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ABSTRACT 

Research into the impacts on flood hazard from climate change has made significant progress 
over the past decade, yet efforts to translate this research into practical flood guidance both in 
Australia and across the world remain in their infancy. Here we review the current ‘state-of-
the-art’ in flood guidance for climate change globally and identify issues relevant to updating 
flood guidance under climate change. 
We begin by summarizing the potential impacts of climate change on Australian flooding to 
understand what factors (if any) need to be accounted for due to a changing climate and how 
they vary with the method used for design flood estimation. We then discuss what is being 
performed in other countries and jurisdictions to adjust flood guidance for climate change. 
Australia’s flood guidance is placed in this global context. This leads us to discuss what 
optimal flood guidance under climate change would look like both from a scientific and 
practioner perspective. Finally, we discuss the uncertainty in flood estimation due to non-
stationarity and place this uncertainty within a decision-making framework. We advocate that 
adaptive approaches are required in order to best satisfy all the objectives of updated flood 
guidance.   
 

Introduction 

Over the past half a century, flood-related catastrophes in Australia have been responsible for ~$14 
billion dollars of damage in real terms (McAneney et al., 2019). To mitigate the consequences of 
flooding, infrastructure is generally designed to withstand a certain level of flood hazard, whether it be 
a peak flow, volume, or flood level. The magnitude of the flood hazard accommodated is calculated in 
a process called “design flood estimation”(or, more simply, just “flood estimation”) and is defined in 



terms of an annual probability of exceedance (AEP) or annual recurrence interval (ARI). Traditionally, 
the probability of exceedance has been assumed to be static and unchanging; however, with climate 
change, it is now well recognised that flood hazard levels are changing (Milly et al., 2008). 

Across Australia (Guerreiro et al., 2018; Westra and Sisson, 2011; Zheng et al., 2015) and the world 
(Barbero et al., 2017; Sun et al., 2021) it has been shown that sub-daily and daily extreme rainfalls are 
increasing. This is consistent with higher temperatures being associated with higher extreme rainfalls 
(Ali et al., 2018; Roderick et al., 2019; Visser et al., 2020; Wasko et al., 2018). Spatial and temporal 
patterns of rainfall are expected to intensify, with a shift to shorter and more intense rainfall bursts 
(Wasko et al., 2016; Wasko and Sharma, 2015) and longer dry periods between events (Chan et al., 
2016; Chang et al., 2016). This is expected to lead to increased flooding in urban areas (Alexander et 
al., 2019) but not necessarily in rural areas, where drier soils will modulate flood response (Bennett et 
al., 2018; Pathiraja et al., 2012; Wasko et al., 2019). For common recurrence events, flooding has been 
decreasing as a result of drier soils (Wasko et al., 2021a; Wasko and Nathan, 2019), in particular in the 
south of Australia (Ishak et al., 2013; Zhang et al., 2016), while rarer flooding events have been 
increasing in line with increases in rainfall extremes (Power and Callaghan, 2016; Wasko and Nathan, 
2019). Changes in soil moisture have also been found to influence the seasonal timing of flood maxima  
(Wasko et al., 2020) which will impact reservoir levels. In estuarine regions sea level rise will raise tail 
water levels, increasing the frequency of so-called compound events and exacerbate flooding (Zheng et 
al., 2013; Zscheischler et al., 2018).  

 

 
Figure 1. The relevance of different flood estimation approaches as a function of annual 

exceedance probability. The top panel presents a typical flood frequency curve. The bottom 
panel shows the range of AEPs for which various flood estimation approaches show efficacy. 
Dashed lines represent lower efficacy while solid lines represent higher efficacy. Events more 

frequent than annual are termed events per year (EY). Figure adapted from (Nathan and Ball, 
2019). 

Design flood estimation is generally undertaken by one of four approaches (Figure 1), with design flood 
estimation guidelines recommending the approach used. These are: 

1. Flood frequency analysis (FFA) or regional flood frequency analysis (RFFA); 

2. Event-based or intensity-frequency-duration (IFD) approaches where a design rainfall, along 
with dependent factors such as rainfall temporal patterns, rainfall spatial patterns, and 
antecedent moisture conditions (losses), are combined in a rainfall-runoff model; 



3. Continuous simulation where long rainfall records are converted to streamflow records for 
subsequent flood frequency analysis; and 

4. Physical reasoning or numerical weather prediction of the probable maximum precipitation 
(PMP) which, combined with a rainfall-runoff model, informs the probable maximum flood 
(PMF). 

The best method to use for design flood estimation depends on the design problem and the nature of the 
available data. For example, in the absence of flood observations, an event-based approach based on 
regionalised rainfall probabilities may be required to supplement approaches based on regional flood 
frequency. Problems involving systems that are sensitive to compound storages may be best solved 
using continuous simulation techniques. If the design requires estimation of the maximum probable 
flood, then the user can apply PMP methodologies in conjunction with event-based models, or else 
regional empirical functions relating maximum flood magnitude to some catchment attribute such as 
area. The flood generating mechansims may be numerous for a given catchment, and they may vary 
with AEP. For example, for a very rare event one might not be as concerned with the antecedent 
moisture conditions, but, for a common event, antecedent moisture conditions will strongly modulate 
the flood response. The choice of method may also depend on the catchment type (e.g., rural versus 
urban) or the size of the catchment (i.e., a small catchment will have minimal routing or exhibit little 
sensitivitiy to spatial distribution of the rainfall). The result is a range of applicable approaches to flood 
design with the unique inputs to each method varying as a result of climate change. 

Although the concepts of hydrologic non-stationarity are not new, the diversity of flood-generation 
processes that apply in a given catchment, and the multitude of possible approaches to estimate the 
design flood, mean that providing meaningful flood estimation guidance with climate change is 
challenging (Lopez-Cantu and Samaras, 2018; Villarini et al., 2018; Wright et al., 2019). Here we 
review the current state-of-the-art in flood estimation guidance under climate change from around the 
world. Following this, we place Australia’s flood guidance in the context of the recommendations being 
made overseas. We discuss what future flood guidance in Australia could look like and give some final 
concluding remarks on possible ways forward. 

This article is largely based on an invited article entitled “Incorporating climate change in flood 
estimation guidance” that appeared in the Philosophical Transactions of the Royal Society A: 
Mathematical, Physical and Engineering Sciences (Wasko et al., 2021b). The aforementioned article 
was conceived at the Royal Society Discussion meetings “Intensification of short-duration rainfall 
extremes and implications for flash flood risks” and “Understanding intensification of short-duration 
rainfall extremes” which occurred on the 3-4th and 5-6th of February 2020, organized by Hayley J. 
Fowler, to celebrate the end of the INTENSE project (https://research.ncl.ac.uk/intense/aboutintense/).  

Review of design flood estimation guidelines from around the world 

There are three main sources of information that can be used to inform future estimates (projections) of 
climatic variables, in particular extreme rainfall, with climate change. They are:  

1. Physical reasoning: It can be anticipated extreme rainfall events will increase at 6-7%/°C 
based on the ability of the atmosphere to hold more moisture at higher temperatures (Allan et al., 2020; 
Fowler et al., 2021), though this may be smaller over land as compared to the ocean (Ali et al., 2021b; 
O’Gorman and Muller, 2010), or substantially higher due to latent heat release further enhancing 
moisture convergence (Trenberth et al., 2003). 

2. Historical trends and scaling relationships: If the climate has warmed historically, under 
certain conditions it may be possible to assume that future changes will follow a similar pattern. This 
can be in the form of a temporal trend divided by the temperature increase (“climate scaling”) or the 
relationship of day-to-day variability in a climate variable to its coincident temperature (“apparent 
scaling”). 

3. Projections using general circulation/global climate models: These are the primary tool used 
by climate scientists to develop projections of future change. However, as the models are very coarse 
their use in design flood estimation necessitates “downscaling” using either additional models or 
statistical relationships to transfer the information to the catchment scale. 

 



Academic literature focusses on two primary methodologies for design flood estimation under climate 
change. The first uses statistical techniques to modify the flood frequency analysis to incorporate non-
stationarity (changes in event magnitude) usually using an additional time parameter (Salas et al., 2018). 
The second relies on projections of extreme rainfall from climate models to be downscaled and input 
into a rainfall-runoff model to produce a flood frequency curve (Madsen et al., 2014). Similar 
downscaling methods can also be used for projecting rainfall in continuous simulation and hence for 
flood frequency (Prudhomme et al., 2010).  

A more system-informed framework to assess the impacts of climate change that is gaining attention in 
the academic literature is the “bottom-up” or “scenario-neutral” approach which models the sensitivity 
of a system before placing climate model projections on the outcome space (Broderick et al., 2019; 
Culley et al., 2021; Guo et al., 2017; Kay et al., 2014). In this way the entire range of the problem space 
is covered and the user is not bound by a single climate model projection, but rather the climate model 
projection is used to inform a plausible outcome.  

In contrast, design flood estimation guidelines focus on the event-based method of design flood 
estimation. Currently there does not exist any recommendation for factoring PMP estimates (WMO, 
2009), although it is acknowledged in the literature that PMP estimates are only relevant to current 
meterological conditions (Jakob, 2013). Table 1 summarises design flood guidance from around the 
world for climate change. Countries are listed in alphabetical order with the review focussing on 
countries known to the authors to be incorporating climate change in their flood estimation guidance. 
For each country/region the variables factored are presented as well as the uplift/adjustment factor. A 
comment is made on whether the uplift factors consider uncertainty and whether they vary with AEP. 

Table 1: Design flood estimation guidance incorporating climate change (Wasko et al., 2021b) 

Region Guidance Variable Uplift factor  Is uncertainty 
considered? 

Do uplift 
factors vary 
with AEP? 

Australia (Bates et al., 
2019) 

Peak rainfall 
intensity 

5%/°C, with 
temperature 
dependent on 
climate model 
projection 

No No 

Belgium (Willems, 
2013) 

Peak rainfall 
intensity 

Calculated from 
downscaled 
model 
projections 

Yes (mean and 
high scenario) 

Yes (higher 
uplift for rarer 
AEPs) 

Denmark (Gregersen et 
al., 2014) 

Peak rainfall 
intensity 

Calculated from 
downscaled 
model 
projections 

Yes (mean and 
high scenario) 

Yes (2, 10, and 
100-year 
events 
considered) 

El Salvador (Pastora 
Flores et al., 
2013) 

Peak rainfall 
intensity, peak 
flood 
discharge, 
wind speed 

30-40% uplift 
factor for 
rainfall and 
discharge, 20% 
for wind speeds 

No  Yes (higher 
uplift and 
freeboard for 
primary road 
network) 

England (Environment 
Agency, 
2020a, 
2020b) 

Peak river 
flow, peak 
rainfall 
intensity, sea 
level, offshore 
wind speed, 
extreme wave 
height 

Calculated from 
downscaled 
model 
projections 

Yes (central, 
high, and 
upper end 
estimates) 

Yes (higher 
uplift factors 
recommended 
for more 
essential 
infrastructure) 

 



 

Table 1: (continued.) 

Region Guidance Variable Uplift factor  Is uncertainty 
considered? 

Do uplift 
factors vary 
with AEP? 

New 
Zealand 

(Carey-Smith 
et al., 2018; 
New Zealand 
Ministry of 
the 
Environment, 
2010) 

Peak rainfall 
intensity 

Calculated from 
downscaled 
model 
projections; 
temperature 
increase 
dependent 

Yes (5th and 
95th 
percentiles) 

Yes (higher 
uplift for rarer 
AEPs up to 
1% event) 

Northern 
Ireland 

(DFI, 2019)  Peak river 
flows, peak 
rainfall 
intensities, sea 
level 

20% uplift to 
peak river flows 
and rainfall 
intensities 

No No 

Norway (Lawrence 
and Hisdal, 
2011) 

Flood peak 0, 20, 40% 
increase 
depending on 
location, 
prevailing 
season and area 

No No 

Scotland (SEPA, 
2019) 

Peak river 
flow, peak 
rainfall 
intensity, sea 
level 

Calculated from 
downscaled 
model 
projections 

No No 

Sweden (Svensson et 
al., 2020) 

Peak rainfall 
intensity 

Calculated from 
downscaled 
model 
projections 

Yes (mean and 
high scenario) 

No 

United 
Kingdom 
Water 
Industry 

(Dale and 
Potter, 2017) 

Peak rainfall 
intensity 

Calculated from 
downscaled 
model 
projections 

Yes (central, 
high, low, 
estimates) 

Yes (10, 20 
and 30-year 
events 
considered)  

Vietnam (Asian 
Development 
Bank, 2020) 

Peak rainfall 
intensity, sea 
level 

Calculated from 
downscaled 
model 
projections 

User defined 
confidence 

Yes (uplift 
factor 
calculated for 
AEP of 
interest) 

Wales (NRW, 2017) Peak river 
flows, peak 
rainfall 
intensities, sea 
level rise, 
offshore wind 
speed and 
extreme wave 
height 

Calculated from 
downscaled 
model 
projections 

Yes (upper 
90% and mean 
estimates) 

No 

 



Most guidelines (with the exception of Norway) focus on multiplicative scaling of the design peak 
rainfall intensity with almost all guidelines using downscaled projections from climate models to derive 
uplift factors. The exception is Australia where the peak rainfall uplift factor is based on the physical 
reasoning, alongside other lines of evidence, that precipitation extremes increase with increased 
atmospheric temperatures due to the atmosphere being able to hold more moisture (Bates et al., 2019). 

Table 1 also presents whether uncertainty is included for uplift factors in the guidance. There is little 
consistency to how uncertainty is presented. The majority of guidelines present “high” and “mean” (or 
“central”) estimates, but even then, there is no consistency to how these are calculated. For example, 
for England the upper-end allowance is based on the 90th percentile, with the high scenario the 70th 
percentile (Environment Agency, 2020a, 2020b) but for Denmark the high scenario is the best estimate 
plus one standard deviation. Alternatively, New Zealand presents the 5th and 95th percentiles around 
their uplift factors (Carey-Smith et al., 2018).  

The final column of Table 1 shows whether uplift factors vary with AEP. This is because, the more 
extreme the event, the more likely it is to intensify with climate change (Pendergrass, 2018). Most flood 
guidance does not vary uplift factors with event rarity. However, those countries that do consider 
variability with AEP, find a strong dependence between the uplift factor and event rarity. For Denmark 
the uplift factors for a 100 year planning horizon increase from 1.45 for the 2-year ARI high scenario 
to 2.00 for a 100-year ARI high scenario. For the high scenario for Belgium, the uplift factor increases 
from 1.2 to 1.5 for an annual recurrence event compared to a 10-year ARI event. However, for New 
Zealand the variation is much less. For a 24-hour duration the uplift factor increases from approximately 
7%/°C for a 2-year ARI to 8%/°C for a 100-year ARI. 

A final comment on the global review of flood guidance with climate change. The reader may notice 
that U.S. guidelines were not cited in Table 1. Although guidelines exist on how to incorporate climate 
change in coastal flooding (NOAA, 2010), an equivalent for riverine flooding does not exist (England 
et al., 2019). NOAA Atlas 14 provides uncertainty estimates around IFD curves but, as most stations 
used did not show signs of non-stationarity at the time of volume publication, uplift/scaling of the design 
rainfalls was not recommended. Since these analyses were undertaken, research has emerged arguing 
for increased design rainfall intensities in the U.S. due to climate change (Wright et al., 2019). 

Australia’s climate change guidance in a global context 

Australia’s flood guidance adopts a consequence-informed approach, whereby if the structure is deemed 
critical enough, and time horizon long enough, then the impact of climate change is considered. As part 
of the screening analysis to decide if climate change needs to be explicitly accounted for in design, the 
guidelines suggest the practioner consider rarer AEP events to assess the capacity of their system. For 
example if designing for the 1% AEP event, the 0.5% and 0.2% AEP events may also be considered. 
Only if the incremental impact and consequences warrant it, are uplift factors for climate change used. 
The discussion here focusses on a comparison of uplift factors with those used overseas and the reader 
is referred to Australia’s flood guidance for detailed information on how and when to apply these factors 
(Bates et al., 2019). 

 

Table 2: Rainfall uplift using Australia’s design flood estimation guidance 

Temperature 
increase (°C) 

Rainfall uplift 
using 5%/°C 

1 1.05 

2 1.10 

3 1.16 

4 1.22 

5 1.28 

 

 



Australia is the only guidance reviewed to have largely used physical reasoning alongside multiple lines 
of evidence, including climate modelling, to inform their design rainfall uplift factor. The uplift factor 
is set at 5%/°C with the temperature increase derived from climate modelling. It is acknowledged that, 
using multiple lines of evidence, the true value is likely between 2%/°C and 15%/°C and will vary 
across frequency and duration (Bates et al., 2019). The impact of using a 5%/°C increase for uplifting 
Australia’s design rainfall is presented in Table 2. For example, a 20% increase in design rainfall 
corresponds to approximate a 3.7°C temperature increase. Although Australia has one of the few 
guidelines that does not rely solely on model projections, it is important to note that other guidelines do 
also explicitly compare their uplift factors to the expected increase from physical reasoning (Svensson 
et al., 2020).  

The only other country reviewed that uses uplift factors proportional to temperature is New Zealand 
(Carey-Smith et al., 2018). New Zealand’s guidance recommends a 10-year ARI uplift factor of 
approximately 13%/°C for a 1-hour event and about 8%/°C for a 24-hour event. It needs to be noted 
that New Zealand’s uplift factors exceed that deduced solely by the physical reasoning that the moisture 
storage capacity of the atmosphere increases with increasing temperature (Fowler et al., 2021), and the 
confidence limits around these estimates are quite wide. Regional climate models for Australia simulate 
increases in near-surface water vapour of 5.7%/°C–15%/°C (Bao et al., 2017). Historical trends show 
increases in extreme rainfalls across Australia close to 7%/°C for daily rainfall, but sub-daily rainfall 
shows increases well in excess of this (Guerreiro et al., 2018; Westra and Sisson, 2011), with some 
evidence of scaling rates of as much as 15%/°C or above. Sensitivities of observed extreme rainfall 
intensities and temperature suggest a median precipitation-dew point sensitivity for daily precipitation 
of 7%/°C, whereas for hourly precipitation it is close to 10%/°C (Ali et al., 2021a; Wasko et al., 2018). 
These values however are elevated compared to recent research which found a sensitivity interquartile 
range of 5.4–8.9%/°C for 1-hour precipitation (Visser et al., 2020). It would appear, at least on the 
surface, that an uplift of 5%/°C is at the lower end of the recommendations in the literature for short-
duration events. 

Rainfall uplift factors from other countries are summarised in Table 3. For Belgium the mean change 
is a 15% increase in the 10-year ARI event with a high climate scenario indicating a 50% change by 
2100 (Willems, 2013). Denmark’s guidance has slightly greater uplift factors of 1.30 and 1.70 for the 
mean and high scenarios respectively (Gregersen et al., 2014). This appears commensurate with the 
high senario calculated for Vietnam (Asian Development Bank, 2020). Across the U.K. the central 
estimate uplift factor is usually 1.2, with a value of 1.4 for the high scenario. Australia’s uplift/scaling 
factor is hence roughly commensurate with global flood guidelines’ central tendency if an 
approximately 4°C temperature increase by the end of the century is assumed. For the interested reader, 
a 4°C temperature increase by 2100 corresponds to the CMIP5 RCP8.5 climate model scenario which 
is generally considered the “high” or “worst-case” emissions scenario, with the more “central” or 
“intermediate” CMIP5 RCP4.5 scenario projecting a 2°C temperature increase by 2100 for Australia 
(CSIRO, 2021). 

Table 3: Rainfall intensity uplift factors from global flood guidance 

Region Uplift factor for 2100 ARI (year) Duration 

Belgium 1.15 (mean) 1.5 (high) 10 Average over storm duration 

Denmark 1.30 (mean) 1.7 (high) 10 1-24 hour 

England 1.2 (central) 1.4 (upper) All All 

Northern Ireland 1.2 All All 

Scotland 1.33 (east) 1.55 (west) All All 

Sweden 1.2 (average) 1.4 (high) All Average over storm duration 

Vietnam 1.75 (high) 10 24 hour 

Wales 1.2 (central) 1.4 (upper) All All 

 



The above suggests that consideration should be given in Australia’s flood guidance to varying uplift 
factors with storm duration and/or AEP. Finally, although for pluvial flooding rainfall is the primary 
driver, other factors are recognised to influence changes to Australian flood patterns. These are: 

• Intensification of spatio-temporal patterns of rainfall; 

• Changes in daily transition probabilities and seasonal timing of continuous rainfall sequences; 

• Shifts in the timing and magnitude of antecedent conditions and baseflow regimes; and 

• Changes in the strength and nature of dependencies governing compound extremes (e.g. 
riverine flooding combined with storm surge inundation). 

It is interesting to note that Scotland’s (SEPA, 2019) and England’s (Environment Agency, 2020a, 
2020b) flood guidance differentiates the variables that are factored depending on the primary flood 
mechanism (Reynard et al., 2017). 

Summary and recommendations for future flood guidance 

Despite the large number of factors affecting changes in flooding, both in Australia and globally, it is 
clear that the primary focus of guidance to date has been on projected changes in design rainfall 
intensities. There are large uncertainties in the projections of rainfall extremes due to climate change. 
Combined with the existing uncertainties in flood modelling approaches in general, design of 
infrastructure for short time-frames may not warrant any additional consideration of climate change. 
Indeed Australia’s flood guidance does not recommend consideration of climate change for planning 
horizons less than 20 years (Bates et al., 2019). However, in the situation that climate change needs to 
be considered due to a planning horizon or consequences that justify such consideration, flood 
estimation should be based on the most up-to-date scientific information. Here, we propose the 
following principles be followed for any future updates to flood guidance (Wasko et al., 2021b): 

• Be updatable: Scientific understanding is improving rapidly and so guidance should be easily 
updatable. 

• Be defensible: The significant uncertainty in climate change projections is often seen as a 
barrier to incorporating climate change in engineering design and planning decisions. The 
consensus of the multiple avenues of evidence (physical reasoning, historical, climate model) 
needs to be communicated.  

• Be practical: Guidance should be readily integrated into standard flood estimation practice and 
respect the different methods adopted by flood estimation practitioners. 

• Represent uncertainty: A single ‘best estimate’ of flood hazard fails to convey the true 
uncertainty and whether the uncertainty in climate change projections deems it worthy to be 
considered. There should be a shift towards presenting the time-varying uncertainties in the 
flood estimate, even if they are notional and cannot be well defined.  

There are a variety of methods used in design flood estimation, but guidance tends to focus on factoring 
IFD curves for event-based methods. There is a need to incorporate non-stationarity in all the methods 
used by flood practioners in a practical but scientifically defensible manner. There is a disconnect 
between the common academic exercise of downscaling rainfall from climate models or performing 
non-stationary flood frequency analysis and the derivation of uplift factors for event-based method of 
flood design. Where appropriate, uplift/change factors should be developed for all the inputs to event-
based flood estimation (e.g., temporal patterns, spatial patterns, antecedent catchment wetness, reservoir 
airspace, tide levels, and storm surge behaviour). In the face of growing evidence pointing to PMP 
increases (Kunkel et al., 2013), we would also argue there is a need to consider changes to PMP 
methodologies.  

Finally, we note there is little research or literature on the effectiveness, or implementation, of climate 
change guidance (JBA, 2017), or the capacity of existing infrastructure to cope with the future impacts 
of climate change (Chester et al., 2020; Moore et al., 2016; Wright et al., 2019). Producing science and 
guidance for flood estimation is just a first step in the journey of planning for climate change. We need 
to continue to identify barriers to implementing adaptation measures so future design and planning 
decisions can confidently use robust science to drive practical action.  



A final comment on the applicability of climate change recommendations in the face of 
uncertainty  

There is now much flood guidance around the world which recognises the climate is changing. If there 
are long term climate signals that are known, this change can be planned for (McMahon and Kiem, 
2018). But what if we don’t know the future change? Design flood estimation typically considers 
‘aleatory’ uncertainty (the intrinsic randomness of weather and climate, meaning some events are rarer 
than others) and ‘epistemic’ uncertainity (the confidence limits in our estimates due to our limited 
knowledge to adequately describe the problem). But climate change is introducing a new type of 
uncertainity – called ‘deep’ uncertainty – which by definition cannot be charaterised by a probability 
distribution (Beven, 2016). Climate change projections use “scenarios”. Why? Because it is not possible 
to attach a probability to future actions humanity will take. Shared Socioeconomic Pathways describe 
the way the world might evolve in the absence of climate policies (O’Neill et al., 2014; Riahi et al., 
2017) and Representative Concentration Pathways represent the climate policy response (van Vuuren 
et al., 2011). 

Because of the unknown trajectory climate change is going to take, England’s flood guidance 
recommends a managed adaptive approach (Environment Agency, 2020a, 2020b). This type of 
engineering design involves a flexible/dynamic plan which is updated and reviewed as understanding 
of future changes improves, with multiple design options assessed according to critical timeframes and 
decision points. Planned adaptation is recommended for dam design in Sweden (Swedenergy, 2007) 
and Denmark’s design flood guidelines suggest that design solutions be compared using a cost-benefit 
analysis, with the expected annual cost an input to the socio-economic analyses of climate adaptation 
(Olsen et al., 2017). Ultimately, projections and climate uplift factors will always be required to assess 
the impact of climate change for engineering design, but if we are to fully embrace the uncertainty 
climate change brings, an adaptive approach to engineering design should be pursued where possible.  

Reference List 

Alexander, K., Hettiarachchi, S., Ou, Y., Sharma, A., 2019. Can integrated green spaces and storage 
facilities absorb the increased risk of flooding due to climate change in developed urban 
environments? J. Hydrol. 579, 124201. https://doi.org/10.1016/j.jhydrol.2019.124201 

Ali, H., Fowler, H.J., Lenderink, G., Lewis, E., Pritchard, D., 2021a. Consistent Large‐Scale 
Response of Hourly Extreme Precipitation to Temperature Variation Over Land. Geophys. Res. 
Lett. 48, GRL61841. https://doi.org/10.1029/2020GL090317 

Ali, H., Fowler, H.J., Mishra, V., 2018. Global Observational Evidence of Strong Linkage Between 
Dew Point Temperature and Precipitation Extremes. Geophys. Res. Lett. 45, 320–330. 
https://doi.org/10.1029/2018GL080557 

Ali, H., Peleg, N., Fowler, H.J., 2021b. Global Scaling of Rainfall With Dewpoint Temperature 
Reveals Considerable Ocean‐Land Difference. Geophys. Res. Lett. 48, e2021GL093798. 
https://doi.org/10.1029/2021GL093798 

Allan, R.P., Barlow, M., Byrne, M.P., Cherchi, A., Douville, H., Fowler, H.J., Gan, T.Y., 
Pendergrass, A.G., Rosenfeld, D., Swann, A.L.S., Wilcox, L.J., Zolina, O., 2020. Advances in 
understanding large‐scale responses of the water cycle to climate change. Ann. N. Y. Acad. Sci. 
1472, 49–75. https://doi.org/10.1111/nyas.14337 

Asian Development Bank, 2020. Manual on Climate Change Adjustments for Detailed Engineering 
Design of Roads Using Examples from Viet Nam. Mandaluyong City, Philippines. 

Bao, J., Sherwood, S.C., Alexander, L. V., Evans, J.P., 2017. Future increases in extreme precipitation 
exceed observed scaling rates. Nat. Clim. Chang. 7, 128–132. 
https://doi.org/10.1038/nclimate3201 

Barbero, R., Fowler, H.J., Lenderink, G., Blenkinsop, S., 2017. Is the intensification of precipitation 
extremes with global warming better detected at hourly than daily resolutions? Geophys. Res. 
Lett. 44, 974–983. https://doi.org/10.1002/2016GL071917 

Bates, B., McLuckie, D., Westra, S., Johnson, F., Green, J., Mummery, J., Abbs, D., 2019. Chapter 6. 
Climate Change Considerations, Book 1: Scope and philosophy., in: Ball, J., Babister, M., 



Nathan, R., Weinmann, E., Retallick, M., Testoni, I. (Eds.), Australian Rainfall and Runoff - A 
Guide to Flood Estimation. Commonwealth of Australia. 

Bennett, B., Leonard, M., Deng, Y., Westra, S., 2018. An empirical investigation into the effect of 
antecedent precipitation on flood volume. J. Hydrol. 567, 435–445. 
https://doi.org/10.1016/j.jhydrol.2018.10.025 

Beven, K., 2016. Facets of uncertainty: Epistemic uncertainty, non-stationarity, likelihood, hypothesis 
testing, and communication. Hydrol. Sci. J. 61, 1652–1665. 
https://doi.org/10.1080/02626667.2015.1031761 

Broderick, C., Murphy, C., Wilby, R.L., Matthews, T., Prudhomme, C., Adamson, M., 2019. Using a 
Scenario‐Neutral Framework to Avoid Potential Maladaptation to Future Flood Risk. Water 
Resour. Res. 55, 1079–1104. https://doi.org/10.1029/2018WR023623 

Carey-Smith, T., Henderson, R., Singh, S., 2018. High Intensity Rainfall Design System Version 4. 
NIWA Client Rep. 2018022CH. 

Chan, S.C., Kendon, E.J., Roberts, N.M., Fowler, H.J., Blenkinsop, S., 2016. Downturn in scaling of 
UK extreme rainfall with temperature for future hottest days. Nat. Geosci. 9, 24–28. 
https://doi.org/10.1038/ngeo2596 

Chang, W., Stein, M.L., Wang, J., Kotamarthi, V.R., Moyer, E.J., 2016. Changes in Spatiotemporal 
Precipitation Patterns in Changing Climate Conditions. J. Clim. 29, 8355–8376. 
https://doi.org/10.1175/JCLI-D-15-0844.1 

Chester, M. V., Underwood, B.S., Samaras, C., 2020. Keeping infrastructure reliable under climate 
uncertainty. Nat. Clim. Chang. 10, 488–490. https://doi.org/10.1038/s41558-020-0741-0 

CSIRO, 2021. Climate change in Australia [WWW Document]. URL 
https://www.csiro.au/en/research/environmental-impacts/climate-change/climate-change-
information (accessed 6.24.21). 

Culley, S., Maier, H.R., Westra, S., Bennett, B., 2021. Identifying critical climate conditions for use in 
scenario-neutral climate impact assessments. Environ. Model. Softw. 136, 104948. 
https://doi.org/10.1016/j.envsoft.2020.104948 

Dale, M., Potter, R., 2017. Rainfall intensity for sewer design - Guidance for water companies. 

DFI, 2019. Technical Flood Risk Guidance in relation to Allowances for Climate Change in Northern 
Ireland. 

England, J.F.J., Cohn, T.A., Faber, B.A., Stedinger, J.R., Thomas, W.O.J., Veilleux, A.G., Kiang, 
J.E., Mason, R.R., J., 2019. Guidelines for Determining Flood Flow Frequency Bulletin 17C, in: 
U.S. Geological Survey Techniques and Methods. p. 148. 
https://doi.org/https://doi.org/10.3133/tm4B5 

Environment Agency, 2020a. Flood risk assessments: climate change allowances [WWW Document]. 
URL https://www.gov.uk/guidance/flood-risk-assessments-climate-change-allowances (accessed 
5.11.20). 

Environment Agency, 2020b. Flood and coastal risk projects, schemes and strategies: climate change 
allowances [WWW Document]. URL https://www.gov.uk/guidance/flood-and-coastal-risk-
projects-schemes-and-strategies-climate-change-allowances (accessed 8.24.20). 

Fowler, H.J., Lenderink, G., Prein, A.F., Westra, S., Allan, R.P., Ban, N., Barbero, R., Berg, P., 
Blenkinsop, S., Do, H.X., Guerreiro, S., Haerter, J.O., Kendon, E.J., Lewis, E., Schaer, C., 
Sharma, A., Villarini, G., Wasko, C., Zhang, X., 2021. Anthropogenic intensification of short-
duration rainfall extremes. Nat. Rev. Earth Environ. 2, 107–122. https://doi.org/10.1038/s43017-
020-00128-6 

Gregersen, I., Madsen, H., Linde, J., Arnbjerg-Nielsen, K., 2014. Opdaterede klimafktorer og 
dimensiongivende regnintensiteter. Spildevandskomiteen, Skrift nr. 30. 

Guerreiro, S.B., Fowler, H.J., Barbero, R., Westra, S., Lenderink, G., Blenkinsop, S., Lewis, E., Li, 
X.-F., 2018. Detection of continental-scale intensification of hourly rainfall extremes. Nat. Clim. 



Chang. 8, 803–807. https://doi.org/10.1038/s41558-018-0245-3 

Guo, D., Westra, S., Maier, H.R., 2017. Use of a scenario-neutral approach to identify the key hydro-
meteorological attributes that impact runoff from a natural catchment. J. Hydrol. 554, 317–330. 
https://doi.org/10.1016/j.jhydrol.2017.09.021 

Ishak, E.H., Rahman, A., Westra, S., Sharma, A., Kuczera, G., 2013. Evaluating the non-stationarity 
of Australian annual maximum flood. J. Hydrol. 494, 134–145. 
https://doi.org/10.1016/j.jhydrol.2013.04.021 

Jakob, D., 2013. Nonstationarity in Extremes and Engineering Design, in: AghaKouchak, A., 
Easterling, D., Hsu, K., Schubert, S., Sorooshian, S. (Eds.), Extremes in a Changing Climate. 
Springer Netherlands, Dordrecht, pp. 363–417. 

JBA, 2017. Assessment of the impact of recently-built flood alleviation schemes in managing long-
term residual flood risk in England. Warrington. 

Kay, A.L., Crooks, S.M., Davies, H.N., Prudhomme, C., Reynard, N.S., 2014. Probabilistic impacts of 
climate change on flood frequency using response surfaces I: England and Wales. Reg. Environ. 
Chang. 14, 1215–1227. https://doi.org/10.1007/s10113-013-0563-y 

Kunkel, K.E., Karl, T.R., Easterling, D.R., Redmond, K., Young, J., Yin, X., Hennon, P., 2013. 
Probable maximum precipitation and climate change. Geophys. Res. Lett. 40, 1402–1408. 
https://doi.org/10.1002/grl.50334 

Lawrence, D., Hisdal, H., 2011. Hydrological projections for floods in Norway under a future climate, 
NVE Report. Middelthunsgate 29. 

Lopez-Cantu, T., Samaras, C., 2018. Temporal and spatial evaluation of stormwater engineering 
standards reveals risks and priorities across the United States. Environ. Res. Lett. 13, 074006. 
https://doi.org/10.1088/1748-9326/aac696 

Madsen, H., Lawrence, D., Lang, M., Martinkova, M., Kjeldsen, T.R., 2014. Review of trend analysis 
and climate change projections of extreme precipitation and floods in Europe. J. Hydrol. 519, 
3634–3650. https://doi.org/10.1016/j.jhydrol.2014.11.003 

McAneney, J., Sandercock, B., Crompton, R., Mortlock, T., Musulin, R., Pielke, R., Gissing, A., 
2019. Normalised insurance losses from Australian natural disasters: 1966–2017. Environ. 
Hazards 7891. https://doi.org/10.1080/17477891.2019.1609406 

McMahon, G.M., Kiem, A.S., 2018. Large floods in South East Queensland, Australia: Is it valid to 
assume they occur randomly? Aust. J. Water Resour. 22, 4–14. 
https://doi.org/10.1080/13241583.2018.1446677 

Milly, P.C.D., Betancourt, J., Falkenmark, M., Hirsch, R.M., Kundzewicz, Z.W., Lettenmaier, D.P., 
Stouffer, R.J., 2008. CLIMATE CHANGE: Stationarity Is Dead: Whither Water Management? 
Science (80-. ). 319, 573–574. https://doi.org/10.1126/science.1151915 

Moore, T.L., Gulliver, J.S., Stack, L., Simpson, M.H., 2016. Stormwater management and climate 
change: vulnerability and capacity for adaptation in urban and suburban contexts. Clim. Change 
138, 491–504. https://doi.org/10.1007/s10584-016-1766-2 

Nathan, R., Ball, J., 2019. Chapter 3. Approaches to Flood Estimation, Book 1: Scope and 
Philosophy, in: Ball, J., Babister, M., Nathan, Rory, Weeks, W., Weinmann, E., Retallick, M., 
Testoni, I. (Eds.), Australian Rainfall and Runoff - A Guide to Flood Estimation A Guide to 
Flood Estimation. Commonwealth of Australia. 

New Zealand Ministry of the Environment, 2010. Preparing for future flooding: a guide for local 
government in New Zealand. Wellington. 

NOAA, 2010. Adapting to Climate Change: A Planning Guide for State Coastal Managers. 
http://coastalmanagement.noaa.gov/climate/adaptation.html. 

NRW, 2017. Adapting to climate change: guidance for flood and coastal erosion risk management 
authorities in Wales. 



O’Gorman, P.A., Muller, C.J., 2010. How closely do changes in surface and column water vapor 
follow Clausius–Clapeyron scaling in climate change simulations? Environ. Res. Lett. 5, 
025207. https://doi.org/10.1088/1748-9326/5/2/025207 

O’Neill, B.C., Kriegler, E., Riahi, K., Ebi, K.L., Hallegatte, S., Carter, T.R., Mathur, R., van Vuuren, 
D.P., 2014. A new scenario framework for climate change research: The concept of shared 
socioeconomic pathways. Clim. Change 122, 387–400. https://doi.org/10.1007/s10584-013-
0905-2 

Olsen, A., Dalgaard, Gitte, Dalgaard, Godsk, Paludan, B., Mark, O., Laustsen, A., Linde, J., Jakobsen, 
C., Friis, K., Hundahl, M., Rosberg, D., Mikkelsen, P., Arnbjerg-Nielsen, K., 2017. Metoder til 
bestemmelse af serviceniveau for regnvand på terræn. 

Pastora Flores, D. V., Garcia Monroy, J.C., Guzman, W., 2013. Consideraciones de adaptación al 
cambio climático en el diseño de puentes de El Salvador, in: I Seminario de Estudio de La 
Vulnerabilidad de Puentes y Obras de Paso En El Salvador. p. 32. 

Pathiraja, S., Westra, S., Sharma, A., 2012. Why continuous simulation? The role of antecedent 
moisture in design flood estimation. Water Resour. Res. 48, W06534. 
https://doi.org/10.1029/2011WR010997 

Pendergrass, A.G., 2018. What precipitation is extreme? Science (80-. ). 360, 1072–1073. 
https://doi.org/10.1126/science.aat1871 

Power, S.B., Callaghan, J., 2016. The frequency of major flooding in coastal southeast Australia has 
significantly increased since the late 19th century. J. South. Hemisph. Earth Syst. Sci. 66, 2–11. 
https://doi.org/10.1071/es16002 

Prudhomme, C., Wilby, R.L., Crooks, S., Kay, A.L., Reynard, N.S., 2010. Scenario-neutral approach 
to climate change impact studies: Application to flood risk. J. Hydrol. 390, 198–209. 
https://doi.org/10.1016/j.jhydrol.2010.06.043 

Reynard, N.S., Kay, A.L., Anderson, M., Donovan, B., Duckworth, C., 2017. The evolution of 
climate change guidance for fluvial flood risk management in England. Prog. Phys. Geogr. 41, 
222–237. https://doi.org/10.1177/0309133317702566 

Riahi, K., van Vuuren, D.P., Kriegler, E., Edmonds, J., O’Neill, B.C., Fujimori, S., Bauer, N., Calvin, 
K., Dellink, R., Fricko, O., Lutz, W., Popp, A., Cuaresma, J.C., KC, S., Leimbach, M., Jiang, L., 
Kram, T., Rao, S., Emmerling, J., Ebi, K., Hasegawa, T., Havlik, P., Humpenöder, F., Da Silva, 
L.A., Smith, S., Stehfest, E., Bosetti, V., Eom, J., Gernaat, D., Masui, T., Rogelj, J., Strefler, J., 
Drouet, L., Krey, V., Luderer, G., Harmsen, M., Takahashi, K., Baumstark, L., Doelman, J.C., 
Kainuma, M., Klimont, Z., Marangoni, G., Lotze-Campen, H., Obersteiner, M., Tabeau, A., 
Tavoni, M., 2017. The Shared Socioeconomic Pathways and their energy, land use, and 
greenhouse gas emissions implications: An overview. Glob. Environ. Chang. 42, 153–168. 
https://doi.org/10.1016/j.gloenvcha.2016.05.009 

Roderick, T.P., Wasko, C., Sharma, A., 2019. Atmospheric Moisture Measurements Explain Increases 
in Tropical Rainfall Extremes. Geophys. Res. Lett. 46, 1375–1382. 
https://doi.org/10.1029/2018GL080833 

Salas, J.D., Obeysekera, J., Vogel, R.M., 2018. Techniques for assessing water infrastructure for 
nonstationary extreme events: a review. Hydrol. Sci. J. 63, 325–352. 
https://doi.org/10.1080/02626667.2018.1426858 

SEPA, 2019. Climate change allowances for flood risk assessment in land use planning. 

Sun, Q., Zhang, X., Zwiers, F., Westra, S., Alexander, L. V., 2021. A Global, Continental, and 
Regional Analysis of Changes in Extreme Precipitation. J. Clim. 34, 243–258. 
https://doi.org/10.1175/JCLI-D-19-0892.1 

Svensson, G., Berg, P., Dahlström, B., Hernebring, C., Olsson, J., 2020. Nederbördsstatistik för 
dimensionering av dagvattensystem – State of the art. Meddelande M148. 

Swedenergy, 2007. Swedish Guidelines for Design Flood Determination for Dams. 



Trenberth, K.E., Dai, A., Rasmussen, R.M., Parsons, D.B., 2003. The changing character of 
precipitation. Bull. Am. Meteorol. Soc. 84, 1205–1217. https://doi.org/10.1175/BAMS-84-9-
1205 

van Vuuren, D.P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., Hurtt, G.C., 
Kram, T., Krey, V., Lamarque, J.F., Masui, T., Meinshausen, M., Nakicenovic, N., Smith, S.J., 
Rose, S.K., 2011. The representative concentration pathways: An overview. Clim. Change 109, 
5–31. https://doi.org/10.1007/s10584-011-0148-z 

Villarini, G., Taylor, S., Wobus, C., Vogel, R., Hecht, J., White, K., Baker, B., Gilroy, K., Olsen, J.R., 
Raff, D., 2018. Floods and Nonstationarity: A Review, CWTS 2018-01. Washington, D.C. 

Visser, J.B., Wasko, C., Sharma, A., Nathan, R., 2020. Resolving Inconsistencies in Extreme 
Precipitation‐Temperature Sensitivities. Geophys. Res. Lett. 47, e2020GL089723. 
https://doi.org/10.1029/2020GL089723 

Wasko, C., Lu, W.T., Mehrotra, R., 2018. Relationship of extreme precipitation, dry-bulb 
temperature, and dew point temperature across Australia. Environ. Res. Lett. 13, 074031. 
https://doi.org/10.1088/1748-9326/aad135 

Wasko, C., Nathan, R., 2019. Influence of changes in rainfall and soil moisture on trends in flooding. 
J. Hydrol. 575, 432–441. https://doi.org/10.1016/j.jhydrol.2019.05.054 

Wasko, C., Nathan, R., Peel, M.C., 2020. Changes in Antecedent Soil Moisture Modulate Flood 
Seasonality in a Changing Climate. Water Resour. Res. 56, e2019WR026300. 
https://doi.org/10.1029/2019WR026300 

Wasko, C., Shao, Y., Vogel, E., Wilson, L., Wang, Q.J., Frost, A., Donnelly, C., 2021a. 
Understanding trends in hydrologic extremes across Australia. J. Hydrol. 593, 125877. 
https://doi.org/10.1016/j.jhydrol.2020.125877 

Wasko, C., Sharma, A., 2015. Steeper temporal distribution of rain intensity at higher temperatures 
within Australian storms. Nat. Geosci. 8, 527–529. https://doi.org/10.1038/ngeo2456 

Wasko, C., Sharma, A., Lettenmaier, D.P., 2019. Increases in temperature do not translate to 
increased flooding. Nat. Commun. 10, 5676. https://doi.org/10.1038/s41467-019-13612-5 

Wasko, C., Sharma, A., Westra, S., 2016. Reduced spatial extent of extreme storms at higher 
temperatures. Geophys. Res. Lett. 43, 4026–4032. https://doi.org/10.1002/2016GL068509 

Wasko, C., Westra, S., Nathan, R., Orr, H.G., Villarini, G., Villalobos Herrera, R., Fowler, H.J., 
2021b. Incorporating climate change in flood estimation guidance. Philos. Trans. R. Soc. A 
Math. Phys. Eng. Sci. 379, 20190548. https://doi.org/10.1098/rsta.2019.0548 

Westra, S., Sisson, S.A., 2011. Detection of non-stationarity in precipitation extremes using a max-
stable process model. J. Hydrol. 406, 119–128. https://doi.org/10.1016/j.jhydrol.2011.06.014 

Willems, P., 2013. Revision of urban drainage design rules after assessment of climate change 
impacts on precipitation extremes at Uccle, Belgium. J. Hydrol. 496, 166–177. 
https://doi.org/10.1016/j.jhydrol.2013.05.037 

WMO, 2009. Manual on Estimation of Probable Maximum Precipitation (PMP). Geneva, 
Switzerland. 

Wright, D.B., Bosma, C.D., Lopez-Cantu, T., 2019. U.S. Hydrologic Design Standards Insufficient 
Due to Large Increases in Frequency of Rainfall Extremes. Geophys. Res. Lett. 46, 8144–8153. 
https://doi.org/10.1029/2019GL083235 

Zhang, X.S., Amirthanathan, G.E., Bari, M.A., Laugesen, R.M., Shin, D., Kent, D.M., MacDonald, 
A.M., Turner, M.E., Tuteja, N.K., 2016. How streamflow has changed across Australia since the 
1950s: evidence from the network of hydrologic reference stations. Hydrol. Earth Syst. Sci. 20, 
3947–3965. https://doi.org/10.5194/hess-20-3947-2016 

Zheng, F., Westra, S., Leonard, M., 2015. Opposing local precipitation extremes. Nat. Clim. Chang. 5, 
389–390. https://doi.org/10.1038/nclimate2579 



Zheng, F., Westra, S., Sisson, S.A., 2013. Quantifying the dependence between extreme rainfall and 
storm surge in the coastal zone. J. Hydrol. 505, 172–187. 
https://doi.org/10.1016/j.jhydrol.2013.09.054 

Zscheischler, J., Westra, S., Van Den Hurk, B.J.J.M., Seneviratne, S.I., Ward, P.J., Pitman, A., 
Aghakouchak, A., Bresch, D.N., Leonard, M., Wahl, T., Zhang, X., 2018. Future climate risk 
from compound events. Nat. Clim. Chang. 8, 469–477. https://doi.org/10.1038/s41558-018-
0156-3 

BIOGRAPHY 

Conrad Wasko is an ARC DECRA Fellow at the University of Melbourne. His current research 
focuses on understanding the effects of climate change on hydrology and specifically extreme events. 

Seth Westra is a professor of hydrology and climate risk in the School of Civil, Environmental and 
Mining Engineering at the University of Adelaide. He is the Director of the University’s Water Research 
Centre, and specialises in the fields of hydrology, water resource assessments and climate risk. 

Rory Nathan is a Professor of Hydrology and Water Resources at the University of Melbourne. He has 
spent the majority of his career in private industry though now focuses his time on research and teaching 
in environmental and engineering hydrology. 

Harriet G. Orr is the Climate Change Research Lead at Environment Agency, UK. Harriet leads a 
team of scientists delivering practical solutions to help staff within and outside the Environment Agency 
plan for and manage the effects of climate change.  

Gabriele Villarini is a Professor in the Department of Civil and Environmental Engineering at the 
University of Iowa. He is also the Robert and Virginia Wheeler Faculty Fellow in Engineering and 
director of IIHR—Hydroscience & Engineering, a world-renowned center for education, research, and 
public service focusing on fluids-related research. 

Roberto Villalobos Herrera is a postgraduate researcher in the School of Engineering, Newcastle 
University and Scuela de Ingeniería Civil, Universidad de Costa Rica. His research focuses on 
understanding the impacts of climate change on design flood guidance  

Hayley J. Fowler is a Professor of Climate Change Impacts in the School of Engineering at Newcastle 
University. She specialises in the analysis of the impacts of climate change and variability on 
hydrological and water resource systems, examining recent trends in extremes and future projections 
and their impacts on flood and drought risks. 

 

 


	ABSTRACT
	Introduction
	Review of design flood estimation guidelines from around the world
	Australia’s climate change guidance in a global context
	Reference List
	BIOGRAPHY

