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Abstract. Meteorological and hydrological centres around the world are looking at ways to improve their ca-

pacity to be able to produce and deliver skilful and reliable forecasts of high-impact extreme rainfall and flooding

events on a range of prediction timescales (e.g. sub-daily, daily, multi-week, seasonal). Making improvements

to extended-range rainfall and flood forecast models, assessing forecast skill and uncertainty, and exploring how

to apply flood forecasts and communicate their benefits to decision-makers are significant challenges facing the

forecasting and water resources management communities. This paper presents some of the latest science and

initiatives from Australia on the development, application and communication of extreme rainfall and flood fore-

casts on the extended-range “subseasonal-to-seasonal” (S2S) forecasting timescale, with a focus on risk-based

decision-making, increasing flood risk awareness and preparedness, capturing uncertainty, understanding hu-

man responses to flood forecasts and warnings, and the growing adoption of “climate services”. The paper also

demonstrates how forecasts of flood events across a range of prediction timescales could be beneficial to a range

of sectors and society, most notably for disaster risk reduction (DRR) activities, emergency management and

response, and strengthening community resilience. Extended-range S2S extreme flood forecasts, if presented as

easily accessible, timely and relevant information are a valuable resource to help society better prepare for, and

subsequently cope with, extreme flood events.

1 Introduction

Riverine flooding following heavy rainfall events is the most

common form of flooding in Australia. Flooding of rivers

in inland areas of central and western New South Wales and

Queensland, as well as parts of Western Australia, can spread

for thousands of square kilometres and may last for weeks or

even months. The Bureau of Meteorology (BoM) is the lead

national agency for streamflow forecasting and flood warn-

ing services in Australia, providing coverage of most major

rivers and delivered through regional flood warning centres

in each State and Territory in partnership with water agen-

cies, local government authorities and emergency manage-

ment responders.

Forecasting river levels and flood extent is a complex pro-

cess. Designed to provide advance warning of a flood, warn-

ings in Australia are generally derived from event-based fore-

cast models that use real-time streamflow and rainfall obser-

vations to forecast floods with typical lead times from hours

to a few days, depending on flood travel time (Elliott et al.,

2005). Seasonal forecasts, in contrast, can be used to alert of

a heightened chance of high river levels (and subsequently

flooding) in the months ahead. The type of flood forecast

provided depends on the quality of real-time rainfall, radar

and river level data, the capability of rainfall and hydrolog-

ical forecast models and the level of service required. The

accuracy of forecasts varies with lead time (i.e. it is easier

to forecast when the lead time is relatively short), spatial ex-

tent (e.g. catchment wide rather than specific location), the

variable being forecast (e.g. rain or thunderstorm), as well as

location (e.g. the mid-latitudes are easier to forecast than the

tropics on seasonal timescales).

The BoM is currently implementing a “next-generation”

flood forecasting system similar to that used in the UK and

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



230 C. J. White et al.: Subseasonal-to-seasonal (S2S) extreme rainfall forecasts

the USA to provide improved streamflow forecasts and flood

warnings up to 10 days ahead. This is an initial response to

the “Munro Review” (Munro, 2011) carried out to assess the

BoM’s capacity to respond to extreme weather and natural

disaster events. These forecasts are designed to complement

BoM’s current Numerical Weather Prediction (NWP) rain-

fall forecasts and the existing flood forecasting and warn-

ing service. At the other end of the prediction timescale,

long-range probabilistic seasonal streamflow forecasts (i.e.

3-month outlooks of total flow volumes, taking into account

how wet or dry the catchments are at the start of the sea-

son as well as the underlying state of the climate) are pro-

vided by the BoM as part of climate and weather outlook ser-

vice (see: http://www.bom.gov.au/water/ssf/). The seasonal

streamflow forecasts use a statistical Bayesian Joint Proba-

bility (BJP) modelling system (Wang et al., 2009; Wang and

Robertson, 2011; Robertson and Wang, 2012) developed by

CSIRO under the Water Information Research and Devel-

opment Alliance (WIRADA) to forecast seasonal total vol-

umes of streamflows. Seasonal streamflow forecasts are pro-

vided operationally at around 70 sites across Australia, con-

taining statements advising where the percentage chance of

low, near-median or high streamflows may be expected at se-

lected locations and where forecast skill is deemed to be ac-

ceptable through forecast verification. Bennett et al. (2014)

recently focused on forecasting high streamflows in south-

east Australia for the next 1–3 months using the BJP mod-

elling system, finding positive forecast skill in 1-month high

streamflow forecasts. However, whilst longer-range stream-

flow forecasts are capable of providing additional informa-

tion when there is not enough data to make specific flood pre-

dictions, they do not provide information about flood class,

predicted timing or frequency, severity or extent of flood (e.g.

an increased chance of flooding where total streamflow vol-

ume is forecast to be high) due to longer lead times.

In addition to the longer-range streamflow forecasts, prob-

abilistic seasonal rainfall outlooks and selected large-scale

climate indices are also issued by the BoM using the

global seasonal dynamical ensemble forecast model Predic-

tive Ocean Atmosphere Model for Australia (POAMA; see:

http://www.bom.gov.au/climate/ahead/). Output from sea-

sonal dynamical forecast models such as POAMA can be

utilised for operational monthly streamflow forecasts in Aus-

tralia using a combination of output from seasonal forecast

models, predictions from rainfall-runoff models and the BJP

modelling system. Such an approach could therefore poten-

tially extend the lead time of flood forecasts, but because sea-

sonal rainfall forecasts are not that accurate for specific loca-

tions and timing flood forecasts based on seasonal rainfall

forecasts will often be subject to significant uncertainty.

There is, therefore, a significant predictive gap in between

the current short- to medium-range NWP weather forecasts

and warnings (including the THORPEX Interactive Grand

Global Ensemble (TIGGE) project for NWP forecasts; see:

http://tigge.ecmwf.int/) and the statistical/dynamical sea-

sonal streamflow and rainfall outlooks, which has largely yet

to be explored for its potential for improving flood forecasts.

This timescale is referred to the subseasonal-to-seasonal

(S2S) or “intra-seasonal” forecasting timescale and is gener-

ally regarded as an extended-range 15- to 30-day (i.e. weeks

3 to 4) forecast lead time (Robertson et al., 2014). The S2S

timescale, long seen as a “predictability desert”, is still at a

relatively early stage of development but is starting to gain

interest across the flood forecast and other applications com-

munities, with at least ten international weather centres now

routinely issuing experimental or operational S2S forecasts

(Vitart, 2014a). This provides a significant “window of op-

portunity” whereby dynamical S2S rainfall forecasts, such

as those produced by POAMA, can start to be explored for

streamflow and flood forecasting capabilities.

This paper presents the possibility of utilising S2S pre-

dictions for seamless “weather-to-climate” flood forecasting

(Sect. 2) and provides information on the challenges on us-

ing and communicating flood forecasts on S2S timescales

(Sect. 3). Finally, some concluding remarks are provided

(Sect. 4).

2 Subseasonal-to-seasonal (S2S) ensemble

predictions – a new opportunity for flood

forecasting?

There is growing interest across the scientific, operational

and applications communities in developing forecasts that fill

the gap between NWP weather forecasts and the long-range

seasonal outlooks (Vitart, 2014a; Robertson et al., 2014).

This includes improving the skill of high streamflow fore-

casts on extended-range forecast horizons, including S2S

lead times. The prospect of a period of prolonged wet or in-

creased extreme rainfall frequency (e.g. high 1- or multi-day

rainfall totals), for example, would lead to a likely increased

chance of flooding. Forecasting rainfall on S2S lead times

can help warn about heightened flood risk. A WMO WWRP-

WCRP project on S2S prediction is currently underway (Vi-

tart et al., 2012; Vitart, 2014a) (see: http://s2sprediction.net/),

aimed at improving forecast skill and understanding of the

S2S timescale and to promote its uptake by operational cen-

tres and applications communities. The growing interest in

S2S prediction has been triggered by a combination of grow-

ing demand from the applications communities, progress in

medium-range forecasting over the past decades, and im-

provements in identifying and simulating key sources of pre-

dictability on the S2S timescale (see Sect. 3.1). A key deliv-

erable of this project, due in early 2015, will be a database of

near real-time S2S forecasts and hindcasts produced by sev-

eral operational meteorological institutions across the world,

including BoM, ECMWF, NOAA and the UK Met Office

(see: https://software.ecmwf.int/wiki/display/S2S/Home).

Although there are numerous efforts underway to opera-

tionalize aspects of S2S forecasts and to develop and demon-
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strate the potential value of applications-relevant information

(Robertson et al., 2014), the S2S timescale is a new frontier

for predictability research. While at a relatively early stage of

development, it represents an opportunity for a range of dif-

ferent applications, including disaster risk reduction (DRR)

activities and extended-range flood prediction (White, 2014).

However, important modelling design issues remain to be re-

solved; including initialization techniques, initial conditions,

model resolution, ocean-atmosphere coupling etc. Coordina-

tion between forecast producers needs to be improved before

the full potential of S2S prediction can be realised (Vitart,

2014a). The WWRP-WCRP S2S project dataset will there-

fore provide a highly valuable repository for the applications

communities to be able to evaluate the potential benefit of

multi-model prediction of rainfall (and other variables) on

the S2S timescale and its usability for important societal ap-

plications such as flood forecasting.

3 Challenges using S2S predictions for flood

forecasting

3.1 Identifying sources of forecast skill

Accurate flood forecasting relies on reliable, real-time data

about catchment wetness, observed rainfall and river water

levels as well as verified rainfall forecasts and large-scale

oceanic and atmospheric climate indicators (or “indices”) on

a range of prediction timescales. The S2S timescale is a rela-

tively new forecasting timescale, beyond that of event-based

NWP operational flood forecasting capabilities, therefore not

all of the required data will be available in real-time, nor may

it be as reliable. Vitart (2014b), however, show that the skill

to predict rainfall has improved significantly over the past 10

years with a gain of about a week of predictive skill in the

extended-range due to improved modelled soil moisture, ini-

tialization and rainfall calibration techniques. The ECMWF

model, for example, displays higher rainfall forecast skill in

the tropical regions than in the extratropics for forecasts be-

yond 10 days (i.e. into S2S lead times). This presents a major

opportunity for flood forecasts on longer lead times such as

S2S.

As with seasonal forecasting, S2S prediction is primar-

ily based on large-scale climate indicators, where forecast

skill is generally enhanced when identified large-scale in-

dices are in positive or negative phases (e.g. Hudson et al.,

2011; White et al., 2013). Understanding the relationship

(or “teleconnection”) between the index and runoff is there-

fore crucial. The large-scale El Niño–Southern Oscillation

(ENSO) index is regarded as the primary driver of predictable

interannual variability of rainfall across Australia (e.g. Ris-

bey et al., 2009), with dynamical models such as POAMA

used to predict the development of the La Niña (negative

ENSO) events that are often associated with heavy rains

across parts of Australia. Several studies have identified tele-

connections between ENSO and runoff (e.g. Kiem et al.,

2003; Verdon et al., 2004; Schepen et al., 2012a) and rain-

fall (Hudson et al., 2011; Marshall et al., 2013). The in-

fluence of the Indian Ocean Dipole (IOD) has also been

linked to rainfall in some regions of Australia (Verdon and

Franks, 2005; Schepen et al., 2012a). Other climate indices

have also been linked to seasonal rainfall (e.g. Langford et

al., 2011; Lim et al., 2011), including the Southern Annu-

lar Mode (SAM) and the Madden-Julian Oscillation (MJO).

Hudson et al. (2011) found that the forecast skill of rainfall

on intraseasonal timescales was found to be increased during

strong phases of the ENSO and the IOD, indicating that these

slow variations of boundary forcing should be considered a

source of intraseasonal climate predictability. Some of these

have been used to develop skilful probabilistic forecasts of

total seasonal streamflows (Wang et al., 2009; Piechota et

al., 1998; Sharma, 2000) but there has, to date, been limited

research on teleconnections to runoff on the extended-range

timescales or to extreme rainfall on either the seasonal or S2S

lead times in Australia. Bennett et al. (2014), however, show

that including lagged climate indices as predictors adds lit-

tle skill to 1-month high streamflow forecasts based on the

BJP modelling system, but that catchment wetness is by far

the most important source of predictability where catchments

have longer (i.e. month-to-month) flood memory. How this

translates to the S2S timescale is, as yet, unknown and is an

identified subject for further research. There is also a need for

improved and unified forecast quality assessment methodol-

ogy (i.e. forecast verification) (Vitart, 2014a). Verification is

a critical component of making forecasts useful to applica-

tions, with seamless verification important for both the S2S

timescale and for extremes. White et al. (2013) show the

Symmetric Extremal Dependence Index (SEDI) skill score

to be an appropriate verification methodology for extremes

forecasts on the S2S timescale for example.

3.2 Merging S2S rainfall forecasts and hydrological

forecasts

The modelling approach offered by dynamical models such

as POAMA combined with the enhanced understanding of

the teleconnections between large-scale oceanic and atmo-

spheric indices and rainfall-runoff presents increased sources

of predictability for streamflow forecasting on the S2S

timescale by applying rainfall predictions from global dy-

namical models to hydrological models in order to pro-

duce streamflow and flood predictions. However, S2S rain-

fall forecasts are not highly accurate and are generally ex-

pressed only in probabilistic terms (an example of an experi-

mental rainfall forecast using POAMA on the S2S timescale

is shown in Fig. 1). How to integrate extended-range prob-

abilistic rainfall forecasts with existing hydrological mod-

elling frameworks i.e. addressing issues such as model selec-

tion and calibration, observed catchment wetness, lagged and

real-time forecasts, uncertainties around extremes, bias cor-

rection, requirements for high-resolution rainfall forecasts,
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Figure 1. Example of an experimental POAMA subseasonal rain-

fall forecast for weeks 2 and 3 combined, showing probability of

rainfall above median (obtained from the Bureau of Meteorology

POAMA website: http://poama.bom.gov.au/).

integration with communication and response systems – is

an active area of research in Australia (e.g. Cuo et al., 2011;

Tuteja et al., 2011; Wang et al., 2012; Schepen et al., 2012b).

3.3 Communicating flood risk and uncertainty on the

S2S timescale

Weather-related hazards, such as extended periods of flood-

ing and drought, account for a significant proportion of nat-

ural disaster losses in Australia. While many end-users have

benefited by applying weather and climate forecasts in their

decision-making, “gaps” in forecasting capabilities remain,

including for example at the S2S scale, and by a lack of un-

derstanding and appreciation of the complex processes and

numerous facets involved in decision-making (Vitart, 2014a).

S2S predictions offer an exciting, previously unexplored

forecasting timescale for flood prediction. Vitart (2014a) note

that considerable returns from investment in climate science

and model development are to be expected if the science

of S2S prediction can be successfully connected to societal

applications. However, the S2S timescale presents a signifi-

cant challenge for both operational forecast centres and soci-

etal decision-makers. All forecasts, irrespective of timescale,

contain uncertainty due to a range of factors. How to achieve

reliable and skilful flood forecasts whilst maintaining and

communicating both forecast skill and uncertainty to a range

of decision-makers and response systems is a considerable

challenge.

Weather and climate span a continuum of timescales with

different lead times relevant to a range of end-user re-

quirements. In the context of disaster preparedness the Red

Cross/Red Crescent Climate Centre and IRI have proposed

a “Ready-Set-Go!” climate services concept for making use

of forecasts from the seasonal down to weather timescales

based on a seamless “weather-to-climate” prediction ap-

proach (Goddard et al., 2014). This concept could be used

to frame flood forecasting, whereby seasonal forecasts could

be the “Ready” monitoring phase including large-scale cli-

mate indices, catchment wetness, observed rainfall events,

updating contingency plans, and enabling early warning sys-

tems; sub-monthly (S2S) forecasts can then be the “Set”

phase where they are used to alert volunteers, warn commu-

nities and decision-makers about an increased risk of flood-

ing; and NWP weather forecasts and warnings would pro-

vide the “Go!” phase, used to activate volunteers, distribute

instructions to communities, and evacuate if needed. In this

approach, extended flood warning (on S2S lead times), re-

sponse and recovery from flood hazards may be regarded as

an intuitive and integral forecasting approach, illustrating the

potential benefit of a seamless extreme events prediction for

decision-makers. An often overlooked but valuable compo-

nent of communicating forecasts successfully are the social

sciences, where the use and value of weather forecast infor-

mation for societal impacts is assessed on various forecast-

ing lead times (e.g. Morss et al., 2008; Demuth et al., 2013).

These approaches could be used to develop user information

on flood risk, risk perception and forecast uncertainty on the

S2S timescale to help improve decision-makers use weather

information more effectively.

4 Conclusions

Skilful and reliable forecasts of flood risk beyond NWP fore-

casts and up to a month in advance (e.g. the shortest of the

climate outlooks) have the potential to improve the manage-

ment of floods. This S2S timescale is a notable gap in cur-

rent flood forecast capabilities that could be utilised to help

achieve seamless flood and streamflow predictions, both in

Australia and internationally. The development of modelling

approaches and assessing the utility of S2S forecasts has the

potential to extend the range of flood forecasting and improve

the skill of hydrological prediction modelling in Australia.

While S2S forecasts are not as precise as short-range fore-

casts, forewarning of conditions that could result in large or

frequent flooding in the next 2–4 weeks (or more) could al-

low emergency services to better plan and prepare for the

impacts of floods in line with the National Strategy for Dis-

aster Resilience that advocates greater emphasis on plan-

ning rather than the traditional reliance on response and re-

covery (Council of Australian Governments, 2011). Indeed,

S2S predictions could actively support local resilience build-

ing by informing volunteer emergency services personnel of

heightened flood risk or by ensuring people can make deci-

sions to protect their lives and homes, as well as community

infrastructure. Reliable S2S streamflow forecasts – if com-

plementing BoM’s seasonal rainfall and temperature outlook

Proc. IAHS, 370, 229–234, 2015 proc-iahs.net/370/229/2015/
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services – could also be used to influence and improve water

management decision-making capabilities.

It is likely that predictive skill on the S2S timescale will be

higher within certain “windows of opportunity” (e.g. Hudson

et al., 2011), but exactly what these are or how to anticipate

them is still unclear (Vitart, 2014a). Relevant science ques-

tions – ranging from sources of predictability, forecasting

systems design, forecast verification, to the final integration

of these forecasts in user applications and response systems

– are all issues that need to be addressed before they can be

integrated in extended-range flood predictions. The new S2S

database may also hold some limitations, such as the 1.5◦

archiving resolution, the choice of variables available, as well

as the unknown potential of multi-model ensembles to im-

prove flood forecasts. Similarly, how to effectively communi-

cate flood risk to a range of decision-makers using forecasts

on extended-range timescales that contain a high degree of

uncertainty remains a significant challenge. The weather and

climate research communities will need to collaborate with

end-users to co-develop new focused warnings and forecasts

that meet the needs of decision-makers. Notwithstanding the

challenges, as flood forecasts improve in accuracy and are

integrated with communication and response systems over

longer lead times, they can become highly valuable resources

for disaster risk reduction and adaptation planning.
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