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Abstract. Water resources planning requires long-term pro-1 Introduction

jections of the impact of climate change on freshwater re-

sources. In addition to intrinsic uncertainty associated withlt is widely anticipated that anthropogenic climate change
the natural climate, projections of climate change are subwill have significant impacts on freshwater resources world-
ject to the combined uncertainties associated with selectionvide (Kundzewicz et a) 2007). Large-scale water resources
of emissions scenarios, GCM ensembles and downscalingnfrastructure such as dams, pipelines and desalination plants
techniques. In particular, unknown future greenhouse gasire typically designed for service lives of 50 yr or more.
emissions contribute substantially to the overall uncertaintyWith such long planning horizons, it is particularly impor-
We contend that a reduction in uncertainty is possible by retant within the water industry to understand the uncertainty
fining emissions scenarios. We present a comprehensive resurrounding long-term projected impacts of climate change
view of the growing body of literature that challenges the and to find ways to minimize this uncertainty.

assumptions underlying the high-growth emissions scenar- Sivakumar and Sharma (2009) summarized the scientific
ios (widely used in climate change impact studies), and in-challenges that we face in the sustainable management of our
stead points to a peak and decline in fossil fuel productionfuture water resources. These challenges include identifica-
occurring in the 21st century. We find that the IPCC’s newtion of the actual causes of climate change, development of
RCP 4.5 scenario (low-medium emissions), as well as the BlGeneral Circulation Models (GCMs) that can adequately in-
and A1T (low emissions) marker scenarios from the IPCC’scorporate these causes to generate dependable future climate
Special Report on Emissions Scenarios are broadly consigrojections at larger scales, formulation of appropriate tech-
tent with the majority of recent fossil fuel production fore- niques to “transform” (i.e. downscale) the GCM outputs to
casts, whereas the medium to high emissions scenarios geregional and local conditions for hydrological analysis and
erally depend upon unrealistic assumptions of future fossilprojections, and reliable estimation of the associated uncer-
fuel production. We use a simple case study of projected clitainties in all these steps.

mate change in 2070 for the Scott Creek catchment in South There is currently a somewhat controversial landscape
Australia to demonstrate that even with the current suite ofwith respect to the perceived relevance or irrelevance of
climate models, by limiting projections to the B1 scenario, GCMs to hydrological studies. The debate is largely cen-
both the median change and the spread of model results atered around the question of whether GCMs are capable of
reduced relative to equivalent projections under an unrealisreproducing realistic climate characteristics (Koutsoyiannis
tic high emissions scenario (ALFI). et al., 2009b; Kundzewicz et al., 2009). Anagnostopoulos et
al. (2010) compared the outputs of several GCMs with ob-
served temperature and precipitation data, concluding that,
even on large spatial and temporal scales, the models do
a poor job of representing the observed climate. More-

Correspondence tal. D. Ward over, they concluded that a deterministic approach to cli-
BY (lames.ward@unisa.edu.au) mate modeling was insufficient, and that future projections
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must consider the intrinsic or “structural” uncertainty of hy- Hypothetical scenario /
drology (and climate in general), which may be more ap- numerical experiment  OR - Future climate projection

propriately represented by a stochastic approach. The poin [Presmbemndmons] Emissions scenarios
of structural uncertainty was also made by Koutsoyiannis (e.g. Atmospheric €O,
(2010), who demonstrated that even a simple determinis- concentration) Carbon cycle modelsJe-;
tic “toy” climate model without external forcings can pro-

duce chaotic and uncertain results, fluctuations, and trendsARS scenarios start here
similar to those observed in the real world climate. Kout- PP
soyiannis (2010) proposed that a stochastic approach using
deterministic dynamic model within a Monte Carlo frame- v v

work (to account for inherent lack of precision and accu- [ down e els ] Or [S'aﬁ“i‘::::e",”s"“a""g]

racy in values such as initial conditions) can be considered L ]

an “all-times solution”, providing a useful explanation of un-

certainty over short and long timeframes. Meanwhile, a de-

terministic dynamic model that is not implemented within Catchment-scale hydrological projections

a stochastic (e.g. Monte Carlo) framework will give “mis-

leading results and a dangerous illusion of exactness” ovefig- 1. Simplified chart of the main processes involved in model-
long timeframes. Even with the very slightest uncertainty'ng hydro!ogu:al impacts from cllmgte change. l\_lott_e: Dashed lines
(e.g. in the order of 1(15) in initial conditions, the toy model around climate-carbon cycle coupling methods indicate that not all
of Koutsoyiannis (2010) showed complete divergence in themOOIeIS are coupled.

stochastic simulation over the long timeframe. This find-

ing has been used to suggest implicitly that the GCM-basegymjssjons scenario, and this initial uncertainty is then com-
attribution of observgd cl_|mat|c trends (e.g. rising tempera-pounded by further modelling variability all the way to the
tures and changes in rainfall) to greenhouse gas emissiong | catchment-scale projection. The uncertainty introduced
may be oyerstated (Christofides and Koutsoyiannis, 2011)4t each step comes from the need to choose from a (some-
This questions the usefulness of GCMs for projections undeg;mes diverse) range of models, plus variability in the obser-
future greenhouse gas emissions. In related articles, Wilby,ational data used to parameterise each model.

(2010) and Kundzewicz and Stakhiv (2010) both recognised - Gjyen the compounding nature of these uncertainties in
the original intent of GCMs, namely to assess the globalmggeled climate projections, it is important to understand
g:hmatologu:al implications of different emissions pathways, \yhere (or when) particular factors are dominant. Hawkins
in contrast to the more recent tendency to use such modelgng sytton (2009) gave a useful assessment of the three main
to drive regional or local hyd“rologlcal Impact assessmentSsoyrees of uncertainty in current projections for global tem-
Wilby (2010) concluded that “characterising” uncertainty in peratyre change and related this to the timescale of the pro-

climate projections may be more achievable than “reducingjection. The sources of uncertainty they considered were:
uncertainty.

While we recognise that there are significant and interest- 1. internal variability (natural climatic variability and
ing ongoing issues relating to intrinsic uncertainty in the cli- short-term changes that can cause temporary departures
mate system, and the appropriateness or otherwise of using  from longer-term trends);

GCMs for attribution studies and/or impact projections, re- . . . .
pact proj 2. model uncertainty (differences in numerical schemes,

search continues to emerge that depends heavily on the as-"" modellin mption ing or rameter
sumption that GCMs and their projections are reliable. This modetling assumptions, coupling processes, paramete
ization, etc.); and

includes the study by Kirono et al. (2011), who looked at

droughts in Australia under several modeled climate change 3. scenario uncertainty (differences in projected green-

scenarios. In such studies, the current wide range of “plau-  house gas (GHG) emissions and the resultant climate
sible” greenhouse gas emissions scenarios presents a signifi-  forcing).

cant extra source of predictive uncertainty (in addition to the
intrinsic uncertainty) in future climate, in the form of diver- They showed that in the short to medium term (several
gent model results. In the following discussion we will show decades), model uncertainty dominates the overall uncer-
that there is significant scope to reduce this predictive uncertainty in temperature projections. However, according to
tainty through refining the emissions scenarios. Hawkins and Sutton (2009), the relative influence of scenario
The main stages in developing a model of the hydrologi-uncertainty grows rapidly over time and by 2100, scenario
cal impacts from climate change are shown in Fig. 1. Whenuncertainty dominates overall uncertainty (almost four times
attempting to make a future projection, as opposed to a hymore than the model uncertainty). For long-term projections
pothetical scenario or numerical experiment, the uncertaintyof global temperature change, internal variability was shown
begins with the need to arbitrarily choose a greenhouse ga& be negligible.

Climate-carbon cycle
coupling methods
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A similar analysis of uncertainty in future precipitation A brief history of climate scenarios is presented, as well
changes was undertaken by Hawkins and Sutton (2011), whas a review of the growing body of literature on fossil fuel
found that, unlike temperature, a combination of modelingconstraints that challenge the GHG emissions assumptions
uncertainty and internal variability heavily dominates pro- underlying the majority of emissions scenarios currently in
jected global and regional changes in precipitation up touse in impact studies. A case study is then used to demon-
2100. This supports earlier research by Covey et al. (2003¥trate that even with the current suite of models, a substantial
and Arnell (2003) who found that the variability in long-term reduction in overall prediction uncertainty may be achieved
hydrological predictions were dominated by modeling differ- by implementing realistic fossil fuel forecasts.
ences rather than by emissions trajectories. In short, the cur- The scope of the current paper is primarily to investigate
rent GCMs are unable to produce a consistent projection othe opportunity to constrain emissions scenarios using pub-
long-term precipitation changes either regionally or globally. lished fossil fuel production estimates, and to study the pos-
This is in part due to the fact that precipitation, unlike tem- sible influence this may have on hydrological predictions.
perature, is a secondary variable or output from GCMs. ThisHowever, in the case of rainfall, an argument could be made
is unfortunate because while it might be a secondary outputhat we are unable to discern much at all from GCMs re-
from a GCM, precipitation is a primary input to hydrologi- garding climate change impacts, and that natural fluctuations
cal models. Despite this significant issue, emissions scenariwill continue to dominate the long-term pattern. This may
uncertainty remains an important source of uncertainty in hy-be highly relevant under low emissions scenarios, where we
drological projections, for three reasons: will show that the severity and the uncertainty surrounding

1 h ¢ hich gel in b dthe predicted change are both reduced, relative to high emis-
. temperature change (for which models are in broadg; < scenarios.

agreement over the long-term, and for which emissions

scenario choice is important) is hydrologically signifi-

cant, both d'feC“Y d_ue toits ro_Ie In evaporation (Mor- 5 Climate scenarios used in water resource projections
ton, 1983), and indirectly via its interaction with the

global carbon cycle (Friedlingstein et &2006); Climate scenarios have been evolving since the earliest nu-

2. plant growth is highly dependent on temperature and atmerical modeling in the 1960s and Moss et al. (2010) pro-

mospheric C@ (both of which substantially depend on vide a useful timeline of their development. Climate sce-
the emissions scenario), and modeled vegetation pro[1arios can be broadly grouped into two categories. The first

cesses have been shown to contribute significantly t°ategory (the right-hand side of Fig. 1) involves a series of

the hydrological cycle, especially runoff (Betts et, al what the IPCC considers to be “plausible” projections of
2007); and future climate based on GHG emissions, which are usually

accompanied by projections of global and regional popula-
3. future advances in modeling techniques and improvedtion and economic growth (among other variables). These
understanding of the relative performance of individ- types of projections have been prominent in many recent im-
ual models (Knutti, 2010; Smith and Chandler, 2010) pact studies and have included the 1S92 series (Leggett et
are expected to reduce model uncertainty in precipita-al., 1992), later replaced by the Intergovernmental Panel on
tion projections, thereby placing a greater emphasis orClimate Change (IPCC) Special Report on Emissions Sce-
emissions scenarios. narios, or SRES (Nakicenovic and Swart, 2000). The SRES
) ) ) ] scenarios contained 40 “storylines” describing global and
There is an emerging, but steadily growing body of researctygginna| population growth, economic growth and technol-
(Brecha, 2008; Kok et al, 2010a, b; Nel and Cooper, 2009; gy change, and gave the resulting GHG emissions in each
Murray, 2009; Ward and Nel, 2010; Rutledge, 2011) thalage The 40 scenarios are divided into four “families” (AL,
constrains future fossil fuel projections to the lower end of A2, B1, B2) describing core assumptions of future regional
the range currently being considered in climate change studs 4 global population growth, economic development, en-
ies. In this paper it is argued that these limits to future fossilergy use and other factors. To simplify comparison stud-
fuel consumption should be considered in the selection Ofigs"each family is given a representative “marker” scenario.
emissions scenarios. The primary objective of the currenf, 5qgition to the four marker scenarios, two extra marker
paper is to explore the likely implications of limits o f0S- gcenarios from the Al family are included by Nakicenovic
sil fuel production (and the subsequent constraint on CO 44 Swart (2000). These are the ALG MINICAM (more
emissions) on predictive uncertainty, within the broader CON-commonly known as ALFI), which denotes a fossil fuel in-
text of the importance of emissions scenarios for freshwategggive trajectory, and ALT, which denotes a predominantly
resource projections. The recent advances in fossil fuel reqn fossil fuel trajectory. The cumulative emissions under
search may assist in reducing uncertainty for long-term pro-,ch marker scenario are summarized in Table 1. The name
jections of climate change impacts, which would be signifi- ;¢ a5ch marker scenario (AIM, MESSAGE, etc.) refers to
cant for water resource planners. the modeling group responsible for converting the qualitative
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storyline mto a quantltatlve greenhouse g,a,s €missions pathl"able 1. Cumulative projected emissions under six SRES marker
way. Nakicenovic and Swart (2000) explicitly state that all gcanarios (after Nakicenovic and Swart, 2000).

scenarios have equal likelihood, and Manning et al. (2010)
observe that cumulative global GHG emissions (and resul-

Cumulative emissions (GtC)

tant atmospheric C&concentrations) from 1990-2008 were Marker Scenario
approximately in the middle of the range of the six marker 1990-2050 1990-2100
scenarios. Al AIM 730.6 1492.1
The second category of future climate projections involves A2 ASF 728.6 1855.3
purely “academic” scenarios (the left-hand side of Fig. 1). A1G MINICAM (A1FI) 820.9 2182.3
These do not claim to project plausible futures, but instead = B2 MESSAGE 554.5 1156.7
investigate the impact of some hypothetical perturbed cli- ~ AlT MESSAGE 623.1 1061.3
mate relative to a control experiment. For example, this ~ B1IMAGE 599 975.9

could compare the difference between two simulated cli-
mates where one undergoes a 1% p.a. steady increase in at-
mospheric C@ and the other has static G@oncentrations
(Covey et al, 2003), or it could compare the difference in available online Ifttp://www.climatechangeinaustralia.com.
simulated climates between a pre-industrial situation and @u/futureclimate.phpaccessed on 11 January 2011). For
“doubled-CQ” scenario (Allen et al 2003). changes to rainfall in the long-term (2070s), the most obvious
Given the dominance of model uncertainty in long-term source of uncertainty is from model differences. However,
precipitation uncertainty (Hawkins and Sutton, 2011) in mostboth the median change and the spread of model results de-
studies of projected climate change impacts on water repend (albeit slightly) on the choice of emissions scenario. As
sources, the influence of the emissions scenario (or scenarigxpected, the results of CSIRO (2007) for long-term change
uncertainty) is not the focus of the investigation. Rather,in temperature and potential evaporation show a more obvi-
these studies tend to focus on novel climatic or hydrologi-ous dependence on emissions scenario than was observed for
cal modeling techniques and the associated assumptions ariginfall, with a substantial increase in both the median and
uncertainties. For instance, Douville et al. (2002) presentedhe model spread under high emissions, relative to the low
the results of a global rainfall and runoff model consider- emissions scenario. We revisit the results of CSIRO (2007)
ing two scenarios: constant 1950s GHG emissions (controin our case study below.
case) versus the SRES B2 marker scenario with @& A recent advance in the development of emissions scenar-
ing to 620 ppm by the end of the 21st century. With only ios was reported by Moss et al. (2010), with a new suite
one future emissions trajectory being tested, such a studgf scenarios to replace SRES in the IPCC’s forthcoming
could not quantify the influence of different possible emis- Fifth Assessment Report (ARS5), and in future climate change
sions pathways. Similarly, @l (2002) presented the results impact studies. The new range consists of four projec-
of a model for global irrigation demand, based on the out-tions of radiative climate forcing, which are independent of
puts of two GCMs and one emissions scenario (15S92a). Booijocio-economic or GHG emissions projections (see Fig. 1).
(2005) modelled the Meuse River basin discharge under curFor those interested in making climate change projections
rent and changed climates, considering a “current” climatebased on plausible future GHG emissions trajectories, Moss
(1970-1999) and an academic scenario of a hypotheticatt al. (2010) have proposed a “representative concentration
doubled-CQ climate. Betts et al. (2007) investigated global pathway” (RCP) for each scenario, taking specific emissions
runoff changes under a simulated pre-industrial climate verpathways that could plausibly lead to each of the four ra-
sus a doubled-C@climate. Downing et al. (2003) consid- diative forcing pathways, although they are careful to ex-
ered multiple emissions scenarios covering a wider range oflain that there are multiple possible emissions scenarios
possible long-term futures. However the focus of the projectthat could lead to the same ultimate radiative forcing out-
was limited to the 2020s, which proved too short a timeframecome. The four RCP scenarios are summarized in Table 2
for the various emissions scenarios to significantly diverge. in terms of cumulative emissions over the 21st century, long-
CSIRO (2007) analysed the results of 23 GCMs extend-term concentrations of atmospheric £@quivalent) and the
ing to the 2070s and for each model evaluated changegesultant radiative forcing.
in annual and seasonal temperature, precipitation, wind One significant issue with all emissions scenarios is that
speed, solar radiation and potential evaporation acrosthe global carbon cycle and associated climate feedbacks re-
the Australian continent, relative to a baseline periodmain a major source of uncertainty in the relationship be-
of 1980-1999. They considered three marker scenariosween GHG emissions pathways and the ultimate radiative
from SRES — low (B1), medium (A1) and high (AlFl) forcing (Moss et al 2010; Friedlingstein et gl2006; Jones
— and presented the results visually as 10th, 50th anckt al, 2006). For instance, GCMs which can couple cli-
90th percentiles to demonstrate the spread of model remate change to the carbon cycle are yet to converge on a
sults across each scenario. The graphical results areonsistent result for COfeedback, which presently varies
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from 20 ppm to 200 ppm over a 100 yr simulation for a single ogy and modeling techniques have led to increasingly sophis-
emissions scenario, depending on the model (Friedlingsteiticated estimates for fossil fuel reserves and predictions for
et al, 2006). In this paper, we follow the convention that future production rates, and these predictions are gradually
low emissions pathways correspond broadly to low radiativeconverging. The most well-known predictions are for future
forcing pathways, and high emissions pathways corresponail production (e.g. Mohr and Evans, 2008; Aleklett et al
broadly to high radiative forcing pathways. 2010). Sorrell et al. (2010a, b) report the results of an ex-
For each emissions scenario, it must be assumed eithdraustive review of some 500 separate oil production stud-
implicitly or explicitly that there is sufficient fossil fuel re- ies, concluding that oil production is likely to decline before
maining to be produced and burnt, and that this fuel can be2030. Perhaps less well-known are the recent predictions of
extracted at a sufficient rate that produces the projected riseoal supply, pointing to a possible pre-2050 peak in global
in atmospheric C@(see Nakicenovic and Swart, 2000). The coal production (e.g. Mohr and Evans, 2009%dH et al.,
factors controlling most of the hypothetical emissions path-2010b; Lloyd and Subbarao, 2009; Lin and Liu, 2010; Patzek
ways are economic, social and political (e.g. the future rateand Croft, 2010). Mohr (2010) presents a combined estimate
of population growth, rising affluence in developing coun- for world oil, coal and natural gas production. The consen-
tries and the potential national or global adoption of GHG sus emerging in the literature is that fossil fuel production is
emissions reduction policies), while the concept of physicalnearing a peak and will decline sometime in the 21st century,
constraints to actual future fossil fuel production has beenas the larger, mature resources reach the end of their produc-
dismissed (H80k et al, 2010a). tive life and are replaced with either smaller resources, or
resources that are slower to extract.
Despite the long-term discussion of fossil fuel resource
3 Fossil fuel resources as a constraint to emissions limits, many projections of future anthropogenic climate
scenarios change have assumed that continuous growth in GHG emis-
sions will be possible for several centuries (i.e. long enough
The formal assessment of risk considers not only the conio trigger significant climate change)obk et al. (2010a) re-
sequence of a hazard (e.g. the severity of a particular “cliviewed the development of the IPCC’s emissions scenarios,
mate change impact”), but also the likelihood of that haz- mostly referring to Nakicenovic and Swart (2000), and con-
ard occurring. Jones (2001) advocated an approach to clitrasted these scenarios against the growing body of literature
mate change risk assessment wherein the whole analysis iggarding fossil fuel depletion. They criticized the “unneces-
conducted within an assumed future emissions pathway (e.garily optimistic” assumptions of continual growth in fossil
assessing the likelihood of a 50 % reduction in catchmenffuel production by the IPCC.
streamflow under the A1FI scenario). We contend that a Only recent research has reconciled fossil fuel limits and
more complete risk assessment — if at all possible — wouldemissions scenarios. Laherrere (2001) was among the first
in fact sit above the emission pathways, and should includeo explicitly challenge the IPCC’s assumption that continual
an assessment of the likelihood of each scenario occurringgrowth in fossil fuel production would be possible, claim-
followed by the specific impacts of interest under each sceing instead that global oil and gas production would barely
nario. Within such a framework, the probability of an impact keep up with the lowest of the SRES scenarios through the
occurring under a given emissions scenario would be mul-21st century. Doose (2004) discussed fossil fuel limits, GHG
tiplied by the probability of that emissions scenario occur- emissions and climate change, and based on a simplistic car-
ring. To do this quantitatively requires substantial numericalbon sink model and a basic fossil fuel production model, con-
effort, and we intend to address this in subsequent researclluded that future atmospheric G@oncentrations may not
However, in the present paper, we take a qualitative approactise any higher than 650 ppm. There have been similar stud-
to simply show that the low emissions scenarios now appeaies by Kharecha and Hansen (2008) who investigated a range
far more likely to occur than the high emissions scenarios.of hypothetical future fossil fuel scenarios with declining oil
In turn, any impacts that have been simulated assuming higlproduction with a simple carbon sink model, and found that
emissions must be considered relatively unlikely comparedCO, concentrations could be limited to around 450 ppm, but
with impacts simulated assuming low emissions. These ideathis would depend on not exploiting excess coal or unconven-
should be considered by policy-makers in their conceptuali-tional fossil fuels. Brecha (2008) presented a similar analy-
sation of risk under climate change. sis, concluding that the maximum G@oncentration under a
The limits to the Earth’s fossil fuel resources have been“high emissions” scenario, but constrained by resource lim-
widely discussed for more than half a century. These dists, may be approximately 560 ppm, peaking around the year
cussions have been influenced by Hubbert (1949, 1956), ag075.
well as the Club of Rome (Meadows et,a972), and a se- Nel and Cooper (2009) presented several possible fossil
ries of lectures and articles by Bartlett (1978, 1981, 1994 fuel production trajectories and challenged the strength of
2000), among others (e.g. Laherrere, 2001; Bentley, 2002)climate-carbon cycle feedbacks as assumed in the BERN
As in climate modeling, improvements to computer technol-carbon cycle model (Siegenthaler and Joos, 1992). Nel
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Table 2. RCP scenarios (from Moss et @010).

Scenario  Radiative forcing Atmospheric concentration Approx.
(ppm) cumulative
emissions

(GtC) 2000-2100

RCP 2.6 ~3Wm 2before 2100, Peak at490 CQ equiv. 370
then declines before 2100 then declines

RCP 45 ~45Wni2at ~650 CQ equiv. 830
stabilization after 2100 at stabilization after 2100

RCP6.0 ~6Wm2at ~850 CG equiv. 1260
stabilization after 2100 at stabilization after 2100

RCP 85 >85WnT2in2100 >1370 CQ equiv. in 2100 1960

and Cooper (2009) showed that under their high fossil fueltypically occur quite late in the production history. Rutledge
reserves scenario, using a parameterized carbon feedba¢R011) also discussed the important differences between “re-
model calibrated to empirical evidence, atmospherico CO serves” (coal that can be produced economically with cur-
concentrations would peak at 440-480 ppm around the yearent technology) versus “resources” (coal that could poten-
2070, falling to 340-360 ppm by 2200. They also showedtially be produced in the future), and the tendency for large
that under the BERN carbon cycle model (a process-basedmounts of coal to move between these classifications due to
model without corrections for missing sinks), the same fos-periodic changes in estimation techniques or policies. Im-
sil fuel scenario would result in peak G@oncentrations of  portantly, Rutledge (2011) pointed out that there is a fur-
540 ppm around the year 2100, remaining above 500 ppnther category (called “additional recoverable reserves”) that
through to 2200. The issue of positive versus negative carbomhas proven very unreliable in historical surveys. However
cycle feedback assumptions under low emissions trajectoriethe SRES predictions for high future coal production (Naki-
was identified earlier by Kharecha and Hansen (2008), whacenovic and Swart, 2000) are dependent on a single, appar-
made the point that under low emissions scenarios, a negativently anomalous estimate of additional recoverable reserves
feedback (where carbon sinks remain effective) may resulby the World Energy Council (WEC, 1998). The WEC sub-
in a climate forcing that is much less than that under sce-sequently downwardly revised its estimates, and by 2007 was
narios with continually rising emissions and positive carbonstating global coal reserves totaling less than one quarter of
cycle feedbacks. Tans (2009) used oceanic and atmosphertbeir 1998 estimated value (WEC, 2007). While Rutledge
observations of carbon to constrain an empirical carbon sink2011) predicted only ultimate coal production, a prediction
model, and concluded that the carbon cycle has become moffer future coal production rates was presented by Patzek and
effective over recent years in removing anthropogenie CO Croft (2010) via a multi-Hubbert cycle analysis for differ-
from the atmosphere. Using a simple logistic model of fu- ent producing regions, concluding that global coal produc-
ture fossil fuel production to 2500, Tans (2009) predictedtion (and associated GHG emissions) could peak as early
atmospheric C@ concentrations would peak at 500 ppm in as 2011, and decline to half of the peak production rate by
the year 2069 (for a conventional resources scenario) an@047. This result may be overly pessimistic, and the limita-
600 ppm in the year 2090 (for a conventional + unconven-tions of the multi-Hubbert cycle approach were discussed by
tional oil resources scenario). Tans (2009) extended his reAnderson and Conder (2011). Most notably, this approach
sults to consider possible future radiative forcings, whichcan allow overly complex curves to be produced that provide
were predicted to peak in the same years as atmospheri@n excellent match to the historical data but lack a physical
CO, concentration, at 3W i (conventional) and 4 W e basis and therefore do not aid in future predictions. How-
(conventional + unconventional), broadly consistent with theever, independent forecasts by Mohr and Evans (2009) and
RCP 2.6 and RCP 4.5 scenarios from Moss et al. (2010) (seklodk et al. (2010b) using different methods also suggest
Table 2). that world coal production will probably reach a peak be-
|f0re 2050, falling well short of the IPCC’s high emissions

Rutledge (2011) provided a detailed history of world coal ,
eScenarios.

production and presented a method for predicting ultimat
production based on historical trends. He observed that in  With the mounting arguments for fossil fuel limits, there
mature coal-producing regions, early coal reserve estimateis now an opportunity to refine the emissions scenarios
have consistently been much higher than the ultimately re-adopted in climate change impact studies. Figure 2 shows a
covered amount, yet downward revisions to reserve estimatesomparison between fossil fuel GHG emissions (solid lines)
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Fig. 2. Comparison between various published projections for emis-Fig. 3. Comparison between various projections for GHG emissions
sions due to fossil fuel production against the RCP scenarios fronflue to fossil fuel production and the six SRES marker scenarios
Moss et al. (2010). The faint grey lines correspond to the 40 SRESPresented in Nakicenovic and Swart (2000).

scenarios presented in Nakicenovic and Swart (2000).

Kharecha and Hansen’s high BAU scenario, similarly hypo-
from the studies reviewed above, versus the new RCP scenathetical in nature. The high scenario of Tans (2009) was sim-
ios (dashed lines) from Moss et al. (2010). For brevity, we plistic, and involved the optimistic assumption of a seamless
have included only those projections where ax@@nissions  adoption of unconventional fossil fuels (shale oil, bitumen
trajectory was included in the published study; many otherand heavy oil) to sustain a 2 to 3% annual growth in total
studies of future fossil fuel production focus on energy butfossil fuel production over the next few decades. Mohr and
do not convert produced fuel into emissions. The 40 SRESEvans (2010) provided a more sophisticated modeling ap-
scenarios are included (faint grey lines) in the background oforoach for unconventional oil, and concluded in their “best
the plot, for reference. It should be noted that current fossilguess” scenario that total oil production (conventional + un-

fuel emissions are approximately 8.5 GtC ¥(Myhre et al, conventional) would begin declining within 5 yr.
2009; Manning et aJ 2010), which is roughly in the middle Because the RCP scenarios (Moss £t24110) have yet to
of the range of projections. be widely implemented in climate change impact studies, it is

From Fig. 2, it can be seen that most of the SRES scenariogelevant to also compare the performance of SRES scenarios
are significantly over-predicting emissions from around 2030(on which the majority of studies have been based) against
onwards with respect to the more recent studies of futurefossil fuel production studies. Figure 3 shows the same fossil
fossil fuel production. The low-medium RCP 4.5 scenario fuel studies presented in Fig. 2, but this time we compare
offers the best visual match to the recent studies. The lowthem against the six SRES marker scenarios (Nakicenovic
scenario RCP 2.6 appears to be slightly too low, while theand Swart, 2000). The closest agreement is found with the
high scenario RCP 8.5 (similar to the upper SRES scenariospl and A1T marker scenarios. The A1G MINICAM (A1FI)
corresponds to unrealistic fossil fuel production. The RCPand A2 marker scenarios do not correspond to realistic fossil
6.0 scenario (medium-high) is also unrealistic with respect tofuel production trajectories. The Al and B2 scenarios are
most scenarios, the exceptions being Kharecha and Hanserd®®mewhat similar to the RCP 6.0 scenario, and are higher
(2008) high business-as-usual (BAU) scenario and the unthan the majority of fossil fuel projections.
conventional fossil fuel scenario from Tans (2009). Kharecha It is important to note that some models predict large
and Hansen’s (2008) high BAU scenario is hypothetical inchanges in climate (relative to recent observations) even un-
nature, assuming a steady 2 % p.a. growth in global produceder low emissions scenarios. Allen et al. (2009) and Mein-
tion of each fossil fuel (coal, oil and gas) until half of the hausen et al. (2009) both present results of a simplified cou-
global reserve remains, at which point production switchespled climate-carbon cycle model that shows how even low
to a decline of 2% p.a. This does not represent a sophistiemissions pathways may potentially lead to a global mean
cated attempt to predict actual future fossil fuel production.surface temperature (GMST) increase in excess’&f, 2vith
It should be noted that Brecha’s (2008) scenarios are, likeesults depending on the assumptions of the models. There
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for the city of Adelaide. In addition, the stream has a sub-
stantial historical data record including 38 yr of daily flow
recording, and 34 yr of salinity observations.
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4.2 Model description and calibration

| ——Measured

-7 Simulated The model developed in this study is based on the Gener-
j alized Watershed Loading Function (GWLF) from Haith et
al. (1992). GWLF uses linear assumptions and two sub-
surface compartments. Previous application of this model
has demonstrated its success at modelling stream flow and
non-point source pollutant loadings, such as nutrients and
sediment loads (Lee et al., 2000; Lee et al., 2001; Schneider-
Fig. 4. Observed and simulated streamflows in the calibratedman et al., 2002). This model uses the parsimonious Curve
GWLF model. Number (CN) approach to calculate surface runoff. The CN
approach accounts for catchment soil type, land-use and an-
tecedent moisture condition to predict the runoff fraction of

Zociated with coupled olimate.carbon cycle modas, and ungf FAMall event (Mishra and Singh, 2003). The CN approach
recently there haz been a lack of obsgrvational da,lta o Conc_ioes not distinguish between infiltration and saturation ex-
strain r)r/mdel arameters (Jones ef 2006). However, re- cess runoff, shallow unsaturated sub-surface flow and direct
b ) ) ' .channel precipitation (Garen and Moore, 2005); nor does it
cent observational evidence has been presented suggestin .
. count for the baseflow portion of the hydrograph. Satura-
that climate-carbon cycle feedbacks may be at the lower en@l

. . . ion excess runoff occurs when the soil can no longer store
of the range previously being considered (Mahecha et al 9

i i - more water, in which case any rainfall immediately runs off.
2010; Fran'k eta)2010). If, in the future, more sqphlstlcated Infiltration excess runoff occurs when the rainfall intensity
coupled climate-carbon cycle models (constrained by more

reliable observational data) converge on a particular level ofe xceeds the infiltration capacity of the soil, and the rainfall
9 P that cannot be absorbed is converted to runoff. GWLF non-

feedback (low or high), then current climate change forecasts

may need to be revised. The positive aspect of this (even i]g,pemflcally routes deeper sub-surface flow through shallow

. saturated zones to the stream. In this study, GWLF is com-
feedbagks turn out to be high) would be_that overall mOd(.albined with a salinity mixing model. The model is calibrated
uncertainty would be reduced. Irrespective of whether ulti-

. o to an objective function that integrates stream salinity and
mately agreed feedbacks are high or low, it will be even more . . :
. . - - . _stream flow hydrograph simulation error. Figure 4 compares
important to consider the most realistic emissions scenarios . .
available observed and simulated streamflows for the calibrated model.

N
o
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4.3 Climate change scenarios

4 Case study — Scott Creek catchment, South Australia , )
e Hin Al ! CSIRO (2007) reviewed 23 GCMs and summarised the sea-

A case study is presented here to demonstrate the influenc®nal changes to key climatic variables in Australia (includ-
of emissions scenario choice on projected climate change iming rainfall, wind speed, temperature and potential evapora-
pacts, using a simple hydrological model and scenario framelion) by 2030, 2050 and 2070. They expressed these changes

work. This case study is intentionally brief and full details of &S Percentile values (10th, 50th and 90th) relating to the num-
the study area, methodology and hydrological modelling are?®r of models exceeding each value. Hence they present a

provided in Haith et al. (1992) and Banks et al. (2009). “best guess” (i.e. the median of the model results) as well as
a measure of the spread across the model results.
4.1 Site description For this case study, we have adopted a simple approach

to generating future climate change scenarios. Rather than
The research catchment, Scott Creek, is a 28%5#upiand  compounding the modelling uncertainty through additional
catchment in the Mt Lofty Ranges, South Australia (location: steps (for instance, downscaling of GCM results and/or use
35°05' S, 13841 E). The creek is approximately 10 km long of a stochastic weather generator), we have simply taken the
with the lower 8.5 km flowing perennially. The catchment daily weather observation data for the site and perturbed each
is an active hydrogeology research site (Harrington, 2004 yalue according to the regional seasonal projected changes
James-Smith and Harrington, 2002; Kwantes, 2006; Wernefrom CSIRO (2007) for the low emissions marker scenario
et al., 2008; Banks et al., 2009). Interest in Scott Creek is(B1) and high emissions marker scenario (A1Fl). All per-
further stimulated by the fact that the creek flows into the turbed values are for a 20-year period centred around 2070,
Onkaparinga River, upstream of a major water supply danrelative to the baseline period of 1980-1999. Perturbations
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Table 3. Changes to rainfall and Potential Evaporation for the Fleurieu Peninsula region (from CSIRO, 2007).

Rainfall: % change — 2070 relative to 1980-1999

low emissions high emissions
Percentile Summer Autumn Winter Spring Summer Autumn  Winter  Spring
10 -30 -15 -15 -30 -30 -30 -30 -50
50 -35 -35 -75 —15 -7.5 -75 —15 -30
90 15 15 0 0 30 15 35 35
Potential Evaporation: % change — 2070 relative to 1980-1999
low emissions high emissions
Percentile Summer Autumn Winter Spring Summer Autumn  Winter  Spring
10 0 3 3 0 0 6 6 0
50 3 6 10 3 6 10 14 6
90 6 10 18 6 14 18 18 10

Table 4. Modelled mass balances (average annual) under baseline and climate change scenarios.

Low emissions High emissions
Units Variable baseline 10th 50th 90th 10th 50th 90th
percentile percentile percentile percentile  percentile percentile
mmha?l Rainfall 801 642 737 839 523 672 869
mmhal  Evaporation 504 450 502 546 415 484 565
mmha?l Runoff 7.82 3.09 5.07 8.76 0.93 3.23 9.83
mmhal  Streamflow 130 86 104 129 52 85 134
tonshal Salt 0.30 0.23 0.26 0.29 0.18 0.23 0.30

for rainfall and potential evaporation are shown in Table 3,relative to the baseline. Model spread is large relative to
where the GCM spread is shown by percentile rankings ashe predicted change, with the upper bound indicating an in-
in CSIRO (2007). For each emissions scenario, we use therease in streamflow and the lower bound indicating a de-
10th, 50th and 90th percentile changes to generate separateease of a similar magnitude. In the high emissions sce-
perturbed climate sequences for input to GWLF, so that thenario, the upper case is almost identical to that for the low
model covers the spread of GCM results and in turn producegmissions scenario. However, both the median and lower
upper, median and lower projections of runoff, streamflow cases are substantially lower, indicating a much larger spread
and TDS. The process is illustrated schematically in Fig. 5. of model results.

We recognise that there are limits to such an approach Table 4 shows the annual average value for a number of
but for the purpose of demonstrating the influence of emis-key model outputs over the 1980-1999 baseline period, as
sions scenario on hydrological model outputs, this method igvell as each perturbed climate change scenario. To com-
thought to produce a sufficiently plausible set of perturbedpare the influence of the emissions scenario quantitatively,

climate sequences to allow a meaningful comparison. for each emissions scenario we define model spfeasithe
difference between extreme model predictions (where the in-

4.4 Results put climate sequence was perturbed by the 10th and 90th per-
centile GCM projections) divided by the median:

A one year time-slice of the streamflow hydrograph is pre- | Pro— Pgol

sented for the year 1999, for low emissions (Fig. 6) and highS = P (1)

emissions (Fig. 7) to qualitatively illustrate the influence of
the emissions scenario on GWLF model results. In the lowmwhere P, is the predicted value of a variable of interest
emissions scenario, it can be seen that the predicted hydrand the subscript represents the percentile ranking of the
graph for the median case represents only a modest changeenario. We also define a proportional changg as the
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Table 5. Model spread and proportional change.

Model Spread§) Proportional Changedsg)
low high low high
emissions  emissions emissions emissions

Rain 27% 51% —8% -16%
Evaporation 19% 31% -1% —4%
Runoff 112% 275% —-35% —59%
Streamflow 41 % 97 % —20% —-35%
TDS 25% 54% -13% —-23%
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Seasonal changes are used to

perturb the baseline weather
data for input to the
hydrological model.

—|ow emissions - 90th percentile low emissions - 50th percentile

3 perturbed series are used Fig. 6. One year time-slice (1999) of the hydrograph for baseline
(10%, 50 and 90* percentiles) and low emissions scenario.

Fig. 5. Schematic showing climate scenario development and treat-
ment of model spread. sult in (a) the magnitude of the projected change and (b) the
uncertainty surrounding that projection.
We have analysed the temporal distribution of modeled
difference between the median prediction and the basenn%treamﬂow in order to determine the projected Changes in

value, divided by the baseline value: median, dry and wet years and thereby characterise — albeit
Pso— Phaseline simplistically — extreme events. To do this, the GWLF re-
Cso=—F— 2 sults are analysed under baseline and perturbed conditions

Poaseiine and the 10th, 50th and 90th percentiles are determined for

S and Csp are evaluated for each model output (from Ta- the annual streamflow (in ML y#, for each calendar year).
ble 4), and the results are shown in Table 5. The results are shown in Fig. 8. The left-hand set of columns
By quantifying both the proportional changésp) and the  represents the simulated baseline conditions (i.e. no climate
model spready) in mean projections, we see that both pa- change). In this case, the driest 10 % of years have stream-
rameters are substantially influenced by the emissions scdlow dropping below about 1500 ML, and the wettest 10 %
nario. Under a high emissions scenaritsg is 60-100%  has flows of slightly over 5000 ML yrt. Moving to the low
greater than under a low emissions scenario. Althafigh  emissions scenario (middle set of columns), we observe a
large in both the low and high emissions scenarios, it is im-modest reduction in 10th, 50th and 90th percentile flows.
portant to observe that in all parameters except evaporatiorflote that the columns are the GWLF results using the me-
S is at least 100 % greater in the high emissions case than idian projected climate change (i.e. the mid-range GCM out-
the low emissions scenario (and in the case of evaporatiorputs), whereas the error bars reflect the GWLF model spread
S is 70 % greater under high emissions than low emissions)resulting from the 10th and 90th percentile climate scenar-
This suggests that if the A1FI scenario was eliminated on theos (see Fig. 5). This suggests that under low emissions, the
basis of fossil fuel resource limits, and instead only the Bluncertainty attached to the change in streamflow is of a sim-
scenario was considered as suggested by published studiéar order to the level of change itself. When we consider the
on fossil fuel constraints, a significant reduction would re- high emissions case (right-hand set of columns), the results

Hydrol. Earth Syst. Sci., 15, 1879893 2011 www.hydrol-earth-syst-sci.net/15/1879/2011/



J. D. Ward et al.: The influence of constrained fossil fuel emissions 1889
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Fig. 7. One year time-slice (1999) of the hydrograph for baseline 07

and hlgh emissions scenario. baseline (simulated) low emissions high emissions

Fig. 8. Simulated streamflow (ML yr) in dry years (10th per-
centile), median years and wet years (90th percentile), for baseline,

. . - - low emissions and high emissions scenarios. Coloured bars indicate
wards trend in median projections for streamflow (drier con- ghe . ) .
GWLF model results using median climate model parameters; error

ditions than th‘?se_ projected under lO\,N emissions), but NOWars indicate spread in GWLF model results from using upper and
the error bars indicate great uncertainty from the range ofoyer climate model projections.

climate projections used as input to the GWLF model.

What we see in Fig. 8 is that even in our simple catchment
model, under a high emissions scenario, extreme (modelled) Koutsoyiannis et al. (2009a) described the chaos and un-
situations can theoretically arise. In this case the confluenceertainty (internal variability) inherent in rainfall patterns and
of a significant increase in evaporation and a significant decompared this to the rather more certain projections of pop-
crease in precipitation yields an extreme-model scenario inylation growth and energy shortages. They suggested that
which the streamflow apparently drops to nearly zero in theplanners should at least give increased consideration to en-
driest 10 % of years. This would typically be interpreted asvironmental, social and economic changes other than to cli-
“a potential increase in extreme events”. On the other handmate change alone. This supports a similar conclusion of Nel
under the low emissions scenario, while the projected trenchnd Cooper (2009), who proposed that energy shortages will
in streamflow is still downward, the worst-case modelled re-present a much greater problem than climate change. If the
sults are far less extreme, and the stream does still flow subzonventional projections of high fossil fuel growth prove im-
stantially during dry years. It must be remembered that thispossible, then there are profound implications for communi-
is a deliberately simple hydrological model with a basic ap-ties. Apart from the significance this has for climate change
proach to climate change scenarios. However, we believe thancertainty, energy is crucial to the global economy and hu-
results are useful and informative, especially if it is acceptedman wellbeing, and lower-than-projected energy availability
that the high emissions case can be discounted. suggests real limits to the global economy. Nel and van Zyl
(2010) presented a new economic model that accounted for
energy resource constraints, projecting a reduction in global
GDP in the second half of the 21st century. Hamilton (2009)
In some studies, it has been the non-climatic aspects of thgontended that the 2008 Global Financial Crisis was itself

future scenario, such as the assumptions of regional populdl'99€red by high oil prices. These factors, coupled with the

tion growth, that dominate the result, rather than the climatere""“tive certainty of ongoing global population growth, point

change itself. For instance, Arnell (2004) investigated water®© S€vere problems outside of climate change.

scarcity under SRES scenarios and noted that regional water

scarcity was intimately linked to population, and that popula—6 Conclusions and recommendations

tion growth projections varied significantly between scenar-

ios. Vorosmarty et al. (2000) had previously reported similar Emissijons scenarios are a significant factor for long-term

results over a shorter timeframe (to 2025), where global popprojections of water resources and reducing the spread of

ulation growth dominated the water scarcity problem. emissions scenarios would help to reduce overall uncertainty
in climate projections. A body of literature is emerging that
points to a peak and decline in global fossil fuel production
occurring sometime in the 21st century and this provides

are quite striking. Here we see a continuation of the down-

5 Sustainability issues beyond climate change
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an opportunity to refine emissions forecasts. In particular,as a potential source, but not the only source, of vulnerabil-
there is evidence of a very significant overestimate of coal reity over the next 100 years. The biggest threat to the world’s
sources and possible future coal production levels at the timéreshwater supplies may not be from climate change at all,
of the IPCC’s SRES. It appears that the current upper emisbut rather from a chronic shortage of energy for pumping
sions scenarios can probably be rejected, and the mediurand treating water, as well as for building and maintaining
scenarios may also be unrealistic, leaving the low and low-crucial storage and distribution infrastructure.
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poses. Specifically, recently published fossil fuel trajectories;MOhammagll Kamruzzaman, Rezaul Chowdhury, Richar dyMackéy,
appear' to be consistent with either the Bl or ALT marke'rugo Bardi, Mikael Hdk, Antonis Christofides and one anonymous
scenarios from SRES, or the low-medium RCP 4.5 scenariqgferee for constructive comments throughout the review process,
from the new RCP series soon to be adopted in the IPCC'$nq thank Peter Kretschmer for his background work on the Scott
Fifth Assessment Report (ARS). A simple case study hascreek case study.
shown that limiting projections to the low emissions (B1)
scenario can result in a reduction in uncertainty for changesedited by: D. Koutsoyiannis
to hydrological variables such as rainfall, temperature and
potential evaporation.

There is still considerable uncertainty as to whether a low

emissions trajectory (due to either climate change policy Ofaleklett, K., Hook, M., Jakobsson, K., Lardelli, M., Snowden. S.,
due to reaching natural fossil fuel limits) could still be suf- 304 gderbergh, B.: The Peak of the Oil Age — Analyzing the

ficient to trigger significant climate change. Improved dia-  world oil production Reference Scenario in World Energy Out-
logue is needed between climate modelers, fossil fuel fore- ook 2008, Energy Policy 38, 1398—-1414, 2010.

casters and policy-makers. In particular, as the world seek#llen, D. M., Mackie, D. C., and Wei, M.: Groundwater and cli-
to augment declining conventional energy sources with un- mate change: a sensitivity analysis for the Grand Forks aquifer,
conventional Supp”es (SUCh as shale gas), the proportion of southern British Columbia, Canada, Hydrogeol. J., 12, 270-290,
fugitive emissions is set to rise; furthermore, as methane is a 2003. .

far more potent greenhouse gas than carbon dioxide (despite/len: M- R., Frame, D. J., Huntingford, C., Jones, C. D., Lowe, J.
being shorter-lived in the atmosphere), these extra fugitive A Melnhausen, M., "’_md. Meinhausen, N.:_\_Narmmg caused by
emissions should be considered explicitly in emissions sce- cumulative carbon emissions towards the trillionth tonne, Nature,

. . . 458 (April 2009), 1163-1166, 2009.
narios. We therefore recommend future research into MSING\pagnostopoulos, G. G., Koutsoyiannis, D., Christofides, A., Efs-

proportions of non-C@emissions that may result from un-  atiadis, A., and Mamassis, N.: A comparison of local and ag-

conventional fossil fuel sources. gregated climate model outputs with observed data, Hydrol. Sci.
Physical climate variables, such as emissions, temperature J., 55(7), 1094-1110, 2010.

and rainfall, and socio-economic variables, such as populaArell, N. W.: Effects of IPCC SRESemissions scenarios on river
tion, GDP and human wellbeing, all need to be addressed runoff: a global perspective, Hydrol. Earth Syst. Sci., 7, 619—
in light of projected limits to fossil fuel energy production.  641,d0i:10.5194/hess-7-619-2002003.

In addition, these should all be incorporated into revisedAme”; N.: Climatg change apd globallwater resources: SRES sce-
socio-economic scenarios. Existing climate change projec- Narnos and socio-economic scenarios, Global Environ. Change,
tions should be revisited on a case-by-case basis, to ascerta@ 14, 31-52, 2004.

whether particular impact or adaptation studies need to be anks, E. W., Simmons, C. T,, Love, A. L., Cranswick, R., Werner,
.p . p. p. A. D., Bestland, E. A., Wood, M., Wilson, T.: Fractured bedrock
re-run with lower emissions scenarios.

. ; . . . . and saprolite hydrogeologic controls on groundwater/surface-
For climatic and hydrological modelers with an interestin \yater interaction: a conceptual model (Australia), Hydrogeol.
generating realistic scenarios for adaptation purposes, there j. 17(8), 1969-1989, 2009.
may be merit in a shift in focus away from the debate aroundBartlett, A. A.: Forgotten fundamentals of the energy crisis, Amer-
increasingly uncertain impacts from the highest emissions ican Journal of Physics 46 (Sept 1978), 876-888, 1978.
trajectories, and more towards the development of improvedartlett, A. A.. Correction to Estimates of Fossil Fuel Lifetimes, J.
regional models, to understand in more detail the most likely Chemical Education, 58(6), 501-502, 1981.
impacts from a lower degree of global warming. If the sever- Bartlett, A. A.: Expert predict!ons of the lifetimes of non-renewable
ity and uncertainty surrounding emissions scenarios can in-_ésources, The Mathematical Gazette 78(482), 127-129, 1994.
deed be reduced, then a sound approach to long-term hydr(?_artlett, A. A.._ An Analysis of U.S. and World Oll Productlon
. . . . Patterns Using Hubbert-Style Curves, Mathematical Geology,
logical planning may involve a stochastic framework based 32(1), 1-17, 2000
on the lst'at?stical intgrpretation of historical data, with any Bemley,’ R W.- Global oil & gas depletion: an overview, Energy
deterministic modelling of future climate change to be car-  pgjicy, 30, 189-205, 2002.
ried out within the stochastic framework as recommended bygetts, R. A., Boucher, O., Collins, M., Cox, P. M., Falloon, P. D.,
Koutsoyiannis (2010). In addition, for water resources plan- Gedney, N., Hemming, D. L., Huntingford, C., Jones, C. D., Sex-
ning, it would be prudent to consider climate change impacts ton, D. M. H., and Webb, M. J.: Projected increase in continental

References

Hydrol. Earth Syst. Sci., 15, 18792893 2011 www.hydrol-earth-syst-sci.net/15/1879/2011/


http://dx.doi.org/10.5194/hess-7-619-2003

J. D. Ward et al.: The influence of constrained fossil fuel emissions 1891

runoff due to plant responses to increasing carbon dioxide, Na- regional climate predictions, B. Am. Meteorol. Soc., 90 (August
ture, 448 (August 2007), 1037-1042, 2007. 2009), 1095-1107, 2009.

Booij, M. J.: Impact of climate change on river flooding assessedHawkins, E. and Sutton, R.: The potential to narrow un-
with different spatial model resolutions, J. Hydrol., 303, 176— certainty in regional precipitation change, Clim. Dynam.,

198, 2005. doi:10.1007/s00382-010-0810Q-B011.
Brecha, R. J.: Emission scenarios in the face of fossil-fuel peakingHodok, M., Sivertsson, A., and Aleklett, K.: Validity of the Fossil
Energy Policy, 36, 3492—-3504, 2008. Fuel Production Outlooks in the IPCC Emission Scenarios, Nat.

Christofides, A. and Koutsoyiannis, D.: Causality in climate and hy-  Resour. Res., 19(2), 63—-81, 2010a.
drology, Presentation given at the European Geosciences Uniohlook, M., Zittel, W., Schindler, J., and Aleklett, K.: Global coal
General Assembly, Vienna, 5 April 2011. production outlooks based on a logistic model, Fuel, 89(11),
Covey, C., Achuta Rao, K. M., Cubasch, U., Jones, P., Lambert, S. 3546—3558, 2010b.
J., Mann, M. E., Phillips, T. J., and Taylor, K. E.: An overview of Hubbert, M. K.: Energy from Fossil Fuels, Science, 109, February
results from the Coupled Model Intercomparison Project, Global 1949, 103—-109, 1949.

Planet. Change, 37, 103-133, 2003. Hubbert, M. K.: Nuclear Energy and the Fossil Fuels, presentation
CSIRO: Climate Change in Australia, Technical Report, Available  to the Spring Meeting of the Southern District Division of Pro-
online: www.climatechangeinaustralia.com,&007. duction, American Petroleum Institute, Texas, March 7-9, 1956.

Doll, P.: Impact of climate change and variability on irrigation re- James-Smith, J. and Harrington, G.: Hydrological Investigation of
quirements: a global perspective, Climatic Change, 54, 269-293, the Mount Lofty Ranges, Progress Report 1: hydrogeology and
2002. drilling phase 1 for Scott Creek Catchment, Dept of Water, Land,

Doose, P.: Projections of fossil fuel use and future atmospheric CO  and Biodiversity Conservation, 2002.
concentrations, The Geochemical Society Special PublicationsJones, C. D., Cox, P. M., and Huntingford, C.: Climate-carbon cy-
9, 187-195, 2004. cle feedbacks under stabilization: uncertainty and observational

Douville, H., Chauvin, F., Planton, S., Royer, J. F., Salas-Melia, D., constraints, Tellus 58B(5), 603-613, 2006.
and Tyteca, S.: Sensitivity of the hydrological cycle to increasing Jones, R. N.: An Environmental Risk Assessment/Management
amounts of greenhouse gases and aerosols, Clim. Dynam., 20, Framework for Climate Change Impact Assessments, Nat. Haz-
45-68, 2002. ards, 23(2), 197-230, 2001.

Downing, T. E., Butterfield, R. E., Edmonds, B., Knox, J. W., Moss, Kharecha, P. A. and Hansen, J. E.: Implications of “peak oil”
S., Piper, B. S., Weatherhead, E. K., and the CCDeW project for atmospheric C@and climate, Global Biogeochem. Cy., 22,
team: Climate change and the demand for water, Research Re- GB3012,d0i:10.1029/2007GB003142008.
port, Stockholm Environment Institute, Oxford Office, Oxford, Kirono, D. G. C., Kent, D. M., Hennessy, K. J., and Mpelasoka,
2003. F.: Characteristics of Australian droughts under enhanced green-

Frank, D. C., Esper, J., Raible, C. C.jiggen, U., Trouet, V., house conditions: Results from 14 global climate models, J. Arid
Stocker, B., and Joos, F.: Ensemble reconstruction constraints Environ., 75, 566-575, 2011.
on the global carbon cycle sensitivity to climate, Nature, 463, Koutsoyiannis, D.: HESS Opinions “A random walk on water”,
January 2010. Hydrol. Earth Syst. Sci., 14, 585-60d0i:10.5194/hess-14-585-

Friedlingstein, P., Cox, P., Betts, R., Bopp, L., von Bloh, W., 201Q 2010.

Brovkin, V., Cadule, P., Doney, S., Eby, M., Fung, I., Bala, G., Koutsoyiannis, D., Makropoulos, C., Langousis, A., Baki, S., Ef-
John, J., Jones, C., Joos, F., Kato, T., Kawamiya, M., Knorr, stratiadis, A., Christofides, A., Karavokiros, G., and Mamassis,
W., Lindsay, K., Matthews, H.D., Raddatz, T., Rayner, P., Re- N.: HESS Opinions: “Climate, hydrology, energy, water: recog-
ick, C., Roeckner, E., Schnitzler, K.-G., Schnur, R., Strassman, nizing uncertainty and seeking sustainabilit’, Hydrol. Earth Syst.
K., Weaver, A. J., Yoskikawa, C., and Zeng, N.: Climate-Carbon  Sci., 13, 247-25770i:10.5194/hess-13-247-20009a.

Cycle Feedback Analysis: Results from th&\GP Model Inter- Koutsoyiannis, D., Montanari, A., Lins, H. F., and Cohn, T. A.:

comparison, J. Climate, 19, 3337-3353, 2006. Climate, hydrology and freshwater: towards an interactive in-

Garen, D. C. and Moore, D. S.: Curve number hydrology in water corporation of hydrological experience into climate research —
quality modeling: Uses, abuses, and future directions, J. Am. DISCUSSION of “The implications of projected climate change
Water Resour. As., 41(2), 377-388, 2005. for freshwater resources and their management”, Hydrolog. Sci.

Haith, D. A., Mandel, R., and Wu, R. S.: Generalized Watershed J., 54(2), 394-405, 2009b.

Loading Functions Version 2.0 User’'s Manual, Cornell Univer- Knutti, R.: The end of model democracy?, An editorial comment,
sity, Ithaca, New York, 1992. Climatic Change, 102, 395-404, 2010.

Hamilton, J. D.: Causes and Consequences of the Oil Shock oKundzewicz, Z. W., Mata, L. J., Arnell, N. W., @, P., Kabat, P.,
2007-08, in: Romer and Wolfers (Eds.), Brookings Papers on Jiménez, B., Miller, K. A., Oki, T., Sen, Z., and Shiklomanov, .
Economic Activity, Spring 2009 Conference, 215-284, Brook-  A.: Freshwater resources and their management. Climate Change
ings Institution Press 2009. 2007: Impacts, Adaptation and Vulnerability. Contribution of

Harrington, G.: Hydrological Investigation of the Mount Lofty Working Group Il to the Fourth Assessment Report of the Inter-
Ranges, Progress Report 4: Groundwater — surface water inter- governmental Panel on Climate Change, edited by: Parry, M. L.,
actions in the Scott Creek, Marne River and Tookayerta Creek Canziani, O. F., Palutikof, J. P., van der Linden, P. J., and Hanson,
Catchments. DWLBC 2004/11, Dept of Water, Land and Biodi- C. E., Cambridge University Press, Cambridge, UK, 173-210,
versity Conservation, 2004. 2007.

Hawkins, E. and Sutton, R.: The potential to narrow uncertainty in Kundzewicz, Z. W., Mata, L. J., Arnell, N. W.,&), P., Jimenez, B.,

www.hydrol-earth-syst-sci.net/15/1879/2011/ Hydrol. Earth Syst. Sci., 15, 18232011


www.climatechangeinaustralia.com.au
http://dx.doi.org/10.1007/s00382-010-0810-6
http://dx.doi.org/10.1029/2007GB003142
http://dx.doi.org/10.5194/hess-14-585-2010
http://dx.doi.org/10.5194/hess-14-585-2010
http://dx.doi.org/10.5194/hess-13-247-2009

1892 J. D. Ward et al.: The influence of constrained fossil fuel emissions

Miller, K., Oki, T., and Sen, Z.: Water and climate projections, Mohr, S. H. and Evans, G. M.: Forecasting coal production until
Hydrolog. Sci. J., 54(2), 406—415, 2009. 2100, Fuel 88, 2059-2067, 2009.

Kundzewicz, Z. W. and Stakhiv, E. Z.: Are climate models “ready Mohr, S. H. and Evans, G. M.: Long term prediction of unconven-
for prime time” in water resources management applications, or tional oil production, Energy Policy, 38, 265—-276, 2010.
is more research needed? Editorial, Hydrolog. Sci. J., 55(7),Morton, F. |.: Operational estimates of areal evapotranspiration and
1085-1089, 2010. their significance to the science and practice of hydrology, J. Hy-

Kwantes, E.: Characterising the hydraulic properties of a weath- drol. 66, 1-76, 1983.
ered fractured rock aquifer in the Scott Creek Catchmentin SoutiMoss, R. H., Edmonds, J. A., Hibbard, K. A., Manning, M. R,
Australia. Masters Thesis, Flinders University, Adelaide, 2006. Rose, S. K., van Vuuren, D. P., Carter, T. R., Emori, S., Kainuma,

Laherrere, J.: Estimates of Oil Reserves, Paper presented at the M., Kram, T., Meehl, G. A., Mitchell, J. F. B., Nakicenovic, N.,
EMF/IEA/IEW meeting IIASA, Lazenburg, Austria, June 19, Riahi, K., Smith, S. J., Stouffer, R. J., Thomson, A. M., Weyant,
2001. J. P., and Wilbanks, T. J.: The next generation of scenarios for cli-

Lee, K. Y., Fisher, T. R., Jordan, T. E., Correll, D. L., and Weller, D. mate change research and assessment, Nature, 463, (Feb 2010),
E.: Modeling the hydrochemistry of the Choptank River Basin ~ 747-756, 2010.
using GWLF and Arc/Info: 1. Model calibration and validation. Murray, J. W.: Peak Oil and Climate Change, presentation to AGU
Biogeochemistry, 49(2), 143-173, 2000. Joint Assembly, Toronto, 26 May 2009.

Lee, K. Y., Fisher, T. R., and Rochelle-Newall, E.: Modeling the Myhre, G., Alterskjaer, K., and Lowe, D.: A fast method for updat-
hydrochemistry of the choptank river basin using GWLF and ing global fossil fuel carbon dioxide emissions, Environm. Res.
Arc/Info: 2. Model validation and application, Biogeochemistry, Lett., 4(3) 034012¢10i:10.1088/1748-9326/4/3/034012009.

56(3), 311-348, 2001. Nakicenovic, N. and Swart, R. (Eds.): Special Report on Emissions

Leggett, J., Pepper, W. J., and Swart, R. J.: Emissions scenarios Scenarios: A Special Report of Working Group Il of the Inter-
for IPCC: An update. In Climate Change 1992. Supplementary governmental Panel on Climate Change. Cambridge University
Report to the IPCC Scientific Assessment, edited by: Houghton, Press, Cambridge, New York, 570 pp., 2000.

J. T, Callander, B. A., and Varney, S. K., Cambridge University Nel, W. P. and Cooper, C. J.: Implications of fossil fuel constraints

Press, Cambridge, 69-95, 1992. on economic growth and global warming, Energy Policy, 37,
Lin, B. and Liu, J.: Estimating coal production peak and trends of 166-180, 2009.
coal imports in China, Energy Policy, 38, 512-519, 2010. Nel, W. P. and van Zyl, G.: Defining limits: energy constrained

Lloyd, B. and Subbarao, S.: Development challenges under the economic growth, Applied Energy, 87, 168-177, 2010.

Clean Development Mechanism (CDM) — Can renewable energyPatzek, T. W. and Croft, G. D.: A global coal production forecast
initiatives be put in place before peak oil?, Energy Policy, 37,  with multi-Hubbert cycle analysis, Energy, 35, 3109-3122, 2010.
237-245, 2009. Rutledge, D.: Estimating long-term world coal production with

Mahecha, M. D., Reichstein, M., Carvalhais, N., Lasslop, G., logitand probit transforms, Int. Jo. Coal Geaol., 85, 23-33, 2011.
Lange, H., Seneviratne, S. I., Vargas, R., Ammann, C., Arain, M. Schneiderman, E. M., Pierson, D. C., Lounsbury, D. G., and Zion,
A., Cescatti, A., Janssens, |. A., Migliavacca, M., Montagnani, M. S.: Modeling the hydrochemistry of the Cannonsville water-
L., and Richardson, A. D.: Global Convergence in the Tempera- shed with Generalized Watershed Loading Functions (GWLF),
ture Sensitivity of Respiration at Ecosystem Level, Science 329, J. Am. Water Resour. As., 38(5), 1323-1347, 2002.

August 2010. Siegenthaler, U. and Joos, F.: Use of a simple model for studying

Manning, M. R., Edmonds, J., Emori, S., Grubler, A., Hibbard, K.,  oceanic tracer distributions and the global carbon cycle, Tellus,
Joos, F., Kainuma, M., Keeling, R.F., Kram, T., Manning, A. C., 44B, 186-207, 1992.

Meinhausen, M., Moss, R., Nakicenovic, N., Riahi, K., Rose, S. Sivakumar, B. and Sharma, A.: Climate change impacts on water
K., Smith, S., Swart, R., and van Vuuren, D. P.: Misrepresenta- resources planning and management: scientific challenges and
tion of the IPCC CQ emission scenarios, Nature Geoscience 3  beyond, 18 World IMACS / MODSIM Congress, Cairns, Aus-
(June 2010), 376-377, 2010. tralia 13-17 July 200%ttp://mssanz.org.au/modsim@D09.

Meadows, D. H., Meadows, D. L., Randers, J., and Berens, W. W..Smith, |. and Chandler, E.: Refining rainfall projections for the
The Limits to Growth: A report for the Club of Rome’s project on Murray Darling Basin of south-east Australia — the effect of
the predicament for mankind, Universe Books, New York USA,  sampling model results based on performance, Climatic Change,
205 pp., 1972. 102, 377-393, 2010.

Meinhausen, M., Meinhausen, N., Hare, W., Raper, S. C. B., FrielerSorrell, S., Miller, J., Bentley, R., and Speirs, J.: Oil futures: A com-
K., Knutti, R., Frame, D. J., and Allen, M. R.: Greenhouse-gas parison of global supply forecasts, Energy Policy, 38(9),4990—
emission targets for limiting global warming t&2, Nature 458 5003, 2010a.

(April 2009), 1158-1163, 2009. Sorrell, S., Speirs, J., Bentley, R., Brandt, A., and Miller, R.: Global

Mishra, S. K. and Singh, V.: Soil Conservation Service Curve Num-  oil depletion: A review of the evidence, Energy Policy, 38(9),
ber (SCS-CN) Methodology. Kluwer Academic Publishers, Dor-  5290-5295, 2010b.
drecht, Netherlands, 513 pp., 2003. Tans, P.: An accounting of the observed increase in oceanic and

Mohr, S.: Projection of world fossil fuel production with supplyand  atmospheric C@ and an outlook for the future, Oceanography,
demand interactions, Ph.D. Thesis, The University of Newcastle, 22(4), 26-35, 2009.

Australia, 2010. Vorosmarty, C. J., Green, P., Salisbury, J., and Lammers, R. B.:

Mohr, S. H. and Evans, G. M.: Peak Oil: Testing Hubbert's Curve  Global Water Resources: Vulnerability from Climate Change and
via Theoretical Modeling, Nat. Resour. Res., 17(1), 1-11, 2008.  Population Growth, Science, 289(5477), 284-288, 2000.

Hydrol. Earth Syst. Sci., 15, 18792893 2011 www.hydrol-earth-syst-sci.net/15/1879/2011/


http://dx.doi.org/10.1088/1748-9326/4/3/034012
http://mssanz.org.au/modsim09

J. D. Ward et al.: The influence of constrained fossil fuel emissions 1893

Ward, J. D. and Nel, W. P.. Comment on Fossil-fuel constraints onWEC: Survey of Energy Resources, published by the World Energy
global warming by A. Zecca and L. Chiari [Energy Policy 38 Council, London, 2007.
(2010) 1-3], Energy Policydoi:10.1016/j.enpol.2010.01.02i Werner, A. D., Wood, M., Simmons, C. T., and Lockington, D. A.:

press, 2010. Salinograph trends as indicators of the recession characteristics
WEC: Survey of Energy Resources, published by the World Energy  of stream components, Hydrol. Process., 22, 3020-3028, 2008.
Council, London, 1998. Wilby, R. L.: Evaluating climate model outputs for hydrological

applications, Hydrolog. Sci. J., 55(7), 1090-1093, 2010.

www.hydrol-earth-syst-sci.net/15/1879/2011/ Hydrol. Earth Syst. Sci., 15, 18232011


http://dx.doi.org/10.1016/j.enpol.2010.01.026

