
National Center for 
Atmospheric Research 

P. O. Box 3000 
Boulder, Colorado 

80307-3000 
www.ucar.edu 

NCAR Technical Notes 
NCAR/TN-533+STR 

Characterizing 
Drought Risks and 
Implications for 
Water Management 
Under Climate 
Change 

Erin Towler 
Heather Lazrus  
Debasish PaiMazumder 

NCAR IS SPONSORED BY THE NSF 



 1 

 
NCAR TECHNICAL NOTES 

http://www.ucar.edu/library/collections/technotes/technotes.jsp 
 
 
 
 

The Technical Notes series provides an outlet for a variety of NCAR Manuscripts that 
contribute in specialized ways to the body of scientific knowledge but that are not suitable 
for journal, monograph, or book publication.  Reports in this series are issued by the 
NCAR scientific divisions.  Designation symbols for the series include: 
 
   EDD – Engineering, Design, or Development Reports 
   Equipment descriptions, test results, instrumentation, 
   and operating and maintenance manuals. 
 
   IA – Instructional Aids 
   Instruction manuals, bibliographies, film supplements, 
   and other research or instructional aids. 
 
   PPR – Program Progress Reports 
   Field program reports, interim and working reports, 
   survey reports, and plans for experiments. 
 
   PROC – Proceedings 
   Documentation or symposia, colloquia, conferences,  
   workshops, and lectures.  (Distribution may be limited to 
   attendees). 
 
   STR – Scientific and Technical Reports 
   Data compilations, theoretical and numerical   
   investigations, and experimental results. 
 
 
The National Center for Atmospheric Research (NCAR) is operated by the nonprofit 
University Corporation for Atmospheric Research (UCAR) under the sponsorship of the 
National Science Foundation.  Any opinions, findings, conclusions, or recommendations 
expressed in this publication are those of the author(s) and do not necessarily reflect the views 
of the National Science Foundation. 



 2 

    
 NCAR/TN-533+STR  

NCAR Technical Note 
________________________________________________________________________ 

 
 (2017-02) 

 
 
 

 
 
Characterizing Drought Risks and Implications for Water 
Management Under Climate Change 
 
 
 
Erin Towler 
Mesoscale and Microscale Meteorology Laboratory 
National Center for Atmospheric Research, Boulder CO, US 
Heather Lazrus 
Mesoscale and Microscale Meteorology Laboratory 
National Center for Atmospheric Research, Boulder CO, US 
Debasish PaiMazumder 
Mesoscale and Microscale Meteorology Laboratory 
National Center for Atmospheric Research, Boulder CO, US 
 
 
 
 
 
 
 
 
 
 

 
   Mesoscale and Microscale Meteorology Laboratory 

Capacity Center for Climate and Weather Extremes 
______________________________________________________ 

NATIONAL CENTER FOR ATMOSPHERIC RESEARCH 
P. O. Box 3000 

BOULDER, COLORADO 80307-3000 
ISSN Print Edition 2153-2397 

ISSN Electronic Edition 2153-2400 



 3 

Characterizing Drought Risks and Implications for Water Management Under Climate 
Change 

 
Erin Towler1, Heather Lazrus1, Debasish PaiMazumder1 
1 National Center for Atmospheric Research, P.O. Box 3000, Boulder CO 80307-3000 
 
 
Abstract  

Drought risks arise from the intersection of climate hazards and social vulnerability. To 
characterize drought risks, we develop and demonstrate a new Combined Drought Risk Index 
(CDRI). We link a Global Climate Model-driven top-down approach to drought hazard 
prediction under lower and higher emission scenarios with a bottom-up component that 
investigates a facet of vulnerability. For the latter, we use stakeholder interviews to investigate 
how important stakeholders believe that water is for various local uses and measure their cultural 
worldviews. The CDRI is demonstrated for a study site in south-central Oklahoma, where water 
availability is highly influenced by drought and management of water resources is contested by 
local stakeholders. For this region, following the higher emissions scenario leads to more 
frequent droughts, particularly at higher magnitudes. Stakeholder interviews reveal that people 
perceive the importance of water differently for various uses. The CDRI combines the drought 
projections and stakeholder perceptions to show that for water uses where values are diverse, 
perceived differences are exacerbated in the future, especially under higher emissions. We also 
investigate why stakeholder perceptions differ by examining cultural worldviews, which can help 
to diagnose why disagreement may arise over water management. For some water uses, the 
importance people attribute to water can be partially explained by worldview, pointing to some 
implications for water management policy. We discuss how the results can be used to reduce 
potential disagreement among stakeholders and promote sustainable water management, which is 
particularly important for planning under potentially increasing drought.  
 
Keywords: Drought,	Climate	change,	Risk	perception,	Interdisciplinary	
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4. Introduction		
Drought risks arise from the intersection of climate hazards and social vulnerability 
(Oppenheimer et al. 2014; Turner et al. 2003), and there is increasing interest in understanding 
how drought risks will evolve in a changing climate. In terms of drought as a climate hazard, 
recent projections from Global Climate Models (GCMs) suggest that drought will increase across 
large areas of the globe due to anthropogenic climate change (Dai 2011; 2013; Sheffield and 
Wood 2007; Georgakakos et al. 2014). In terms of drought vulnerability, the recent National 
Assessment Report notes that, “Many U.S. regions are expected to face increased drought and 
flood vulnerabilities” (p. 86 Georgakakos et al. 2014). Given that water managers are already 
faced with the complex task of balancing water supply and demand, climate change is expected 
to present additional water management challenges (Georgakakos et al. 2014). As such, there is a 
need for new ways of characterizing drought risks that can offer insights to water management in 
a changing climate. One less well represented path to this end in drought research is assessments 
of the intersection of the physical hazard with the cultural processes that influence how people 
are vulnerable to drought, including how they perceive drought risks (Lazrus 2016). Such 
assessments that can account for how people value, perceive, and make decisions about water 
use are critical for guiding policies that meet management goals and stakeholder needs, and thus 
promote sustainable management of water resources (Ostrom 1990). 
 
The primary goal of this paper is to develop a new drought risk index that integrates drought 
projections with local data on people’s perceptions of the importance of various water resources. 
By integrating these two components, we seek to answer: what do expected changes to drought 
mean to the people affected by the hazard? We provide a demonstration of the new index using a 
case study of drought risk under two different scenarios of future climate change. A secondary 
goal is to interpret the findings from the case study to provide insights to water management 
policy. Specifically, how can we incorporate people’s diverse worldviews to encourage 
agreement among stakeholders and promote sustainable water management?  
 
This study was performed as part of a larger project to identify the Benefits of Reducing 
Anthropogenic Climate changE (BRACE; O’Neill and Gettelman, in preparation for Climatic 
Change). Consistent with the BRACE framework, we compare drought risk under projected 
climate change resulting from two alternative Representative Concentration Pathways (RCPs), 
RCP8.5 and RCP4.5 (van Vuuren et al. 2011) in order to assess benefits of mitigating 
greenhouse gas emissions. In a similar spirit, Strzepek et al. (2015) looked at the benefits of 
greenhouse gas mitigation on US water resources, including hydro-climatic and economic 
impacts, but did not consider elements of social vulnerability. Our method is demonstrated for a 
place-based assessment of drought risk in south-central Oklahoma, where water availability is 
highly influenced by drought and management of water resources is contested by local 
stakeholders. To more fully articulate the differences between following a lower versus higher 
global emissions scenario, this study implements a framework for assessing drought risk that 
effectively blends methods and results from physical and social sciences. To date, engaging in 
truly interdisciplinary research at the climate-water-society interface has been a major challenge 
(McNeeley et al. 2011). 
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5. Framework	for	Assessing	Drought	Risk		
The conceptual framework developed here combines information about how drought hazards 
will change in the future with data on local perceptions of water uses and drought risks. In 
bringing these physical and social understandings of drought together, we  follow the 
Intergovernmental Panel on Climate Change’s (IPCC) definition of climate-related risks as 
consisting of both physical climate hazards and societal vulnerability (Oppenheimer et al. 2014). 
Our approach is distinct from the majority of the climate change literature in which studies 
usually focus only on the physical hazard or the social implications of a changing climate, but 
rarely both together. 
 
One way that this disconnect has been addressed in the climate change adaptation literature is by 
the use of combined top-down/bottom-up methodologies (e.g., Jones and Preston 2011; Dessai 
and Hulme 2004), which we loosely follow in our assessment of drought risk. While useful in 
their own right, top-down climate modeling approaches cannot resolve cultural and individual 
factors such as how people value and use water. On the other hand, bottom-up approaches using 
social science methods can provide insight into specific water management contexts. Combining 
these approaches helps to balance their trade-offs and handle multiple viewpoints (Jones and 
Preston 2011). We adapt this conceptual framework to develop our new drought risk index, the 
Combined Drought Risk Index (CDRI; Fig. 1) by combining a top-down approach to the 
physical hazard and a bottom-up approach to how people view the hazard (Fig. 1).  
 
Top-down approaches that examine changes to drought hazards typically compare GCM 
projections between historic and future conditions under different development pathways to 
understand changing likelihoods and trends of climate events. These GCM-based approaches 
provide a good starting point, but given that they are run at a relatively coarse resolution, they 
don’t provide estimates at regional and local scales necessary for place-based assessments and 
decision-making. As such, another common approach to examining hazards is to “downscale” 
GCMs to simulate local scales more relevant to impacts. The two main downscaling approaches 
are (i) statistical downscaling, whereby a statistical relationship is developed between large-scale 
predictors and a local-scale predictand, and (ii) dynamical downscaling, where a regional climate 
model is nested within a GCM for a limited area domain. Here, we use statistically downscaled 
GCM projections from a control period and RCP4.5 and 8.5 for a future period to assess drought 
events under a changing climate for the study site. Details of this top-down approach are 
provided in section 7.1, resulting in downscaled estimates of future drought likelihoods (Towler 
et al. 2017). 
 
In contrast to downscaled climate information, a bottom-up approach grounded in stakeholder 
interviews can help understand what drought means to the people affected by the hazard. 
Although a broad set of socio-demographic characteristics, institutions, and processes that 
determine exposure and sensitivity all influence vulnerability to drought, here we focus on 
whether or not people in our study site perceive that they will experience adverse effects from 
diminished water availability. Interviews with local stakeholders explored how people interact 
with local water resources and how important they believe water is for various uses (referred to 
as an importance ratings). The methodology of this bottom-up approach using interview data is 
detailed in section 7.2 (Lazrus 2016).   
 



 8 

 
Fig. 1 Conceptual overview of the methodology (adapted from Dessai and Hulme 2004) that uses bottom-up 
and top-down methods to quantify the Combined Drought Risk Index (CDRI); which are used to explore 
potential management implications 
 
The top-down and bottom-up approaches to drought were combined in the CDRI by 
implementing a common definition of risk, that is, risk is the product of the probability of an 
event and its consequence (Jones and Preston 2011; Oppenheimer et al. 2014). Here we use the 
importance ratings as a proxy for consequences (i.e., we use stakeholders’ understanding of how 
important water is for various uses as an indication of how they would perceive adverse 
consequences to water resources). Details about how we operationalized the CDRI are provided 
in section 7.3., and we show the results of using the CDRI for our study site in section 8. 
 
Finally, we explore implications of the CDRI for water management in section 9. Here, we are 
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interested in why people perceive risks from drought and prefer different risk management 
strategies. To this end, we use additional data from the stakeholder interviews collected from 
questions developed using the cultural theory of risk (CTR; the CTR interview methodology is 
also included with the bottom-up section 7.2).  
 
Although numerous risk perception theories have been developed, CTR includes some 
assessment of why people perceive risk and prefer different management solutions (Douglas 
1966; McNeeley and Lazrus 2014). According to CTR, people hold different cultural worldviews 
about how society should be organized and how society and nature should interact. CTR predicts 
that people will perceive risks when their worldview is challenged. In turn, their worldview will 
guide their preference for different risk management strategies. For example, two of the 
worldviews described by CTR are individualism and egalitarianism. People with individualist 
views favor weak social bonds and have little need for social structure, preferring individual 
competition and market-based transaction strategies. For them, nature is a bountiful resource 
robust to human uses and therefore may not need to be heavily managed. People with egalitarian 
views favor strong social bonds and collective decision-making processes. For them, nature is 
fragile and easily impacted by humans and so must be carefully managed to avoid catastrophe 
(Thompson et al. 1990). By identifying the cultural processes that lead people to identify risks, 
CTR also helps to diagnose why disagreements arises over risk management; that is, 
disagreements may arise between constituent groups holding different worldviews when 
management strategies do not reflect elements of each constituent’s predominant worldview 
(Verweij et al. 2006). 

6. Study	Site	
The framework is developed and demonstrated for the Arbuckle-Simpson Aquifer (ASA), a 
groundwater resource that underlies an area of about 520 square miles (1350 square kilometers) 
in south-central Oklahoma. The ASA provides water for municipal supply, ranching, and mining, 
and is also the source of local springs and streams that support wildlife, recreation, and tourism. 
Drought is part of the region’s history (Silvias et al. 2014), and the ASA is recharged by rainfall, 
thus making it susceptible to drought variability and change. Further, the ASA has been the 
center of a water management dispute that arose in 2002 when landowners began negotiations to 
sell their groundwater to an area outside of the ASA, near Oklahoma City. The landowners’ 
actions were quickly contested by a local environmental group, the Citizens for the Protection of 
the Arbuckle-Simpson Aquifer (CPASA; Shriver and Peaden 2009), which led to a moratorium 
in 2003 that suspended any activities to remove water from the basin until a hydrological study 
could be conducted. The study was completed in 2011 (Christianson et al. 2011), and led to a 
ruling that reduced the amount of water that could be removed from the aquifer annually by an 
order of magnitude. This further exacerbated the tensions between the landowners who see the 
decision as an encroachment on their individual property rights, and CPASA and other 
community members who see the reduction as a way to protect local water resources (Lazrus 
2016). The ASA’s susceptibility to drought, as well as its diverse community and contentious 
management issues make it an ideal site for testing a framework for drought assessment that 
considers both changing drought events and how people view their own vulnerability to drought. 
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7. Methodology	
The study methodology is a top-down/bottom-up approach (Fig. 1) that operationalizes the 
drought risk framework introduced in section 5.  

7.1.	Top-down	Methods	
The BRACE project provides the structure for the top-down component of the study: we 
examine the difference in drought events driven by climate outcomes resulting from the forcing 
associated with RCPs 4.5 and 8.5 (van Vuuren et al. 2011). We use ensembles from the 
Community Earth System Model (CESM) from RCP4.5 (Sanderson et al. 2015) and RCP8.5 
(Kay et al. 2015). In a previous study, the authors developed a simple statistical downscaling 
technique to predict the Palmer Drought Severity Index (PDSI; Palmer 1965), a well-known 
meteorological drought index, by using two predictors: temperature over the ASA region and a 
remote large-scale predictor that was associated with precipitation over the ASA region (Towler 
et al. 2017).  Specifically, the average July-August-September PDSI over the ASA is calculated 
as a function of a Sea Level Pressure (SLP) index (derived from an area over the eastern North 
Pacific) and temperature over the ASA (Towler et al. 2017). We calculate the PDSI in the late 
summer because this is the season of lowest recharge for the aquifer (Christenson et al. 2011) 
and likely when the worst drought impacts would occur.  The technique is skillful at reproducing 
drought over the ASA (Towler et al. 2017); details are provided in the Supplemental Material 
(Section 11).  
 
To assess projected changes to drought, we compare a 30-year control period (1970-1999) under 
historical forcing with a future period (2020-2049) under two RCP forcings. We compare 10 
ensemble members from RCP8.5 (Kay et al. 2015) and 10 ensemble members from RCP4.5 
(Sanderson et al. 2015). PDSI is calculated from the simulated temperature and SLP, resulting in 
300 PDSI simulations for each RCP scenario (=10 members x 30 years), which are used to 
examine the likelihood of non-exceedance1 for select PDSI thresholds. Additional details are 
available in the Supplemental Material (Section 11). The PDSI is divided into categories: -1 to -2 
is mild, -2 to -3 is moderate, -3 to -4 is severe, etc.; however, these categories are arbitrarily 
defined and are not location-specific. Therefore, to identify relevant drought indicators, we select 
percentiles that correspond to more familiar concepts such as probability of occurrence 
(Steinemann and Hayes 2005); we examined the 5th, 10th, and 15th percentiles, hereafter referred 
to as Q5, Q10, and Q15.   

7.2.	Bottom-up	Methods	
To understand how community members in the ASA region view their own vulnerability to 
drought, we use findings from a previous investigation (Lazrus 2016) that examined how people 
perceive the importance of water for various uses, how they perceive drought risks, and how they 
formulate management preferences. Stakeholder interviews (n=38) were conducted in the 
summer of 2012, following a significant drought in 2011. Interviewee selection followed a 
targeted snowball sampling strategy whereby interviewees were selected based on their 
involvement in the ASA water management negotiations, their dependence on or engagement 

                                                
1 Non-exceedance is examined because dry PDSI values are negative. 



 11 

with water resources – for example, in ranching or recreation operations – and recommendations 
from other interviewees.  
 
To understand the importance of water for various uses, interviewees were asked how important 
(on a Likert scale of 1-5, 5 being very important) water resources are in their community for: a) 
People’s livelihoods, b) Recreational activities, c) Spiritual fulfillment, d) Cultural practices, e) 
Habitat for plants and animals, and f) Availability of drinking water. Data from these questions 
were used to develop the importance ratings that were integrated into the CDRI (see Section 7.3).  
We were additionally interested in whether peoples’ importance ratings were related to their 
perceptions of drought risks and worldviews. If so, it would help us to understand how the CDRI 
could be operationalized – that is, might people respond more favorably to water management 
strategies that reflected their own management preferences based on their risk perceptions and 
worldviews according to CTR? For the CTR, interview questions about worldview used 
previously tested measures for individualism and egalitarianism developed by Smith and 
Leiserowitz (2014) as well as additional questions informed by CTR that reflected the particular 
water management context of the ASA. These questions asked people whether they strongly 
agreed, agreed, neither agreed nor disagreed, disagreed, or strongly disagreed (on a 5 point Likert 
scale) to a series of statements. Responses were summed for each interviewee to determine a 
value for individualism or egalitarianism. Follow-up open-ended questions allowed interviewees 
to elaborate on their worldview preferences and importance ratings. The CTR results were 
examined in conjunction with the CDRI results to understand potential implications for water 
management (Section 9). 

7.3.	Combining	Top-Down	and	Bottom-Up	Approaches	
The CDRI index is based on a frequently used definition of risk, which is often defined as the 
product of the likelihood of a hazardous event and its consequences (Jones and Preston 2011; 
Oppenheimer et al. 2014): 

Risk = Likelihood x Consequence     
As such, to combine the top-down and bottom-up methods, we define the CDRI as: 

CDRI = P(PDSI<Qx) x Importance         
where P(PDSI<Qx) is the likelihood of non-exceedance for a particular drought threshold (e.g., 
the likelihood of being less than Q10), per section 7.1. This is multiplied by the importance of 
water for a particular use, which is directly derived from the stakeholder ratings (section 7.2). 
Here we use the importance ratings as a proxy for consequences, assuming that increasing 
importance ratings would correlate with higher perceived consequences in a way that reflects 
actual stakeholder perceptions. We use perceived consequences, rather than objective 
consequences (e.g., economic losses), to gain more information on how different stakeholders 
more broadly asses the value of water for different uses. Essentially, the importance ratings are 
used as a weight function to modulate the drought likelihood to obtain a measure of the risk. The 
terms of the CDRI equation correspond so that the drought threshold is a relevant value for the 
water use for which the importance rating is derived. CDRIs under RCPs 4.5 and 8.5 are 
compared to assess the difference between adhering to a lower versus higher emissions scenario.  
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8. CDRI	Results	

8.1.	Drought	Likelihood	
Prior to presenting the projected changes to drought likelihood based on PDSI, it is useful to 
assess the changes to the predictors of temperature and SLP. Compared to the control, average 
temperature over the ASA is likely to increase in RCP4.5 by 1.2o C, and by nearly double that in 
RCP8.5 (i.e., 2.3o C, Fig. 2). SLP does not change noticeably (Fig. 3). The probability density 
function (PDF) of PDSI moves towards drier values (Fig. 4), increasing the likelihood of drought 
for the select percentiles (Table 1) due to the increase in temperature. For Q15, on average, the 
likelihood of drought is almost three times greater in RCP4.5 (40%) as compared to the control 
(15%) and four times greater in RCP8.5 (63%) (Table 1). For Q10, the likelihood is almost 6 
times greater between the control (10%) and RCP8.5 (56%); and for Q5 the likelihood is more 
than 8 times greater between the control (5%) and RCP8.5 (43%). In general, the differences 
become larger as we move from Q15 to Q5, indicating that climate change leads to more 
frequent intense droughts in the future, especially in RCP8.5. 

	
Fig. 2 Probability density function (PDF) of temperature between the control and future RCPs. (Note, each 
PDF is constructed from 300 = 10 members x 30 years) 
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Fig. 3. Probability density function (PDF) of sea level pressure (SLP) between the control and future RCPs. 
(Note, each PDF is constructed from 300 = 10 members x 30 years) 

 
Fig. 4 Probability density function (PDF) of the Palmer Drought Severity Index (PDSI) under control and 
RCP scenarios.  Dashed vertical line is 10th percentile (Q10) 
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Table 1 For the Palmer Drought Severity Index (PDSI), average likelihood of non-exceedance for the 5th, 
10th, and 15th drought percentiles (Q5, Q10, Q15) under the control (1970-1999) and RCP4.5 and RCP8.5 
scenarios (2020-2049). Inner quartile range for ensemble members is shown in parenthesis.  
 P(PDSI<Q5) P(PDSI<Q10) P(PDSI<Q15) 
Control 5% (3-7) 10% (8-13) 15% (13-19) 
RCP4.5 21% (17-23) 34% (28-37) 40% (34-43) 
RCP8.5 43% (33-50) 56% (53-63) 63% (58-67) 
 

8.2	Perceived	Importance		
Stakeholder interviews reveal that there is more consensus on the importance of water for some 
water uses than others (Fig. 5). On average, water was deemed most important for drinking 
water, followed closely by habitat for wildlife and livelihood. The importance of water for these 
uses was similar for most stakeholders interviewed, as evident by the tightness of the box plot 
(Fig. 5). On the other hand, there was a spread in responses for recreation, cultural practices, and 
spiritual fulfillment. Some of the spread in responses on these measures may be due to how 
interviewees interpreted the water uses (Lazrus 2016). 
 
The spread in responses indicates that different stakeholders place different levels of importance 
on some water uses, such as water for recreation. For example, one interviewee claimed that 
“Murray County is one of the top tourist attractions with Arbuckle Lake, Chickasaw National 
Recreation area.  So water is the absolute key” (Interview 1). Showing a very different 
perspective, another interviewee noted that “Recreation and water are not critical to me.  I mean 
in this part of the world, they don’t necessarily go hand-in-hand because it’s a relatively dry 
place, and there are not that many places to really go and play in the water” (Interview 5). 
 

 
Fig. 5 Importance ratings of water for each water use from stakeholder surveys (n=38). Responses are shown 
as box plots, where the box represents the 25th and 75th percentile, the line is the median, and the whiskers 
are the 5th and 95th percentile. Outliers are shown as points outside the box and whiskers 



 15 

8.3.	Combined	Drought	Risk	Index	(CDRI)		
To calculate the CDRI, we take the product of the average probability of a given drought (Table 
1 from Section 8.1) and the importance ratings (Fig. 5 from Section 8.2), and show the results as 
smoothed PDFs (Fig. 6). The results focus on drinking water and recreation, examples of water 
uses with more and less consensus among interviewees, respectively. The PDFs that resulted 
from using Q5, Q10, and Q15 in the CDRI show similar trends; here we only show results for 
Q10. In the historical record, Q10 relates to a PDSI value of about -3, or at least a “severe” 
drought based on the PDSI categories, and is a threshold below which several recently 
experienced dry summers in south-central Oklahoma fell (e.g., 2006, 2011, 2012). To better 
interpret the results, we divided the CDRI into comparative categories with corresponding color 
codes: between 0-1 is “less risky” (yellow), 1-2 is “risky” (orange), and 2-3 is “more risky” 
(red); these categories have been overlaid on Fig. 6. We note that the results could also be shown 
as empirical Cumulative Density Functions (Fig. 7) to better illustrate the discrete nature of the 
importance ratings. Although the smoothed PDFs need to be manually cut off at maximum 
observed results, they are more straightforward to refer to in explaining the results.  
 
For drinking water (Fig. 6, left), from the control to the future, the PDF shifts to the right, but the 
curves are “sharp”, in that the curves don’t overlap and only span a limited range on the CDRI 
scale; this is due to the agreement across respondents on the importance of water to this use. 
Thus, for drinking water, in the control the CDRI only spans the yellow category, RCP4.5 only 
spans the orange category, and RCP8.5 only spans the red category. On the other hand, the 
recreation CDRI also shifts right towards increasing risk, but the curves become more diffuse, 
resulting in overlap among the distributions and an increase in the range of CDRI values covered 
from the control to RCP4.5 to RCP8.5. For the control, despite the variability in responses, the 
entire PDF is in the yellow CDRI category – indicating that given these category definitions, 
there is relative consensus on the risk. In RCP4.5, the response variability is amplified: the PDF 
now spans two full categories, yellow and orange. The variability is even greater in RCP8.5, 
where the PDF spans all three CDRI categories. This shows that for water uses where values are 
diverse, perceived differences are exacerbated under climate change, especially under RCP8.5.  
We also examine the sensitivity of the CDRI to the uncertainty in the probability of a given 
drought, as measured by the inner quartile range from Table 1. Using the range does not have 
much of an impact the CDRI results, thus showing that the conclusions are robust to this aspect 
of the uncertainty (see Fig 8. and Supplemental Material).   



 16 

 
Fig. 6 Smoothed results for the Combined Drought Risk Index (CDRI) for drinking water (left) and 
recreation (right) under the control and RCP scenarios for the likelihood of non-exceedance of the 10th 
drought percentile (Q10). CDRI categories reflect less risky (yellow), risky (orange), and more risky (red) 
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Figure 7. Empirical cumulative density functions (eCDFs) for the Combined Drought Risk Index (CDRI) for 
drinking water (left) and recreation (right) under the control (dotted), RCP45 (solid line), and RCP8.5 
(dashed line) for the average likelihood of non-exceedance of the 10th drought percentile (Q10). CDRI 
categories reflect mild (yellow), moderate (orange), and severe (red) drought risk 

 
Figure	8.	Same	as	Figure	7,	but	in	addition	to	calculating	the	CDRI	using	the	average	likelihood,	it	is	
also	calculated	with	the	inner	quartile	range	values	from	Table	1	to	show	the	resulting	uncertainty.			

9. Management	Implications		
Although the CDRI indicates that perceived differences are exacerbated under climate change 
(Section 8.3), we need to look at the results alongside of CTR to understand why these 
differences arise and to understand potential management implications. Results from the CTR 
questions show that both individualist and egalitarian worldviews were represented by the 
interviewees (Fig. 9) and that some of the spread in the importance responses can be explained 
by worldview (Table 2). Although not all of the results are statistically significant, the sign of 
each correlation coefficient is opposite between the egalitarianism and individualism measures, 
indicating that people holding each worldview have opposing importance ratings (Table 2).2 The 
water use that showed the most variance explained by worldview was recreation: r2=20% (16%) 
for Egalitarianism (Individualism). These correlations provide initial insight about the role of 
worldview in how people assess the importance of water and, by extension, the consequences of 
drought. Further work is warranted to identify additional factors that contribute to vulnerability 
to drought impacts in the ASA, such as socio-demographic characteristics. 
 

                                                
2 Despite a relatively small sample size (n=38), the results were examined for statistical 
significance to give a sense of how much worldview explains the ratings for each water use. 
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Figure 9. Summed responses for individualism versus egalitarianism for each interviewee (n=38) show that both 
individualist and egalitarian worldviews were represented by the interviewees. The egalitarianism and individualism 
measures were strongly inversely correlated (r=-0.84). 
 
Results from the CTR questions, along with the CDRI, point to some implications for water 
management policy. CTR posits that disagreement over resource management strategies may 
arise among constituents with diverse worldviews for two reasons (McNeeley and Lazrus 2014): 
first, as demonstrated in Table 2, worldviews explain some of the variance in how important 
people think that local water resources are for different activities - and thus presumably whether 
or not maintaining water for those activities should be prioritized by water management. For 
example, in recreation, because of the large spread in importance ratings, which can partially be 
explained by CTR, there is an increase in the CDRI categories from the control to the RCP4.5 
and RCP8.5 scenarios; this implies that people will disagree on whether or not water should be 
managed for recreation, potentially leading to disagreements that could hinder sustainable water 
management. Second, is how water should be managed, even when people agree on its 
importance. In drinking water, there is consensus on importance – even among people with 
different worldviews – presumably indicating that people agree that water needs to be managed 
for drinking water. However, because of the different worldviews, there is still potential for 
disagreement over how it should be managed. That is, those with egalitarian 
preferences advocate for management that is collectively debated, implemented, and enforced 
whereas those with individualist preferences favor management that is individually enacted. We 
see this in our qualitative data: for example, one interviewee with individualist preferences said: 
“we have to have a set of rules that everyone understands.  And once those rules are set you can’t 
have a bunch of water Nazis trying to make judgment calls about how someone’s using their 
water.  So, if I can use a certain amount - tell me what that amount is, and then stay the hell out 
of my business” (Interview 2). The finding means that disagreement is not solely due to threats 
to water resources – such as increasing drought under climate change – but rather that it can also 
arise from disagreement about the strategies designed to manage water and address drought. 
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Table 2 Correlation and statistical significance of worldviews, as quantified by the Egalitarian and 
Individualist measures, with importance ratings for each water use  
 
 Egalitarian Individualist 
Drinking Water     -0.20      0.27* 
Habitat      0.24*     -0.25* 
Livelihood      0.13     -0.09 
Recreation      0.45**     -0.4* 
Cultural Practices      0.42**     -0.29* 
Spiritual Fulfillment      0.18     -0.23* 
*=Significant at 90th percentile 
**=Significant at 99th percentile 
 

10. Discussion	and	Conclusions		
Our study implements a conceptual framework for drought risk assessment that explicitly links 
physical and social understanding to investigate what projected changes to physical drought 
mean to stakeholders who will be affected by the hazard. Results from downscaled climate 
projections are compared under two emissions scenarios to quantify drought hazards under a 
lower and higher emission pathway; we find that drought likelihood is higher in RCP8.5 than 
RCP4.5 (Table 1, Fig. 4). Results from stakeholder interviews in the study site reveal that people 
perceive the relative importance of water for various uses differently, as shown by the notable 
variability that existed across certain water uses (Fig. 5).  These pieces of information are 
brought together through the CDRI, which shows that for water uses where values are diverse, 
perceived differences are exacerbated in the future, especially under RCP8.5 (Fig. 6). Thus, 
while a potential benefit of reduced climate change would be the avoidance of more frequent 
droughts, particularly at higher magnitudes, we must also consider how people are affected by 
water scarcity and how they will respond; that is, people may disagree about maintaining water 
availability for various activities.  
 
The study also examined worldview, as measured by the CTR, which can help to diagnose why 
disagreement may arise over water management and point to some implications for water 
management policy. In the stakeholder sample, we found a diverse range of worldviews on the 
individualist/egalitarian spectrum (Fig. 9). Further, for some water uses, the importance people 
attribute to water – and by inference their perceptions of adverse consequences from drought - 
can be partially explained by worldview (Table 2). This implies that there are two potential 
sources for disagreement over water management under future climate scenarios: first, where 
there is variability in people’s perception of importance, there may be disagreement over whether 
or not a water resource needs to be managed (e.g., with water for recreation).  Second, even 
where there is consensus on people’s perceived importance, there is still potential for 
disagreement over how these water resources should be managed according to different 
preferences of worldviews (e.g., with drinking water). We are careful to say potential 
disagreement because (i) our analysis only investigates CTR as one of the many factors 
explaining importance and (ii) by understanding stakeholder worldviews, potential disagreement 
across sectors can be predicted and ideally mitigated. The latter finding suggests that water 
management policies will be more successful if they follow a strategy whereby elements of each 
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worldview are represented in the solution (Verweij et al. 2006). Although reducing disagreement 
is always important for promoting sustainability, it is particularly important for management 
planning under potentially increasing drought, such as was seen here with the higher emissions 
scenario.  
 
This study was performed as part of the BRACE project, which uses the RCP4.5 and RCP8.5 to 
assess climate-related drought risks several decades in the future. However, interview data was 
collected in 2012. Thus, one fundamental assumption is that risk perceptions, water values, and 
management preferences are stationary with time. We acknowledge that cultural change, climate 
adaptation, and other processes are likely to influence the cultural factors we investigated here 
and may mediate how people interact with their environments. Future work could investigate 
incorporating changes over time in risk perceptions, for example, in order to assess the relative 
importance of such changes (compared to climate change) to risk outcomes. One way to do this 
would be to use scenarios of future socioeconomic change to guide assumptions about future risk 
perceptions. The BRACE study is using SSP3 (Regional Rivalry) and SSP5 (Fossil-fueled 
Development), which are pessimistic and optimistic pathways that include qualitative 
assumptions about attitudes toward the environment that could be drawn on to inform such an 
investigation.  
 
In the risk literature, it has been acknowledged that the way that risk is defined strongly affects 
the conclusions drawn (Slovic 1999). Our formulation of risk, where risk is the product of the 
probability of an event and its consequence (Jones and Preston 2011; Oppenheimer et al. 2014), 
is common in risk management, and is flexible enough to bring in aspects of stakeholder 
perceptions, i.e., by using the importance ratings as a proxy for consequences. We also note that 
for the CDRI, the way that we define the comparative categories (less risky, risky, more risky) 
strongly affects the interpretation of the results. As such, we note that the CDRI categories, as 
well as the most relevant percentiles (e.g., Q5 versus Q15) to use to calculate the CDRI, will 
depend on the needs and perceptions of the community with whom we are trying to 
communicate and the water system context. Future work will test the efficacy of this type of tool 
with decision-makers.  
 
Our analysis suggests that research aimed at understanding the benefits of reduced climate 
change will be more germane when it reflects both advances in climate prediction as well as 
improved understanding of people’s perceptions of drought risks. We posit that understanding 
both is critical to gaining a deeper and more nuanced understanding of drought risk, and this 
paper provides a novel contribution to this end. 

11. Supplemental	Material		
We predict the Palmer Drought Severity Index (PDSI) following Towler et al. (2017). The reader 
is referred to Towler et al. (2017) for details, but we provide a general overview here. Towler et 
al. (2017) compares using  two statistical downscaling models for predicting drought over south 
central Oklahoma: one that includes temperature and precipitation and another that includes 
temperature and Sea Level Pressure (SLP). The statistical models are evaluated using 
NCEP/NCAR Reanalysis data, which showed that using SLP was found to explain slightly more 
of the variance than precipitation (r=0.72 versus r=0.65). Using SLP was also an appealing 
choice to use for future projections because of the increasing skill of global climate models 
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(GCMs) in simulating large-scale patterns, which has increased their credibility for use in 
projecting future change (Christensen et al. 2013). The resulting regression equation used is: 

PDSI = 1521.7 – 1.1701(temperature) – 1.4671(SLP)   
PDSI is averaged over July-August-September, temperature (in Celsius) is averaged over July-
August-September, and SLP (in millibars) is averaged over April-May-June. The SLP index is 
derived from an area over the eastern North Pacific that has some similarities to the Pacific North 
American (PNA) teleconnection pattern (Wallace and Gutzler 1981). SLP was from the area 
closest to latitude 5 –30 North and longitude 160-120 West. Temperature was from the study site 
(south-central Oklahoma). Regression coefficients and standard errors are summarized in Table 
3.  
 
For the control period, the temperature and SLP ensemble distributions from using historical 
forcing with the Community Earth System Model (CESM) are examined for their 
correspondence to recent observations (Figures 10 and 11); temperature observations are 
obtained from NOAA’s National Climatic Data Center 
(http://www7.ncdc.noaa.gov/CDO/CDODivisionalSelect.jsp#) and SLP are obtained from the 
NCEP/NCAR Reanalysis Project (NNRP, Kalnay et al. 1996). Table 4 shows that the ensemble 
reproduces the observed SLP well, while for temperature the ensemble has a warm bias over 
south central OK. Nevertheless, the model output corresponds reasonably well to the 
observations, and any biases cancel out since we are only concerned with relative (rather than 
absolute) changes between the control and RCPs used in the study.  
 
Using the RCP4.5 (Sanderson et al. 2015) and RCP8.5 (Kay et al. 2015) output, we examine how 
the probability density function (PDF) of temperature and SLP change into the future (Figures 2 
and 3). For temperature, the average between the control and RCP4.5 (RCP8.5) increases by 1.2 
(2.3) degrees Celsius. For SLP, average changes between the control and RCP4.5 shows a slight 
increase of 0.17 mb, which is very similar to the difference between the control and RCP8.5 
(0.18 mb). From Equation 1, both increasing temperature and increasing SLP contribute to the 
decrease of PDSI (i.e., towards drier values), but most of the contribution comes from the 
increase in temperature.   
 
We also examine the sensitivity of the CDRI to the uncertainty in the probability of a given 
drought, as measured by the inner quartile range from Table 1 in the manuscript. This is shown 
using empirical cumulative density functions (eCDFs) in Figure 8. Using the range does not have 
much of an impact on the CDRI results or resulting conclusions. The one caveat is that for 
RCP8.5, the higher value of the inner quartile range results in the CDRI actually spanning into a 
higher category, i.e., between 3-4. Nevertheless, the results still show the same trend as seen as 
using just the averages, and the conclusion is still robust to this aspect of the uncertainty: for 
water uses where values are diverse, perceived differences are exacerbated under climate change, 
especially under RCP8.5.  
 
Table 3. Regression Coefficients and Standard Errors 
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Table 4. Evaluation metrics for observations and ensemble. 

 

 
Figure 10. Probability density functions (PDFs) of Sea Level Pressure over April-May-June (SLP_AMJ) in 
millibars (mb) for the 10 control ensembles (grey lines) and observations (black line) 
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Figure	11.	Probability	density	functions	(PDFs)	of	temperature	over	July-August-September	
(TMP_JAS)	in	Celsius	(C)	for	the	10	control	ensembles	(grey	lines)	and	observations	(black	line)	
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