. 11). Based on the method which provided the
best score (method 1 for 7, and method 2 for 7,,,)
SM results are compared with a random choice of
analogues (i.e. using persistence is not a meaningful

Table 7 Biases for each season between the mean of the re-
constructed temperature series using the GCM predictor fields and
the 1979-1988 observed ones. Each value is compared with bias
obtained with GCM-derived temperatures from the nearest grid
point (right figure)

Trer = Tuna DIJF MAM JJA SON

Tmax
MDB +04/+1.8 -0.2/+0.2 -0.1/-0.6 +0.3/-1.1
SWC -0.7/-1.0 -0.2/-09 -03/-14 +0.1/-2.5

Tmin
MDB -0.1/-3.6 +0.1/-42 +0.1/-3.3 +0.2/-4.1
SWC +0.1/-54 +0.1/-44 +0.0/-2.1 +0.4/-4.8
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Fig. 11 Cold and hot spell duration probabilities for Mildura and Moree in summer (DJF), obtained with the SM compared with 1982-1993

observations (bold line) and a random choice of analogues (dashed line)
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Table 8 Same as previous

table except for differences Var Ty — Var Ton DJF MAM JIA SON
of variance
Tmax
MDB +1.7/-4.3 +32/+3.0 +0.7/+ 1.1 +52/+5.3
SWC +5.3/+3.3 +6.6/+5.9 +2.1/+1.9 +3.9/+54
Tmin
MDB +1.4/-1.7 -1.7/-1.8 +0.0/-0.1 +0.7/+1.6
SWC +1.7/-1.8 +0.9/-2.7 +0.8/+0.6 +0.0/-1.5
PERTH GERALDTON
30 [ oBs: <T>=30.6 Vor=26.2 mn= 20.4 mx=44.5 1 30 [ oBs: <T>=31.4 Var=31.3 mn= 22.3 mx=47.3
25 I anal: <T>=31.3 Var=19.4 mn= 19.8 mx=44.4 1 25 [ anal: <T>=31.5 Var=26.4 mn= 23.2 mx=45.7
I GCM: <T>=29.6 Var=18.2 mn= 17.8 mx=43.7 E E GCM: <T>=37.3 Var=21.1 mn= 23.4 mx=47.2
+~ 20F — 0BS 3 = 20F — 0BS
g F —— anal S r —— anal
o 15F ---- GCM O 15F
[} F 3 [0 C
& 10F 1 % 10F
5F 5F
Ot . . . Ot . . . .
15 20 25 30 35 40 45 15 20 25 30 35 40 45
Degree Celsius Degree Celsius
KALGOORLIE CAPE LEEUWIN
30 F ogs: <T>=32.6 Vor=26.4 mn= 15.9 mx=46.4 ] 30 F ogs: <T>=22.8 Var= 5.1 mn= 17.8 mx=36.6 ]
25 F anal: <T>=33.0 Var=19.6 mn= 16.7 mx=46.5 1 25 <T>=23.1 Var= 3.1 mn= 18.0 mx=36.5
I GCM: <T>=34.3 Var=28.7 mn= 18.0 mx=47.4 1 <T>=29.6 Var=18.0 mn= 17.8 mx=43.7
< 20F — 0BS 3 = 20 — 0BS .
c F —— anal E c —— anal 1
8 15F ... 0CM E 8 15 ---- GCM =
o 3 3 ) 3
o 10F 3 % 10 3
5F E 5 3
ot f . . A E 0 . a
15 20 25 30 35 40 45 15 20 25 30 35 40 45

Degree Celsius

Degree Celsius

Fig. 12 Probability density function for 7}, in summer (DJF) from 1979-1988 observations (hold line) compared with the reconstructed series
using analogues based on the GCM predictors and temperature given by the GCM nearest grid box (dashed line)

comparison, as spells match observations perfectly). At
Mildura, where the skill-scores were high, the ana-
logues show excellent agreement for both cold and hot
anomalous spells. On the contrary, for Moree, where
analogues failed to achieve high skill-scores, spells are
grossly underestimated. Analogues there provide little
better estimation than a simple random choice of the
analogues.

5.4 Application to a GCM simulation

This is an important step toward downscaling of climate
change scenarios. The optimised SM has been applied to
the GCM simulation for each region and the four sea-
sons. In this case, analogues were chosen amongst the
available 24 years of analyses (1970—1993) and associ-
ated with temperatures observed on the same day. All
results are compared with observations during the 1979—
1988 period only as simulated by the AMIP-type GCM
run. The entire 1970-1993 observations were not used as
1979-1988, with two major E!/ Niros, is not representa-
tive of the entire 1970-1993 period. To measure the

benefit of downscaling GCM large-scale predictors, 2 m-
air T, and T, series provided by the nearest GCM
grid boxes over land to each station are compared with
the analogue-based reconstructed series.

Often GCM surface data shows marked biases when
compared with climatology. Therefore, the first check
was to determine how well the means of the recon-
structed series match observed ones (Table 7). Biases are
relatively small and without any particular seasonal or
geographical maximum. This was expected from the
validation of the methodology which did not show any
particular tendency and the comparison of the GCM
large-scale fields which were shown to be in agreement
with the analyses. In contrast, GCM 2 m temperature
shows major biases, up to 4 °C for 7,,,, in both areas
and for all seasons.

Similar comparisons were made for variances
(Table 8). Reconstructed series using analogues have
smaller variances than observed. 7., in particular, is
strongly affected, with a reduction of between 0.73 and
6.56 °C. Values are smaller for 7,,;,. Variances of GCM
predictors have been shown (Sect. 4) to be underesti-
mated compared with the analyses. Although this bias
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Fig. 13 Cold and hot spell duration and cold and hot day return probabilities for Albany and Kalgoorlie in summer (DJF) as observed (bold
line) during 1979-1988, for reconstructed analogues using GCM predictors (fine line) and direct GCM temperature (dashed line)

was small it seems to have major impacts when using the
analogue method. In addition, the validation against
observations showed a tendency for the method to un-
derestimate natural variability. Therefore the marked
reduction is likely to be a combination of those two
factors. Results for GCM temperatures show arguably
as large differences, but results are contrasted between a
reduction of variance for 7,,, and an increase for T,,;,.

The overall quality of the reconstructed series
against the observed can be seen in the PDF. In
Fig. 12, PDFs are plotted for 1979-1988 observations
(bold line), the reconstructed series using analogues and

using raw GCM temperature (dashed line), in summer.
The same stations were used as during the validation
(Fig. 9).

The SM based on GCM predictors successfully re-
produces the greatly varying shapes from one station to
another. Lower variances can be seen on the PDF. All
reconstructed series show differences from observations,
in particular toward cold temperatures. Maximum and
minimum values, however, are broadly reproduced. The
temperatures from the GCM, on the contrary, may be
realistic in a few cases (e.g. T, for Kalgoorlie) but in
most failed to reproduce particular behaviour, especially
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in coastal areas where the GCM fails to reproduce de-
tailed features.

Finally, all types of spells defined previously are
examined for two highly contrasting stations: Albany
(coastal) and Kalgoorlie (land-locked) (Fig. 13). Proba-
bilities above 49/, are not shown, as they affect fewer than
four cases. The thresholds were adapted to remove the
important bias observed in the means for GCM tem-
peratures, as means and standard deviations are taken
for each series (rather than being the observed ones).
Spells calculated from the GCM T,,,, series are not re-
alistic, while the agreement is better for 7,,;, based spells.
However, in the latter case, the threshold used is very
different from that for observations. By contrast, the
agreement between observations and the analogues, in
most cases, is good and the thresholds used are realistic.
The ability of the analogue model to reproduce analogue
spells is maintained when GCM predictors are used.

6 Conclusions and perspectives

A statistical model (SM) has been developed to down-
scale large-scale predictors for daily maximum and
minimum temperature. Such techniques complement
dynamical approaches for climate change studies per-
formed with CAOGCM and allow finer temporal and
spatial resolutions for impact studies.

The SM is based on the recognition of analogues and
was applied for 7,,,, and T,,;, series over two agricultural
areas of Australia: the MDB and the SWC of the conti-
nent. As the SM was optimised, predictors were chosen
according to predictive skills and their suitability as GCM
outputs. Further tests proved that PC decomposition,
though useful to filter the synoptic signal from unwanted
noise when the geographical domain is large, was less
useful when domains were reduced. The validation of the
SM is based on the 24 years of available analyses split
into two independent datasets of 12 years each. The val-
idation and optimisation has revealed interesting features
of the analogue technique. The reconstructed series shows
that the technique is unbiased: the mean of the observa-
tion is well reproduced and the probability density func-
tions for almost all stations are quite realistic. However, a
general tendency toward smaller variance was noted
during the validation, which was further exacerbated
when GCM predictors were used.

The SM was found to be more skillful, using corre-
lation, than persistence in all cases except for winter
(JJA) in the MDB. Best results were obtained in par-
ticular in the austral summer (DJF) and for 7,,,. In the
MDB, results are contrasted between the southern part,
where analogues are more successful, and the northern
part where simulations are not as good. Analogues
based on the dynamics of the atmosphere are successful
at mid-latitudes, away from tropical influences. Extreme
events such as anomalous spells were found to be well
captured by the SM, although this shows some depen-
dence on the metrics used.

Timbal and McAvaney: An analogue-based method to downscale surface air temperature

The main conclusions applied to large-scale fields from
a GCM simulation. The ability to reproduce a particular
PDF is maintained, with no particular bias on the mean.
Furthermore the spells are similarly captured. However
the trend toward underestimation of the variance appears
more strongly. This indicated that GCMs have enough
skill in replicating the PDFS of large-scale predictors.

As expected, the characteristics of the reconstructed
series are a major improvement from the GCM-calcu-
lated air-surface temperature on the coarse horizontal
grid, in particular for the PDFs and the spells. It is clearly
demonstrated that statistical downscaling allows a step
toward smaller geographical and temporal scales. Some
limitations of the technique due to METANAL could be
overcome by using the 40 years of re-analyses available
from NCEP/NCAR or ECMWEF. Of particular interest
would be the hydrological variables for both the soil and
the atmosphere which were not suitable in METANAL.
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