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The purpose of this paper isto outline a proposed seasonal water availability prediction service and, in
particular, to describe the modelling components behind the service and their future development.

In terms of its climate, Australia has experienced a remarkable decade. The continent has had its warmest
period since records began and southern areas have been extremely dry. A seasonal water availability
prediction service has been needed in Australia for many years and the Australian Government’ s recent
investment in water information will help address this need. A seasonal climate prediction service has been
operating in the Bureau of Meteorology since 1989 but its primary focus has been on rainfall and temperature
rather than water availability. Reliable seasonal predictions of streamflows are highly valuable and will have
uses for providing water allocation outlooks, informing water markets, planning and managing water use and
managing drought.

The seasonal water availability prediction service will rely on the development and integration of a number
of modelling systems. A statistical prediction system will be based on a Bayesian Joint Probability modelling
approach and is expected to provide reliable predictions of ‘seasonal’ streamflow at lead times of up to
several months. Skill (or accuracy) in these predictions will generally exceed those for both temperature and
rainfall. In parallel, a‘dynamical’ modelling approach will be developed whereby the outputs from climate
models will be downscaled to provide the inputs to hydrological models of various degrees of complexity.
The key climate models are the Centre for Australian Weather and Climate Research’s (CAWCR) Predictive
Ocean Atmosphere Model for Australia (POAMA) and, later, the Australian Community Climate and Earth-
System Simulator (ACCESS). All prediction systems will be accompanied with verification systems that will
provide information on the skill and reliability for both developers and users. In delivering on these
responsibilities, the Bureau will rely on considerable research, particularly through CAWCR and the Water
Information Research and Development Alliance (WIRADA) agreement between the Bureau of Meteorology
and CSIRO.

The development of a seasonal water availability service must be user driven - it must ultimately lead to
changesin decisions that result in improved outcomes in water resource management. Critical to the
development of this service will be amodelling infrastructure that will gradually build in complexity.
Investment in modelling efforts will, to alarge degree, be driven by scientific and technological capability,
cost-benefit considerations, and most importantly, the likely incremental benefits of improved predictions
and outcomes for water managers.
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1 INTRODUCTION AND PURPOSE

The purpose of this paper is to outline a proposed seasonal water availability prediction service and to
describe the modelling components behind the service, including their future devel opment.

In terms of its climate, Australia has experienced a remarkable decade. The continent has had its warmest
period since records began and southern areas have been extremely dry (Bureau of Meteorology, 20083).
Rainfall in the southwest of the continent decreased by around 20% in the mid-1970s, compared to the
average of measurements from earlier in that century (I0CI, 2002), and never returned. The Murray Darling
Basin, located in Australia s inland southeast, generates 39% of the national income derived from agricultural
production (Murray Darling Basin Authority, 2008). Catchment runoff in the southernmost parts of the MDB
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has been the lowest on record and this event would be expected to occur just once in more than 300 years
without accounting for climate change (CSIRO, 2008).

Whileit is till premature to unequivocally link the recent changes in rainfall to globa warming the evidence
isbuilding (Timbal et al., 2007). Furthermore, the rising temperatures which have exacerbated moisture loss
are amost certainly aresult of increasing concentrations of greenhouse gases (IPCC, 2007). Future changes
are uncertain but surface water availability across the entire MDB is more likely to decline rather than
increase (CSIRO, 2008). There have aready been severe economic, social and environmental impacts
(Drought Policy Review Expert Social Panel, 2008).

A seasonal climate prediction service has been operating in the Bureau of Meteorology since 1989 but has
only provided outlooks for rainfall and temperature rather than water availability. Nevertheless, these
monthly updated predictions have been highly sought in recent years by Ministers, industry and other
government agencies concerned with the possibility of droughts continuing (e.g. Murray Darling Basin
Authority, 2009). Reliable seasonal forecasts of streamflows are highly valuable (Chiew et al., 2003) and
Wang (2008) lists the following as some of the priority uses. providing water allocation outlooks; informing
water markets; planning and managing water use; and managing drought. Chiew et a. (2003) found that
predictions were useful in providing indications of the likely increase in available water resources through an
irrigation season, allowing irrigators to make informed risk-based management decisions.

The opportunity for the Bureau to expand its seasonal prediction serviceisaresult of its new responsibilities,
which largely came about because of the impacts of the prolonged drought. In early 2007 the Australian
Government announced ‘Water for the Future’, a$12.9 billion water investment program. Thisincluded
$450 million for the 'Improving Water Information Program’ administered by the Bureau and backed by the
Commonwealth Water Act 2007 and key stakeholders. In delivering on its new responsibilities, the Bureau
will rely on considerable research, particularly through the Water | nformation Research and Development
Alliance (WIRADA) agreement and the Centre for Australian Weather and Climate Research (CAWCR).
The latter is a partnership between the CSIRO and the Bureau while the former is a $50M five-year research
collaboration between the two organisations.

The needs of governments, water resource managers and water users will drive developmentsin an extended
hydrological prediction service. Critical to the development of this service will be a modelling infrastructure
that will gradually build in complexity. Investment in modelling efforts will, to alarge degree, be driven by
scientific and technological capability, cost-benefit considerations, and most importantly, the likely
incremental benefits of improved predictions and outcomes for water managers.

Section 2 of the paper looks at the seasonal water availability predictions provided in Australia and overseas
and Section 3 maps out the various components of an operational service. Those modelling components are
given more detailed consideration in Section 4 and the Conclusions section summarises the key challenges
for the future.

2 SEASONAL WATER AVAILABILITY PREDICTIONSIN AUSTRALIA AND
INTERNATIONALLY

Seasonal climate predictions are now made routinely at a number of operational meteorological centres
around the world, but those for seasonal water availability are mainly provided at regional or river basin scale
in Australiaor overseas.

Seasonal predictions of water availability can be made using dynamical, statistical or hybrid methods. The
usual dynamical approach® for seasonal water availability prediction isto run dynamical climate models to
produce predictions of rainfall and other weather variables, which are then fed into hydrological models to
produce predictions of streamflows. The statistical approach is to use statistical relationships derived directly
from observed data and derived (predictor) indices. Many climate indicators based on atmospheric pressure
and sea surface temperatures (SST) have been linked to future seasonal rainfalls. Such relationships have

! The term *dynamical climate prediction’ is used in this paper to refer to the application of coupled ocean
and atmosphere general circulation models for seasonal prediction purposes. The ‘ dynamic hydrological
modelling approach’ relies on the downscaled seasonal climate predictions, from the af orementioned models,
being input to hydrological models, which can be of varying levels of complexity.
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been exploited to predict streamflow several months or seasons ahead (e.g. Glantz et al., 1991; Hammer et
al., 2000; Chiew et al., 2003).

In Australia, statistical prediction methods for water availability are more advanced in terms of their stage of
development. The Queensland Department of Primary Industries and Fisheries developed the Rainman
decision support system, which gives the probability of flow based on phases of both the Southern
Oscillation Index (SOI) and SSTs. The predictions are considered skilful out to only one season due to the
limited number of predictors (Clewett et al., 2003).

There are several operational and experimental services in operation overseas. The River Forecast Centre of
the NOAA National Weather Service (USA), along with federal, state and local agencies, predicts natural or
unimpaired runoff volumes (NWS, 2009). One of these agenciesis the Natural Resources Conservation
Service, which provides water supply forecasts for summer and spring (NRCS, 2009). In the University of
Washington, the streamflow predictions were made using the Variable Infiltration Capacity hydrologic
model, applied over western the U.S. The daily ensemble outputs of these simulations are summarised as
monthly hydrograph distribution plots and as summer runoff period anomalies or seasonal volume forecasts
(Wood and Lettenmaier, 2006). New Zealand' s National Institute of Water & Atmospheric Research issues
seasonal climate outlooks of temperature, rainfall, soil moisture and streamflows (NIWA, 2009).

The Japan Meteorological Agency studied seasonal predictions of water availability based on forcing an
atmospheric General Circulation Model (GCM) by observed SSTs. Estimates of seasonal water resources
were calculated as precipitation minus actual evaporation (P-E). Potential predictability of the variable P-E
was greatest in the tropics, lowest in the extra-tropics and generally lower over land than sea. Seasonal
predictions using this method were considered difficult (Nakaegawa et al., 2007).

3 REQUIREMENTSOF A SEASONAL WATER AVAILABILITY SERVICE

A seasonal water availahility service will have several components and, most importantly, will need to satisfy
its user stakeholders. As Hammer (2000) describes, “An effective application of a seasonal climate forecast is
defined as use of forecast information leading to a change in a decision that generates improved outcomesin
the system of interest”. Producing skilful predictionsis anecessary but insufficient requirement to satisfy
customers. In short, prediction services need to be developed collaboratively with the users and need to
satisfy their decision-making needs. Predictions of streamflow will be a priority and catchment wetness and
water demand are also likely to be highly sought. The communication and adoption strategy will have a user
needs analysis at its core and, as apriority, will need to consider both the timing and duration period of
predictions that best align with water managers’ key decisions. Attention will be required as to when and how
users receive the predictions and how probabilistic information is communicated.

New science and technologies will underpin this service. Outputs from the Bureau’ s dynamic climate model
have not been used for operational streamflow predictions. An operational downscaling technique for
seasonal prediction system will be developed as part of thiswork. The verification systems proposed do not
currently exist. Finally, much new research is required on dynamic hydrological modelling.

Theinitial prediction system will be based on statistical methodologies (Section 4.3) and will rely on access
to good quality historical and real-time climate and hydrological data, especially streamflow. While the
Bureau’s National Climate Centre has managed the national climate record for decades, the Bureau has only
recently begun the devel opment of an Australian Water Resources Information System (AWRIS) to house its
hydrological and related geospatial data. AWRIS will provide the backbone for water data management and
water information services delivery.

The statistical prediction system will be based on the Bayesian Joint Probability Modelling approach of
Wang et al. (2009a) and is expected to provide reliable predictions of ‘ seasona’ streamflow at lead times up
to several months. In parallel, adynamical modelling approach will be devel oped whereby the outputs from
CAWCR's Predictive Ocean Atmosphere Model for Australia (POAMA, Section 4.2) and, later, the
Australian Community Climate and Earth-System Simulator (ACCESS, Section 4.1) prediction models are
downscaled (Section 4.4) to provide the inputs to hydrological models of various degrees of complexity
(Section 4.5). All predictions will be accompanied with verification systems (Section 4.6) that will provide
information on the skill and reliability for both devel opers and users.
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Modelling technologies and frameworks will need to be evaluated and be either adopted, adapted or —as a
last resort - invented in transitioning from research into robust operational systems. AWRIS will again be a
key consideration here. Prediction products will be developed in close collaboration with users and within the
context of acommunication and adoption strategy.

Other service considerations include integrating these predictions with both shorter-term streamflow
predictions and the traditional seasonal climate predictions and a so the extent to which predictions are
delivered centrally or through the Bureau' s seven regional offices.

4 MODELLING SYSTEMS, CHALLENGESAND FUTURE DEVELOPMENTS
41 The Australian Community Climate and Earth-System Simulator and CABLE

ACCESS is acoupled climate and earth system simulator to be developed as ajoint initiative of the Bureau
of Meteorology and CSIRO in cooperation with the university community in Australia. The main objectives
areto:

e Develop anational approach to climate and weather prediction model development;

e  Focus on the needs of awide range of stakeholders and:
o provide the best possible services,
o analyse climate impacts and adaptation;
o make linkages with relevant University research; and
o meet policy needsin natural resource management.

The design of ACCESS satisfies the so-called ‘ seamless prediction’ modelling approach whereby a unified
systemis used for prediction at all space and time-scales. Two early recommendations signaled a significant
change in the modelling activities at the Bureau and CSIRO. These were that:

® ACCESS should import the Met Office (UK) atmospheric model HadGAM 1 to provide the initial
atmospheric model for ACCESS; and

e The Met Office 4DV AR scheme should be imported for the atmospheric data assimilation module in
ACCESS.

The Met Office model (Unified Model, UM) and the associated data assimilation system, together with
components developed at the Bureau and CSIRO, offer considerable advantages for applications to weather
and climate prediction . It was recommended that locally developed systems be used for the ocean, i.e.
AusCOM, which is based on the Geophysics Fluid Dynamics Laboratory (USA) MOM-4 model and also the
CSIRO Atmosphere Biosphere Land Exchange model (CABLE, Kowalczyk et al., 2007) for the land-
surface/carbon cycle model.

Significant progress has been made in implementing ACCESS and a number of applications have been
successfully developed. These include the completion of anumber of climate model intercomparison runs
and the successful coupling of CABLE to the UM. Priority has been given to ensuring that ACCESS can
replace CAWCR' s existing numerical weather prediction models. It is also recognised that ACCESS will be
used by awide group of researchers spread around Australia and the infrastructure will need to be extended
in order to meet this requirement.

ACCESS can provide the atmospheric forcing fields (including ensembles?) which, after necessary
downscaling, could be used to drive a hydrological model. Such a combined system has considerable
potential to provide the much needed water availability prediction system for Australia. The transition of the
Bureau’ s dynamical climate prediction model (POAMA) to ACCESS isdiscussed in 4.2 aswell asits
implications for hydrological modelling.

4.2 Dynamical seasonal climate and water prediction

POAMA isan intra-seasonal to inter-annual climate prediction system based on coupled ocean and
atmosphere general circulation models (Alves et a., 2003). The first version (POAMA-1) was developed

% In the context of extended prediction, an ensemble is a collection of different runs of the global climate
model with each run tweaked by dlightly different initial conditions. The ensemble can be used to infer
probabilities of particular events occurring.
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jointly between the Bureau, the former division of CSIRO Marine Research and the Managing Climate
Variability (MCV) program and became operational in October 2002. The main focus for POAMA-1 was the
prediction of SST anomalies associated with the El Nifio/Southern Oscillation. A newer version POAMA1.5
was implemented in the Bureau in June 2007, with real-time predictions produced soon after. POAMA-1.5
uses the same coupled model asin POAMA-1 (with some enhancements) and contains a new
atmospheric/land initialisation system, developed as part of the SEACI (South Eastern Australian Climate
Initiative) project. POAMA-1 and 1.5 are both T47 spectral resolution which is approximately 2.5° x 2.5° or
270km x 270km°. The ability of POAMA 1.5 to predict large scale drivers of Australian climate and
Australian rainfall (directly) has been analysed in several studies, mostly as part of the SEACI project
(Hudson et a., 2009, Lim et al., 2009). Figure 1 illustrates that there is hope for improvements on the
Bureau’ s existing operational prediction system. POAMA-1.5 has been shown to have reasonable skill in
large scale regional climate variables (e.g. rainfall), although the predictions of rainfall tend to be too
emphatic, i.e. more confident than reality, suggesting that the ensemble spread is not large enough.

Figure 1. The fractional improvement of Brier skill score (Wilks, 2006) for above median rainfall of
POAMA-1.5 rainfall prediction relative to just using climatology. Rainfall skill isfor SON based on forecasts
starting at the beginning of September, i.e. first season forecasts.

POAMA continues to be developed, as part of the ACCESS project (Section 4.1). One recent significant
upgrade isthe POAMA Ensemble Ocean Data Assimilation System (PEODAS), which uses the new
ACCESS multi-variate ensemble optimum interpolation technique for the assimilation of ocean observations.
This major upgrade, in which POAMA predictions areinitialised from the new PEODAS assimilation
technique, comprises the basis for POAMA-2.0. Wang et al. (2009b) have summarised results from the first
major run of POAMA-2.0 and assessed skill including for SST, rainfall and surface temperature based on 5-
member ensemble hindcasts® over a 22 year period. POAMA-2.0 shares the same configuration as POAMA.-
1.5, except for ocean initialisation being from PEODAS.

One crucial factor affecting seasonal prediction is model resolution. Although SST skill from previous
versions has been skilful, therainfall prediction over Australia has been less successful. In addition these
early versions have large model SST biases, which not only distorts climate variability simulation in the
tropics, but also adversely impacts regional climate predictions by altering the teleconnections between
tropical SST and regional climate variability, such asin the case for Australian rainfall. A new version, the
POAMA-2.1 system has been set-up and uses higher atmospheric model resolution T63 or 200km. This
system also includes improved atmospheric physics that |eads to smaller systematic biases, an explicit SST
bias correction scheme to further reduce systematic biases and an improved version of PEODAS. Hindcasts
from this new system are currently being performed. It is expected that these improvements will lead to
increased regiona skill and POAMA-2.1 will replace POAMA-1.5 as the next operational seasonal

3 Spatial resolutions for spectral atmospheric GCMs, such asin POAMA, are different from finite grid
models. The truncation typeisdenoted ‘ T’ for triangular here. In simple terms, the truncation number
represents the number of waves which are resolved around a latitude zone.

* Hindcasts are retrospective forecasts using observed information and are usually applied for model
validation
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prediction system at the Bureau. One particular feature of POAMA-2.1 and its operational implementation is
that it better suits the generation of predictions on weekly time-scales. A study to evaluate skill on these
shorter timescales is underway, in part funded by Land and Water Australia.

POAMA-2.1 includes some of the ACCESS modules, in particular those associated with initialisation.
POAMA-3 will have all its modules devel oped as part of the ACCESS project in the next few years and will
include the new ACCESS coupled model (Met Office UM atmospheric model, AusCOM ocean model and
CABLE land surface model). A new feature of POAMA-3 will be an extension of the PEODAS assimilation
system to fully coupled assimilation where the ocean, atmosphere and land will be initialised simultaneoudly.
POAMA-3 will deliver a system to Bureau operations on atime scale of 3to 5 years.

Issues relevant to water availability prediction range from interfacing the dynamical predictionsto
improvements of the dynamical model physics. How to best interface these predictions to water availability
applicationsis akey issue and different ways of interfacing the POAMA predictions needs to be explored,
e.g. different downscaling approaches (Section 4.4). Ancther issue is to what extent future POAMA versions
based on ACCESS explicitly model the hydrological components, as opposed to interfacing the POAMA
predictions to a hydrological model. The approach adopted will at least partly depend on the extent to which
enhanced representation of hydrology in the land surface model impacts the prediction of the climate
variables, i.e. if there is afeedback. In the foreseeable future, it islikely to be more beneficia in running a
more sophisticated and higher resolution hydrological model a postiori. Fundamentally, much improved
regional prediction skill will come through improvements to basic coupled model physics and initialisation
procedures, in particular the representation of the large scale climate drivers® and their regional impact.

4.3 Statistical seasonal climate and water prediction

Statistical prediction approaches use historical datato derive relationships between a set of predictands and
their predictors. Predictions for future events then use knowledge of the predictor variables to produce
estimates of the predictands. For seasonal water prediction, the predictands typically include future inflows
into streams, catchment wetness and measures of water demand, while predictors typically include indicators
of initial catchment conditions, such as antecedent streamflow or soil moisture, and of ‘current’ or oncoming
climate, such aslarge scale climate indices or climate model predictions.

Underpinning all statistical prediction systemsis a database of historical observations of predictors and
predictands. To derive reliable statistical relationships, concurrent observations of predictors and predictands
are required and the records need to be sufficiently long to include awide range of conditions. There are
several features of hydrological and climate data that present challenges to the derivation of statistical
relationships. Streamflow data have long historical recordsin many cases, but missing observations are
common, which reduces the extent of concurrent records. Climate data relevant to seasonal streamflow
predictions are not direct observations but derived or modelled indices. These indices have short historical
records due to limitations imposed by the number of reliable direct observations or model hindcasts
undertaken. Statistical prediction systems therefore need to make best use of all datathat are available.

In statistical prediction systems, explicit assumptions are made about the mathematical representation of the
relationships between the predictors and predictands and about which predictors are included in the model.
Many mathematical representations have been used for seasonal prediction of streamflows and climate
throughout the world, including stratified re-sampling, linear regression (Garen, 1992), linear discriminant
anaysis (Drosdowsky and Chambers, 2001; Piechota et a., 2001), non-parametric fitting (Chiew and
Siriwardena, 2005; Sharma, 2000), independent component analysis (Westra et a., 2008) and joint
probability modelling (Wang et d., 2009a).

In addition to the mathematical representation of the prediction system, assumptions need to be made about
which predictors are included in the prediction system. The selection of predictorsis a challenging problem.
Ideally only those predictors that have a clear causal relationship with the predictands are to be included.
However, statistical methods only assess the strength of correlations rather than causation and therefore
judgements about causality are required in addition to statistical tests. Relying solely on statistical tests may

® In terms of seasonal predictions, the large scale drivers over Australia are the El Nifio Southern Oscilliation,
Indian Ocean Dipole, Southern Annual Mode, atmospheric blocking and the Madden Julien Oscillation. An
enhanced greenhouse effect is also very likely having an increasing influence.

85



Plummer et al., A seasonal water availability prediction service: opportunities and challenges

increase the skill of predictions artificially leading to a prediction system that has poor skill operationally.
Predictor selection methods al so require assumptions to be made about what constitutes good model
performance. While the most appropriate predictors of seasonal rainfall and temperatures have been
investigated (Drosdowsky and Chambers, 2001), no systematic investigation of the range of potential
predictors has been undertaken for seasonal streamflowsin Australia.

To form amodel from the assumed mathematical representation and data requires model parameters to be
inferred. A range of inferences are available, however many are limited in their ability to handle missing and
non-concurrent data and consider the uncertainty of the parameters inferred. Model evaluation assesses the
quality of the predictions produced by the system (Section 4.6).

Recently the Bayesian Joint Probability (BJP) modelling approach to streamflow prediction at multiple sites
was developed (Wang et al., 2009a). This approach assumes that a set of predictors and predictandsis
described by a Box-Cox transformed multivariate normal distribution. Bayesian inference of model
parameters and uncertainties is implemented using Markov chain Monte Carlo sampling. Continuous
probabilistic predictions of future streamflows are produced. This approach overcomes many of the
limitations of previous statistical prediction techniques. The Box-Cox transformed multivariate normal
distribution has considerable flexibility for modelling awide range of predictors and predictands. Predictions
can be made jointly for multiple sites that ensure inter-site correlations are preserved. The Bayesian inference
formulated allows the use of data that contains non-concurrent and missing records. The model flexibility and
data handling capability mean that the BJP modelling approach is potentially of wide practical application.

Aninitia evaluation of the performance of the BJP modelling approach for predicting the ‘next’ three month
streamflows has been undertaken. Procedures for predictor selection are being developed. Preliminary results
show astrong seasona pattern in the predictive skill, most of which arises from knowledge of the antecedent
catchment conditions (Figure 2). Given that ‘ Linear error in probability space (LEPS) scores’ of greater than
10% can be considered as indicating useful skill, the results are encouraging. Most of the skill derives from
the antecedent conditions but climate predictors can increase the skill of predictions substantialy, particularly
at times when the skill produced using only antecedent flow predictorsis low. Thiswork is being extended to
more catchments to examine spatial patternsin selected predictors.
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Figure 2. LEPS skill scores for three month streamflow forecasts at station 410057 in the Murrumbidgee
catchment.

4.4 Downscaling

Typical coupled global climate models used for dynamical seasonal predictions have resolutions of 100 to
300 km. However, most hydrological models require finer resolutions (of the order of 1 to 5 km) to capture
the complex topography of river catchments. Although regional climate models can be nested into the
dynamical systemsto increase the resolution, they are usually run at coarser resolution than that needed for
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hydrological application and could prove costly in computing time if pushed to higher resolution and/or run
nested within alarge ensemble of predictions. The other commonly used alternative for obtaining
downscaled information isto develop Statistical Downscaling Models (SDMs).

SDMs are based on the premise that the regional climate is conditioned by two factors: the large-scale
climatic state and local physiographic features. From this perspective, regiona or local climate information is
derived by first determining a statistical model which relates large-scale climate variables (or predictors) to
regional and local variables (or predictands). Once this relationship is established, the large-scale output of
dynamical prediction systems (e.g. POAMA) can be fed into the statistical model to estimate the
corresponding local and regional climate characteristics. There have been numerous applications of SDMs
but mostly for climate change impact studies. An extensive comparison of the performance of severa of
these techniques under Australian conditions has recently been performed (Frost et al., 2009).

Within the framework of a national seasonal hydrological prediction system, while the precise benefits of
statistical downscaling prediction remain unproven, a simple techniqueis best investigated first. The simplest
of al forms of downscaling is asimple scaling of the GCM outputs to the local climate. Arguably, sinceit
does not involve synoptic information, this technique does not strictly follow the definition of statistical
downscaling. However, it isa simple way to provide local information from climate models, Australiawide.
Itisalso applicable to rainfall aswell as other variables for which good observational records exist, and
hence could prove a valuable way to provide relevant information for hydrological modelling. Advanced
SDMs require alengthy optimisation and evaluation phase and this will prove challenging in providing
national information; the portability and the ease to which the technique can be applied are also important.

One of the simplest forms of SDM is based on the idea of meteorological analogues. Such a method has been
developed by the Bureau (Timbal and McAvaney, 2001) and has been extended to arange of variables:
rainfall, daily extreme temperature, dew-point temperature and pan evaporation across most of the extra-
tropical regions of Australia (Timbal et al., 2008). The technique has been applied nationally for rainfall
(Timbal et a., 2009). Although it currently provides downscaled information for alimited number of stations
deemed to be of the highest quality, the method is applicable to other observational data and, in particular, to
gridded observations such as the newly generated Australian Water Availability Project daily rainfall and
temperature 5km grids (Jones et a., 2007). This offers the potential, once linked to the Bureau' s existing
dynamical systems, to provide 5km resolution outputs for both rainfall and daily temperature extremes.

However, it isimportant to note that the application of SDM to dynamical systems requires a careful
assessment of the suitability of the approach compared to application for climate change impact studies. The
focus is on the predictability of the large-scale predictors (atmospheric or surface related fields) which are
used to drive the SDM. The purpose here is to translate this predictability for local predictands (e.g. rainfall),
for which the model has only limited skill, from the predictability of large-scale forcings for which it is
expected that the model has greater predictability.

There are anumber of ways in which this can be done. On one hand “bridging” techniques focus on the area
of highest predictability in the model but which are remote from the area of interest (such asa SST signal in
tropical oceans such as the Pacific). On the other hand, an SDM approach such as the Bureau' s technique
relies on atmospheric variables in extra-tropical Australiawhich are known to influence strongly the local
climate but are less predictable than, e.g., remote SSTs. In an early attempt to evaluate both methods, it was
found that the Bureau’ s dynamical systems at that time had only low predictability for the predictors and
therefore did not trandate to useful predictability for the target variables such as rainfall and hence the
simpler bridging technique appeared more effective (Voldoire et al., 2002).

Asthe Bureau’' s dynamical prediction systems evolve these findings need to be re-evaluated. Recent work
performed as part of SEACI and using a more recent version of the POAMA model found that intermediate
approaches, such asusing empirical orthogonal functions of hemispheric atmospheric patterns, could lead to
better results (Lim et al., 2009). Despite these patterns being less predictable than ENSO indices, they relate
more strongly to regional rainfall. The opportunity to test if thisintermediate approach performs better than
using the Bureau’'s SDM is being considered within the SEACI research program.

The above considerations suggest that specific downscaling methods for seasonal hydrological prediction

might need to be developed in the future and are likely to differ from the SDMs being developed for climate
change applications. Furthermore, in the case of seasonal water prediction it may be worth considering if an
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aternative target variable rather than rainfall should be used (e.g. streamflow, river level, soil moisture) as
these variables are more relevant to the users and will allow ‘bypassing’ of rainfall - a difficult and ‘ noisy’
variable - and also avoid the need to interface with a hydrological model. While its simplicity makes this
option attractive, it is unlikely to be a priority.

45 Hydrological modelling

Statistical models of seasonal streamflow predictions are devel oped based on past relationships between
streamflow, antecedent streamflow and climate predictors. Such relationships may change into the future
particularly with climate change. Against the background of likely improved seasonal climate predictions
from dynamical climate models (e.g. Section 4.2), substantial improvements in the SDMs (Section 4.4) and
the availability of historical climate data setsat 5 km grid (Jones et al., 2007), dynamical seasonal prediction
methods offer an opportunity for improved streamflow predictions at a scale relevant to hydrology.

The dynamic modelling approach (Figure 3) relies on the downscaled seasonal climate predictions as input to
a hydrological model which may be alumped rainfall-runoff model (e.g. SACRAMENTO —Burnash et al.,
1973; SMAR —Kachroo, 1992; Tuteja and Cunnane, 1999; SIMHY D — Chiew et a., 2008), a semi-
distributed model (PRMS — Leavesley et a., 1983; TOPMODEL - Beven and Kirkby, 1979; CATSALT —
Tutgjaet a., 2003) or afully distributed model (SHE — Abbott et al., 1986; TOPOG — Dawes and Hatton,
1993; CLASS - Tutgjaet a., 2004). The lumped conceptual rainfall runoff model consists of a model which
attempts to represent the transformation of input climate conditions into streamflow using a series of steps
representing more or less faithfully, but in a simplified manner, the known hydrological processes. The input
data are usually simplified by replacing spatially variable functions by their areal means, a process known as
lumping (Kachroo, 1992). Parameters of the lumped conceptual rainfall-runoff models are obtained either
manually or automatically by using optimisation algorithms (e.g. Genetic algorithm — Wang, 1991; Back and
Schwefel, 1993; Downhill Simplex Descent method — Nelder and Mead, 1965). Conceptual models are
robust, numerically efficient and are a so amenable to aformal treatment of the uncertainty in hydrological
modelling (e.g. the Bayesian Total Error Analysis BATEA framework of Kuczeraet al., 2006).

Distributed hydrological models are based on partial differential equations (PDES) governing flow through
the soils (Richards equation, Darcy’ s law), overland flow (kinematic and diffusion wave equations),
groundwater flow (Boussinesq equation) and open channel flow (Saint-V enant equations) (Freeze and
Harlan, 1969). There has been considerable discussion on the strengths and weaknesses of this approach
(Beven, 1989; O’ Connell and Todini, 1996). Applicability of the point scale PDESto get deterministic
continuum representation of the system in a hydrological context has not reached prediction skills achieved
in other fields such as oceanography, limnology or meteorology. This shortcoming is mainly attributable to
extreme heterogeneity of the subsurface particularly in the upland catchments, lack of knowledge of the
boundary conditions and questionable applicability of the PDEs to commonly encountered ‘ non-Darcian’
flow behaviour. Semi-distributed models offer an attractive alternative to the distributed modelsin that they
break-up the catchment into a series of topologically connected Hydrologic Response Units (HRUs) and use
these HRUs as a Representative Elementary Watershed (REW) on which the balance laws are applied
(Beven, 2002; Khan et al., 2009). These models are numerically very efficient compared to the distributed
models and are based on REW-scal e conservation laws of mass, energy and momentum.

The research on dynamic modelling to be undertaken by CSIRO to support the Bureau’ s seasonal streamflow
prediction service will involve: (i) testing the applicability of a series of conceptual rainfall-runoff models
streamflow; (ii) development of a methodology for conditional parameterisation/calibration of the
hydrological models separately for wet/dry and transitional periods, (iii) development of a method for
advanced updating of the parameters and state variables using data-model assimilation approach, and (iv)
development of a common procedure to benchmark the skills of dynamic seasonal prediction systems. The
approach to be developed will be independent of the structure of the dynamic hydrological model and will be
adaptabl e to better and more physically based models into the future.

The research will focus on the development of a dynamic seasonal prediction modelling capability that
satisfies three primary practical requirements —model accuracy (acceptable prediction skills), model
consistency (level of accuracy persists through different samples of data) and model versatility (accurate and
consistent predictions when subject to diverse applications involving model evaluation criteria not directly
based on the objective function used to calibrate the model). Similar to the statistical approach, conventional
calibration of the hydrological modelsis often conducted by using part of the historical rainfall and
streamflow data (calibration period) to derive parameter values. The model with the derived parameter values
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isthen tested against the rest of the historical observations (verification period). In that way, calibration of
the model is based on ‘past’ conditions, which may be different from those used in the model verification
period. A further question relating to the use of calibrated model under future conditions (e.g. as aresult of
climate change), which again may be different for streamflow prediction, will be addressed in this research. .
The conditional model parameterisation method to be developed aims to solve part of the problem. In this
approach, the historical datawill be divided into wet/dry/transitional periods (based on rainfall or
streamflow) or into different categorical year types (e.g. ENSO years). Different sets of parameter values will
be derived for each period or year type using objective functions that account for the ability of the
hydrological model to predict both the streamflow volume and the duration curves. Evaluation of the model
performance will involve running the model through the testing periods using corresponding parameter sets
and issues relating to possible improvements in model predictability will be assessed. In the operational
mode, the respective optimised conditional parameter set will be used in conjunction with the downscaled
seasonal predictions.

The advanced model updating procedures aim to use al the available information to update model
parameters and state variables in order to achieve the highest model performance. A method will be
developed using data-model assimilation approach based on Kalman filter type of work (Kalman Filter -
Kaman, 1960; Ensemble Kalman Filter - Evensen, 2003). Improvements in prediction capability of the
dynamic model by assimilating remote sensing (leaf areaindex, soil moisture, etc) and other datawill be
investigated. . The Kalman filter provides an efficient computational (recursive) means to estimate the state
of adiscrete-time controlled process that is governed by the linear stochastic difference equation, in away
that minimises the mean of the squared (prediction) error. The ‘time update’ equations of the filter project
forward (in time) the current state and error covariance estimates to obtain the a priori estimates for the next
time step. The ‘ measurement update’ equations account for the feedback by incorporating a new
measurement into the a priori estimate to obtain a posteriori estimate. While the classical Kalman filter
provides a complete and rigorous solution for state estimation of linear systems under Gaussian noise, the
estimation for nonlinear systems can be obtained using the ensemble Kalman filter which is an ensemble of
state estimates that captures the initial probability distribution of the state. These methods are particularly
helpful when the models are of extremely high order and nonlinear, initial states are highly uncertain, and a
large number of measurements are available.

In order to objectively assess the skill of the dynamic prediction approach, a procedure will be developed to
eva uate or benchmark prediction skill in an operational environment which is different to model
performance in the calibration mode. Model performance obtained in the conventional model calibration
process represents the ability of the model to simulate streamflow given ‘known’ or ‘perfect’ climate data.
For each observed streamflow value, the model can provide one corresponding simulated streamflow value.
However, in prediction mode the model inputs are ‘unknown’ and ‘ uncertain’. Therefore, several methods
will be explored, which include: the use of streamflow data from historical analogue yearsto generate
probabilistic predictions; the downscaled outputs from POAMA to drive the conditionally calibrated
hydrological models to seasonal predictions, and the use of streamflow predictions from the BJP approach.

The dynamic modelling approach for seasonal prediction of streamflow will be set up initialy in an
operational mode on selected catchments with the objective of eventually extending this service nationally.

4.6 Verification systems

Seasonal streamflow prediction is inherently uncertain and probabilistic predictions are needed to express
that uncertainty. Quality probabilistic predictions should have high skill (the predictions are close to the
observations) and appropriate spread (the predictions represent the true uncertainty). In addition, the
probabilistic predictions should be unbiased (also termed reliable) and sharp.

Because hydrological predictions have mostly been deterministic, verification methods have tended to be
developed for deterministic outputs. For weather and climate forecasting, there has been considerable
experience in the verification of probabilistic predictions of binary and categorical events (e.g. WMO, 2006;
Bureau of Meteorology, 2008b). Seasonal streamflow predictions require probabilistic predictions of
continuous variables and thus suitable verification methods.

Much work is still needed in the development of verification methods for probabilistic predictions of

continuous variables (Gneiting et al., 2007; Laio and Tamea, 2007; Thyer et a., 2009). Wang et al. (2009a)
proposed a suite of methods for such a purpose. Methods for overall verification include the use of
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prediction skill scores based on the linear error in probability space score (LEPS), the continuous ranked
probability score (CRPS) and the root mean-square error of probability (RMSEP), and the use of aPIT
(probability integral transform) uniform probability plot. Methods for detailed verification include
comparisons of predictions with observed data for individual cases, in terms of both quantiles and PIT vaues,
to assess quality of predictions both over time and over event size. These methods were applied for the
verification of streamflow predictions produced using Bayesian joint probability modelling (Section 4.3).

Historical climate data Seasonal climate Seasonal climate
(AWAP/ SILO) predictions— hindcast predictionsinto the
datasets future
(POAMA 1.5) (POAMA 1.5/2.1)

' } :

Downscaled seasonal climate predictions
(Statistical downscaling models)

! :

Specification of the catchment hydrology model
(Initial implementation of the lumped rainfall-runoff models and progressively
moving towards physically based hydrological models)

!

Testing and validation of the hydr ology model
(Conditional parameterisation and optimisation based on —
dry/ wet years, ENSO/IOD/SAM/MJO and best predictors

from the statistical BJP approach)

Evaluation of the seasonal predictions estimated from
dynamic modelling
(Uncertainty assessment through total error analysis and
advanced updating using data-model assimilation
techniques)
' '

Seasonal predictions using dynamic modelling
(Predictions at specified locations decided a-priori)

Figure 3. Outline of the methodology for seasona water availability predictions using the dynamic modelling
approach.

5 CONCLUSIONS

Triggered by along-period of drought affecting many regions of Australia, recent Australian Government
investment has provided the opportunity for the Bureau of Meteorology to develop an operational seasonal
water availability service. Some of the modelling components for this already exist. The dynamical climate
model POAMA has been under development for more than a decade and is already providing seasonal
climate forecasts. POAMA-3 will likely have its components devel oped from the ACCESS model within the
next 5 years, leading to ACCESS providing seamless predictions across timescal es, from hours to multi-
decades. While more effort is required to devel op downscaling tools, the work that has been done for climate
change impact studies provides a good lead. While more work is also required to develop improved
hydrological models for seasonal prediction, existing lumped rainfall-runoff and semi-distributed models can
be used initidly to interface with global climate models through statistical downscaling.
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Thefirst predictions will be derived from the statistical BJP model and early results for predictions of
seasonal streamflow are encouraging. These statistical predictions will rely on access to good quality data
and the development of the AWRIS information system. Challenges include the effective choice of predictors
and the reliance on the stahility of past relationships between predictands and predictors. The availability of
the CABLE land-surface/carbon cycle model within ACCESS will expand the options for seasonal prediction
in the longer-term. Before then, however, improvements in dynamic hydrological modeling are expected
from conditional parameterisation/calibration and advanced updating of parameters and state variables. It is
very unlikely that ACCESS will replace the need for hydrological models in the foreseeable future.
Collaborations between the Bureau, CAWCR, CSIRO and the University sector will be crucia to all of the
underpinning research.

With more than one model providing predictions for the same location and time period, work will also be
necessary on producing a consensus prediction to present to user stakeholders. The success of awater
availability prediction service will, ultimately, not be determined by its accuracy or reliability but by the
impact it has on changing the decisions made for water resource management.
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