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1

ABSTRACT

Recent climate changes show that the historical record is not an appropriate analog for future
climate conditions. This understanding calls into question management decisions that assume
climate stationarity and consequently the demand for climate information has increased in order
to help frame climate risk more accurately. However, deficits in knowledge about climate impacts
and weak connections between existing information and resource managers are two barriers to
effective incorporation of climate information in resource management, development, risk
management, and other climate-sensitive decisions. In research presented here, I showcase results
that address knowledge gaps in the impact of climate on glacial resources in Bolivia, South
America. I present a mixing model analysis using isotopic and anion tracers to estimate that
glacial meltwater contributed about 50% of the water to streams and reservoirs in La Paz region
of Bolivia during the 2011 wet and 2012 dry seasons. To assess how future warming may impact
water supplies, I develop a temperature-driven empirical model to estimated changes in a future
glacial area. Surface temperature changes were extracted from a multi-model ensemble of global
climate models produced for the latest Intergovernmental Panel on Climate Change (IPCC) fifth
assessment report and for two greenhouse gas emission scenarios. In both scenarios, declines in
glacial area are substantial. For many small glaciers, temperatures at the toe of each glacier rise
above the glacier’s maximum elevation by 2050 suggesting that water resources will be
substantially impacted with continued warming. While these results address a knowledge gap, the
extent to which they inform resource management is unknown because the research was
conducted without an explicit connection to resource management. Information produced in this
fashion is generally acknowledged as being less immediately useful for decision-making because
of access and comprehension barriers. These challenges may be mollified, however, with
information management strategies. Therefore, I present results from an experiment to see if
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translating and contextualizing existing climate-related information—information produced
similarly to the glacier results highlighted above—help facilitate its use. During a droughtafflicted period in Arizona and New Mexico, a monthly synthesis of climate impacts information
was disseminated to more than 1400 people. Survey responses from 117 people who consulted
the information indicated that the majority of them made at least one drought-related decision and
the information in the synthesis at least moderately influenced the majority of those decisions. In
addition, more than 90% of the survey respondents indicated that the synthesis improved their
understanding of climate and drought; it also helped the majority of them better prepare for
drought. The results demonstrate that routine interpretation and synthesis of existing climate
information can help enhance access to and understanding of climate information.
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2

DISSERTATION FORMAT

This dissertation presents original research related to climate adaptation. Specifically, it
showcases research on climate impacts in Bolivia and climate services in the U.S. Southwest. The
Introduction sets forth a binding theoretical framework for these topics and also includes the
problem statement, motivation, and objectives of the research

The Present Study follows the Introduction and summarizes three articles prepared for peerreview publication that describe my PhD research. Each is presented in full in the Appendices.
Future Research introduces novel questions that have emerged from the studies and provides a
roadmap for future research opportunities.

Supplemental Science Communication Activities highlight a video documentary I led and which
narrated my research and climate impacts in Bolivia. This was part of a larger project (led by
Habitat Seven, a science communication company based in Seattle) to develop science
curriculum using case-studies concerning challenging environmental issues.

The Appendices present the research articles that have or will be submitted to peer-review
journals. They include:
1. Estimating Seasonal Glacial Meltwater Contributions to Surface Water in the Andes; Using
Environmental Tracers: Implications for Climate Change Impacts;
2. An Empirical Approach to Quantifying Temperature-Driven Area Changes of Alpine
Glaciers: Andean Glaciers under CMIP5 Warming Scenarios;
3. Informing Decisions with a Climate Synthesis Product: Implications for Regional Climate
Services.
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3
3.1

INTRODUCTION
Theoretical Framework

Climate science research in recent decades has shown that the historical record is not an accurate
analog for future climate conditions. For example, tree-ring reconstructions of the Colorado River
in the western U.S. show that the average streamflow over the past 1200 years is about 13%
lower than the 1906–2004 mean and that the variability and extreme conditions of streamflows
and drought were also different in the past than the 1906–2004 period (Meko et al. 2007; Cook et
al. 2004). Consequently, the Colorado River is over-allocated and vulnerable to water shortages,
which has management implications for the seven states, two countries, and more than 30 million
people who draw water from the river (Kenney et al. 2010). Climate projections also show that
future conditions will be substantially different than the climate of the historical period. Global
and regional temperature projections, for example, suggest warmer average conditions and more
frequent and intense extreme events than in the past (IPCC 2012; IPCC 2013). The notion that the
statistical properties of climate are not analogous to future conditions has large implications for
resource management and development across the globe because many systems operate under the
assumption of climate stationarity (e.g. Milly et al. 2008).

The concept of nonstationarity has helped increase the need for and use of climate research and
information in order to inform disaster risk management (e.g. Schipper and Pelling 2006), poverty
alleviation (e.g. Burton and Van Aalst 1999), and policy formation (e.g. Tompkins et al. 2005)
across many scales and regions. This refined understanding and the implications it carries has
increased research in the science of climate adaptation.

The definition of climate adaptation has evolved over time (see Brugger et al. 2013). Currently,
The United Nations Framework Convention on Climate Change (UNFCCC) defines it as actions
taken to help communities and ecosystems cope with changing climate conditions (VICCAR
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2014). The Intergovernmental Panel on Climate Change (IPCC) describes it as adjustment in
natural or human systems in response to actual or expected climatic stimuli or their effects which
moderates harm or exploits beneficial opportunities (VICCAR 2014). The UN Development
Program calls it a process by which strategies to moderate, cope with, and take advantage of the
consequences of climatic events is enhanced, developed, and implemented (VICCAR 2014).
These definitions convey three important concepts of adaptation: it occurs at the confluence of
human and natural systems; it minimizes perceived climate risk; and it takes advantage of climate
changes to improve conditions (e.g. welfare, management efficiency, etc.). Therefore, adaptation
requires adequate information on physical and social risks in order to identify needs and
appropriate adaptation options to reduce risks and build capacity (Nobel et al. 2013).

Initially, impact assessments were principally used to inform adaptation. These most often
emphasized physical and biological risks, and information about physical conditions was first
understood and then used to assess human impact and response (Nobel et al. 2014). More
recently, social vulnerability has been used to conceptualize adaptation. It has been defined as a
system’s exposure, sensitivity and adaptive capacity to climate. Social vulnerability focuses on
the reasons and ways in which individuals, groups, and communities are impacted by climate
events and how different factors shape the socioeconomic conditions that place human
populations at risk (Adger and Kelly 1999). Under this definition, exposure can relate to the
amount of assets (i.e. buildings, infrastructure) that would experience a climate event, such as a
hurricane (e.g. Preston 2013). Sensitivity relates to the magnitude of the social impact while
adaptive capacity is the ability of the social system to rebound, minimize future climate impacts,
and take advantage of new opportunities. It is worth noting that social vulnerability has been a
central concept in hazards research since the mid-1990s (Blaikie et al. 1994; White et al. 2001)
but was less integrated into early climate adaptation research. Social vulnerability begins with the
non-climate conditions that modify impacts of a climate event (Nobel et al. 2014).
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Currently, there is wide recognition of the interplay between both physical risk and social
conditions. The concept of vulnerability has therefore expanded, and each of the terms—
exposure, sensitivity, and adaptive capacity—includes physical and social dimensions and their
interdependencies. Vulnerability is now widely seen as embodying the three goals of adaptation:
reduce the sensitivity of the system to climate change; alter the exposure of the system to climate
change; and increase the resilience of the system to cope with changes (Adger 2005). This is also
reflected most notably in the IPCC definition of climate adaptation stated as adjustments in
natural or human systems in response to actual or expected climatic stimuli or their effects, which
moderates harm or exploits beneficial opportunities.

The degree to which climate adaptation has achieved any of these three goals is difficult to assess
partly because adaption activities are just beginning (e.g. Bierbaum et al. 2013). In the context of
hazards research, however, White et al. (2001) posed an important question pertinent for the
future of climate adaptation research and practice. White and co-authors noted that both estimated
losses from natural hazards and understandings about them have increased during the 1990s
leading them to question why more has been lost when more is known. They suggested five
explanations, all of which they considered adequate depending on the context: (1) knowledge
continues to be flawed by ignorance; (2) knowledge is available but is overwhelmed by increases
in vulnerability and in population, wealth, and poverty; (3) knowledge is used effectively but
takes a long time to have an effect; (4) knowledge is available but not used; and (5) knowledge is
available but not used effectively.

These explanations comprehensively frame the targets of adaptation research. The first one
highlights the existence of knowledge deficits providing a clear role for basic science research on,
for example, El Niño Southern Oscillation dynamics and impacts. The second one suggests the
need for a systems approach to identifying barriers and opportunities for adaptation that is
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consistent with the interdisciplinary definition of adaption. The third explanation relates to
monitoring and evaluating which are necessary to characterize if adaptions promote equitable,
effective, efficient, and legitimate actions that are harmonious with wider sustainability (Adger
2005). And, the final two explanations underscore issues related to access of climate information,
which relate to adaptive capacity. Adaptive capacity influences the ability of individuals, groups,
or organizations to adapt to changes.

Research on adaptive capacity includes characterizing the barriers and opportunities that exist in
order to address the exposure and sensitivity while leveraging that knowledge to provide choices
for adaptation. It is also a concept that links climate research with traditional development. Smit
et al. (2001), for example, stated that climate adaptation and development goals, such as poverty
reduction, can be simultaneously pursued by activities that enhance the welfare of the most
vulnerable members of society by improving food security, facilitating access to safe water, and
improving access to other resources, including information. While access to climate information
is not a sufficient condition to reduce vulnerability (e.g. Moser 2010), it is a necessary one (e.g.
Vogel et al. 2006). Yohe and Tol (2002), for example, showed that access to information
increased adaptive capacity, and they further stated that the ability of decision-makers to manage
information (including understanding it) is an important determinant of adaptive capacity. This is
particularly true in the context of a rapidly expanding scientific knowledge base and growing
public awareness of climate risks which combine to escalate the demand for climate information.
Indeed, most adaptation efforts in the United States are currently focused on informationgathering and awareness-building through the identification of relevant climate risks and through
the process of conducting current and future vulnerability assessments (Bierbaum et al. 2013).

Increasing access to climate information, both in terms of its availability and its comprehension,
has become a burgeoning global effort under the rubric of climate services (e.g. NOAA 2010;
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WMO 2011). The goals of climate services are to enable climate adaptation and climate risk
management through the incorporation of science-based climate information and prediction
(WMO 2009, p. 162). Usually, climate services are timely climate-related knowledge and
information tailored to specific decision-makers in the form of tools, products, websites, or
bulletins (Vaughan et al. 2014).

Climate adaptation conceptualized through vulnerability is therefore interdisciplinary. It advances
the knowledge of climate changes, risks, impacts and their interrelations with people and
landscapes. It also involves understanding the processes, barriers, and opportunities for
developing location-specific climate services that strengthen adaptive capacity. Because
adaptation research is relatively new and most adaptation activities are in their formative stages
(Bierbaum et al. 2013), there are key knowledge gaps in all facets of the adaptation process.

3.2

Research Motivation

Research presented in this dissertation contributes to two aspects of climate adaptation: physical
climate impacts, thereby addressing knowledge gaps, and climate services, which relate to the
accessibility and comprehension of climate information. I pursued these research threads to
develop a systematic understanding of climate adaptation. If, as suggested by numerous
researchers (e.g. Rittel and Webber 1973; Funtowicz and Ravetz 1993; Ludwig 2001), addressing
complex social environmental problems like climate change requires integrating different
knowledge bases and different approaches, it seemed fitting to develop skills and research
knowledge in different components of adaptation. More specifically, the research contained in
this dissertation can be viewed as an answer to the overarching question:

How can climate knowledge and information be brought to bear on resource management?
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3.3
3.3.1

Problem Statement Research Questions
Climate Impacts on Water and Glacier Resources

Alpine glaciers are among the best indicators of climate changes (Oerlemans 1994) because they
respond in close synchronicity to climate. Warming temperatures in recent decades have
contributed to substantial decreases in the size of glaciers in many mountain regions. According
to the World Glacier Monitoring Service (WGMS), length change measurements show a general
glacier recession from the positions of the Little Ice Age (LIA) moraines worldwide; the LIA
glacier extent peaked in the late 17th and early 19th centuries, depending on the location. Within
this general trend, strong glacier retreat was observed in the 1920s and 1940s, followed by stable
or advancing conditions around the 1970s, and again drastic glacier retreats after the mid 1980s
(WGMS 2008). The most recent WGMS census reported that about 97% of the 644 glaciers
experienced an average decrease in glacial length during the 2005–2010 period (WGMS 2012).
This pattern of retreat is similar to that experienced since the mid-1980s elsewhere (e.g. WGMS
2008). While fewer records exist that document changes in the mass balance of glaciers than in
the length of glaciers, the global and regions pattern of mass balance changes is similar to length
changes (WGMS 2008). These numbers include glaciers of different sizes and types, which
influence how they respond to climate. Smaller glaciers, for example, can respond to annual
changes in climate conditions, whereas larger glaciers exhibit slower response times. Many of the
larger glaciers, therefore, may be responding to climate conditions of past decades (e.g. Roe and
Baker 2014).

Glaciers in the South American Andes are also experiencing widespread retreat (Bradley et al.
2006; Vuille et al. 2008; WGMS 2008; WGMS 2012; Rabatel et al. 2013). On average, glaciers
within the latitude band of 30 N to 30 S—which includes Bolivian and Peruvian Andes—have
experienced the greatest decline in mass balance globally between 1996 and 2005 (WGMS 2008).
More specifically, glacier area declined by 27% between the 1960s and 2000s in Peru’s
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Cordillera Blanca (Rabatel et al. 2013) and glacier volume decreased by about 43% between 1963
and 2006 in Bolivia’s Cordillera Real (Soruco et al. 2009). These glacial changes are altering the
timing and magnitude of seasonal streamflows (Mark and Seltzer 2003). Furthermore, projected
temperature changes will likely cause glaciers to continue to decline, removing a source of water
emplaced in the past. Without increases in precipitation to account for reductions in glaciersupplied water, the total volume of water available for human and ecosystem consumption will
decrease over time. For example, Baraer et al. (2012) stated that once the glaciers completely
melt, annual discharge in the Rio Santa drainage area will be lower than present by 2–30%
depending on the watershed. Reductions in water supply will have implications for tourism,
agriculture, hydroelectric power generation, and water supply (Vergara et al. 2007).
Consequently, this is leading to the investigation and implementation of adaptation strategies in
Andean countries in order to help mitigate negative impacts associated with reduced water
supply. These strategies include improving monitoring and water use efficiency and developing
more water storage capacity (The World Bank, 2008).

In Bolivia projected climate changes and its influence of glacier meltwater contributions will
cause more immediate impacts because many of the glaciers are small (Francou et al. 2003) and
are therefore more sensitive to climate changes (Kääb et al. 2002; Vuille et al. 2008). Sparse
monitoring further complicates quantifying glacier changes and their influence on hydrology.
These conditions are not unique as mountain regions around the globe often have inadequate
glacier, hydrology and climate monitoring (e.g. Bolch et al. 2012).

Knowledge of climate impacts on water and glacier resources in Bolivia is limited despite large
societal implications. Some of those knowledge gaps are addressed by work presented here and
are recast as the following research questions:
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Q1: What are the seasonal contributions of glacier meltwater to surface water supplies?
[addressed in Appendix 8.1]
Q2: What is the relative contribution of water derived from the melting of old ice and recent
precipitation? [addressed in Appendix 8.1]
Q3: What is the applicability of a simplified, temperature-driven glacier model for projecting
glacier area changes? [addressed in Appendix 8.2]
Q4: What is the spatial and temporal evolution of glacier changes under different warming
scenarios? [addressed in Appendix 8.2]

3.3.2

Connecting Existing Climate Information to Decision-Making

Weather and climate information influences economic and social activities across broad
spectrums of society. While national weather services primarily focus on providing information
on time scales germane to weather issues (i.e., hours to weeks), the creation and delivery of
longer-term climate information (i.e., seasons to decades) relevant to decision- making has
received less attention. In recent years demand for climate information has escalated because the
skill of seasonal climate forecasts has improved, knowledge of the social and environmental
impacts of climate variability and change has advanced, and confidence in some climate model
output relevant to seasonal-to-century time scales has grown (Solomon and Dole 2009; NRC
2009; DeGaetano et al. 2010).

To help meet demand, a broad array of climate service activities is needed to help connect
existing scientific information to decision-making and also to inform the creation of new
information. These activities include data stewardship and analysis, provision of seasonal climate
outlooks, and downscaling global climate models (e.g., Miles et al. 2006). In addition to these
more well-known services, the creation and dissemination of synthesized and translated
information is also necessary because climate information is often misinterpreted (Steinemann
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2006; Hartmann et al. 2002), as is research on effective information delivery mechanisms (NRC
2009). However, in the emerging literature on climate services, synthesis and translation of
climate information in routine summaries are often overlooked as useful activities, perhaps
because of a lack of empirical evidence that documents their contributions to decision-making.
In work presented in Appendix 3, I address the following research questions:
Q5: How do routine syntheses of climate information contribute to the use of climate
information?
Q6: How do routine syntheses of climate information inform resource management decisions in
the U.S. Southwest?

3.4

Research Contributions

In the two research articles addressing climate impacts on water resources in Bolivia (Appendices
8.1 and 8.2), I have contributed to disciplinary knowledge in the following ways:
•

Increased understanding of the seasonal contributions of glacier meltwater in Bolivia—to the
author’s knowledge, there currently are no seasonal estimates published in either the
academic and grey literatures;

•

Demonstrated the ability of geochemical tracers to quantify seasonal water sources in glacial
systems using Bolivia as a case study. This lays a methodological foundation for future
studies to generate knowledge in data- and monitoring-poor regions like Bolivia;

•

Advanced understanding of climate impacts in Bolivia that can aid the development of
climate adaptation strategies;

•

Demonstrated an approach to quantifying alpine glacier area changes that can be applied in
other regions;

•

Quantified glacier area changes under a range of plausible conditions that account for
uncertainties in the individual climate models, greenhouse gas emission trajectories, and
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glacier response.

These results provide novel contributions to climate impacts research and research design.
However, this research was produced without knowledge of or guidance from a specific resource
management context. I framed this research as being important for society stating in Appendix
8.1: “Better estimates [of glacier meltwater contributions] can enhance understanding that
engenders research on future water supply changes resulting from continued glacier retreat while
also informing local climate adaptation planning.” Similarly, I stated in Appendix 8.2:
“Projecting changes at the individual glacier scale are therefore important to inform climate
adaptation and development activities.” In both cases I had little understanding of whether this
information was or was not useful. For example, I was unaware whether the Bolivian water
management agencies could use information on the fractional contribution of glacier melt to
surface water or on the future areal extent of glaciers. In other words, I conceived this research
out of curiosity and, to a lesser extent, a detached perspective of which knowledge gaps were
important to address. This curiosity driven, detached approach describes the dominant physical
science knowledge production mode (Stokes 1997; Dilling and Lemos 2011). Producing climate
information in this fashion is both widespread and important; scientific research on climate
changes is fundamental to understand which regions are exposed to the current and future impacts
of climate changes and to inform adaptation strategies to manage that risk. However, it is
generally acknowledged that climate information is used more effectively in decision-making if it
is tailored to answer specific questions articulated by the decision-maker (Dilling and Lemos
2011; Lemos and Morehouse 2005; McNie 2007; NRC 2009; Sarewitz and Pielke 2007). This is
partly attributed to increased accessibility and better comprehension of customized information
(e.g. Dilling and Lemos 2011).

The research presented in Appendix 8.3 was therefore an experiment to see if translating and
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contextualizing existing climate-related information—information produced in the same
curiosity-driven mode as presented in the first two appendices—can help facilitate its use.
Contributions this research makes include:
•

Documentation on how climate informs resource management decisions (which up until the
present have been scant) instructing the nascent literature on how to “do” climate services.

•

Direct evidence that brokering activities, which include the routine synthesis and
interpretation of different climate-related information, help connect climate information to
decision-making; this suggests that these brokering activities should be part of a climate
service portfolio.

4

PRESENT STUDY: SUMMARIES OF RESEARCH ARTICLES

The following are summaries of research presented in the appendices.

4.1

Estimating Seasonal Glacial Meltwater Contributions to Surface Water in the Andes
Using Environmental Tracers: Implications for Climate Change Impacts

Warming temperatures in recent decades have contributed to substantial reductions in glaciers in
many regions around the globe, including the South American Andes. The melting of these
glaciers alters the timing and magnitude of seasonal streamflows and diminishes water resources
accumulated in past climates. However, in the Bolivian Andes both inadequate monitoring and
remote glaciers have prevented seasonal estimates of glacial meltwater contributions to the
surface water despite a large population that is dependent, in part, on glacier-fed water supplies.
To quantify glacier melt contributions to surface water, we present anion and isotopic data related
to streams, reservoirs, arroyos, precipitation, and glacial meltwater and apply it in end-member
mixing analyses. During the 2011 wet season, between 16–61% of the water measured in high
altitude streams and reservoirs originated from melting ice and recent snow while glacier ice
contributed about 53% of the water in reservoirs in the 2012 dry season. This study demonstrates
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that environmental tracers can be effective with quantifying water balance components, which is
particularly useful in remote, poorly gauged regions. Results also place into context the potential
impacts of expected glacier retreat on surface water supplies.

4.2

An Empirical Approach to Quantifying Temperature-Driven Area Changes of Alpine
Glaciers: Andean Glaciers under CMIP5 Warming Scenarios

In recent decades alpine glaciers in many mountain ranges around the globe have been retreating,
partially as a consequence of increasing temperatures. Small glaciers are particularly sensitive to
climate changes and with continued warming will likely disappear faster than larger ones.
Modeling future glacier changes, however, is challenging due uncertainties in projections of
moisture-related variables. However, in regions where the mass balance of glaciers is correlated
with air temperature, which is more confidently and robustly projected by global climate models
(GCMs), using simple empirical relationships to quantify glacier changes is more feasible. In the
Cordillera Real of Bolivia where many small glaciers contribute to regional water supplies, the
mass balance of glaciers is highly correlated to temperature. Therefore, we develop a
temperature-driven, accumulation area ratio (AAR) model. We test the ability of the model to
quantify changes in individual and total glacial area estimated from remotely sensed images from
1986 and 2005. The AAR model underestimates glacial change for nearly all small glaciers
suggesting that results provide conservative estimates of future change. Using calibrated
parameters, we estimate the total area changes for 284 glaciers using a multi-model ensemble
average of surface temperature extracted from 7 GCMs used in the fifth assessment report of the
Intergovernmental Panel on Climate Change (IPCC). We calculate glacial area changes for two
greenhouse gas (GHG) emission scenarios: RCP 4.5 and 8.5. We also conservatively estimate the
years when the current average temperature at the base of each glacier rises above that glacier’s
maximum elevation, providing a spatial and temporal estimate of glacier demise. We report
substantial glacier area loss for even the lower GHG forcing scenario.
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4.3

Informing Decisions with a Climate Synthesis Product: Implications for Regional
Climate Services

The demand for regional climate information is increasing and spurring efforts to provide a broad
slate of climate services that will both inform policy and resource management and elevate
general knowledge. Routine syntheses of existing climate-related information may be an effective
strategy for connecting climate information to decision-making, but few studies have formally
assessed their contribution in informing decisions. During the 2010–11 winter, drought conditions
expanded and intensified in Arizona and New Mexico creating an opportunity to develop and
evaluate a monthly regional climate communication product—La Niña Drought Tracker—that
synthesized and interpreted drought and climate information. Six issues were published and
subsequently evaluated through an online survey. On average, 417 people consulted the
publication each month. Many of the survey respondents indicated that they made at least one
drought-related decision and the product at least moderately influenced the majority of those
decisions, some of which helped mitigate economic losses. More than 90% of the respondents
also indicated that the product improved their understanding of climate and drought and that it
helped the majority of them better prepare for drought. The results demonstrate that routine
interpretation and synthesis of existing climate information can help enhance access to and
understanding of the use of climate information in decision-making, thus fulfilling the main goals
for the provision of climate services.

5

FUTURE RESEARCH

My PhD research has uncovered novel and important scientific questions that provide a roadmap
for my future scholastic and applied work. These questions both progress the research presented
here and advance it into new disciplines and methodologies. The questions fall into three broad
categories: physical impacts; connecting science to decision-making; and climate adaptation.
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All of the following questions, while diverse and individually interesting, are part of a larger,
more ambitious research focus. Each question contributes to a burgeoning theory about climate
services that builds off of White and others (2001). Specifically, White et al. (2001) stated that in
some cases, knowledge gaps in local climate impacts contribute to risk management decisions
that are based on the flawed assumption of climate stationarity. In other cases relevant
information that could inform a nonstationary view of climate risk exists, but this information is
not used or is under-used. In both cases knowledge-brokering activities, such as synthesizing and
interpreting information and translating disciplinary general knowledge to local contexts, can
advance the use of climate science in adaptation activities and lead to improved climate
resilience. However, understanding the specific knowledge-brokering activities and their
processes are critical. Brokering activities that are designed and implemented without
understanding the information use environment, local capacity, and/or dissemination networks
will lead to ad hoc information delivery systems that, at best, will miss potential opportunities
and, at worst, will lead to inequitable, mal-adaptive consequences.

Within this context future research questions will help articulate what climate information is
useful (first set of questions), the processes by which climate information can be mainstreamed
into decisions (second set), and in what ways context influences adaptation (third set).

1. Questions related to characterizing physical climate impacts with a focus on water impacts:
Q1: What are the alpine glacier meltwater contributions to streamflows in climates with
marked precipitation seasonality?

This research will advance geochemical tracer methods in glacial systems by either showing
the difficulty in using tracers to differential seasonal signals or by showing the tracers that
enable seasonal detection along with optional sampling designs. Most published studies I read
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do not differentiate meltwater by season opting instead to aggregate glacier meltwater
annually.

This question extends the research presented in Appendix 1. I could only infer the
contribution of the nonrenewable ice melt to streamflows (i.e. the contribution of the ice
accumulated in past climates) due to flaws in the sampling design. Future research will
sample glacier ice and snow from the surface and glacier meltwater (flushing from the toe of
the glacier) in both the wet and dry seasons at numerous locations on the glacier surface and
with a sufficiently small temporal resolution (i.e. every day or week). This will enable
understanding chemical composition changes in time and the relation between meltwater and
samples collected from the ice surface. It will also enable statistical significance testing of a
seasonal geochemical signal which will determine if seasonal signals can be derived.

Q2: What have been the changes and are the projected changes in the frequency and timing
of climate thresholds related to resource management decision calendars, such as the length
of the agricultural growing season, freeze events, and shifts in the wet season?

This question seeks to advance the impacts of science through the explicit connection
between decisions and climate events. For example, while changes in center of mass for flow
or spring pulse onset dates (e.g. Stewart et al., 2005) are diagnostic of climate impacts, they
are relevant for management decisions if decisions are made in reference to the date of the
pulse onset or center of mass. Often, however, the metrics to assess climate changes are
statistically driven (i.e. median, 66th and 95th percentile; see Tank et al. 2009 for WMO
extreme metrics) and not tied to impact. Whether changes in the 66th percentile are socially
relevant is not assessed. Here, the focus would be on first developing socially relevant
metrics and then analyzing their historical and projected changes.
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Q3 What are the geospatial patterns of antecedent climate conditions that lead to large-scale,
societal-defined extreme events (e.g. a FEMA flood disaster declaration)?

This question assesses geospatial patterns in climate that historically occurred prior to
extreme flooding events and could utilize, for example, principal component analysis. Similar
impact studies have been conducted on fire conditions and drought, but less work has focused
on other events, such as FEMA disaster declarations. Even within fire and drought analyses,
there is ample room for novel studies. For example, Colorado River streamflow equal to 80%
of average could occur with above-average snowpacks in several contributing drainages but
with drastic shortfalls in others. A large variety of spatial patterns can produce the same result
(of a given metric like streamflow), and these spatial patterns will produce locally different
impacts. Characterizing the dominant spatial patterns will allow for subsequent climate
analysis to better understand weather and climate conditions which produce these patterns.

2. Questions related to connecting climate science to decision-making:
Q4 What knowledge- brokering activities facilitate the use of existing climate information?

Brokering activities that favor “beneficial” climate information use may emerge by
characterizing the production and dissemination of the climate information as well as how
recipients use that information. Identifying key brokering activities that facilitate use could
lead to qualitative predictive model that could subsequently be tested. This would contribute
greatly to burgeoning climate service efforts and is part of a broader research question of
understanding the critical characteristics that lead to effective climate services.

Q5 What are effective methods for stakeholder engagement?
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The best practices to informing decisions have been propounded (i.e. NRC 2009). Those
practices, however, have not been rigorously tested in an end-to-end format. Consequently,
research is rife with studies that have documented barriers to the uptake of climate
information while much less effort has focused on documenting the conditions that have led
to effective use. Research related to this question will test best practices for decision support
(e.g. NRC 2009) by designing research to begin with users’ needs, iteratively develop new
information, and evaluate efficacy. Insight from the evaluation is part of the iterative process
and feeds back into the development of new information. This research will add detail to the
processes that lead to more effective climate information use or answer the question
concerning why information is not used.

Q6 What are critical aspects of a rapid assessment process that will enable identifying
opportunities where climate information can influence decisions?

As White and coauthors (2001) stated, there are at least five explanations for why risk
management information fails to generate desired results. In an environment where demand
for climate information is likely outpacing resources for the supply to meet that demand,
selecting climate service activities that favor success is critical. Developing a framework for a
rapid assessment that characterizes the “readiness” of a system to use climate information is
therefore a major advancement for climate services.

3. Questions related to climate adaptation:
Q7 How do knowledge networks influence social capital (or collective action) in ways that
enable adaption to occur?
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Dowd et al. (2014) showed that groups displaying transformational adaptation behavior have
more connected networks than those showing incremental adaptations. Numerous other
studies have also demonstrated that networks influence information dissemination and use
actions that build climate resiliency. This research would use network theory and tools to
understand how network characteristics, such as density and centrality, influence the use of
climate information and the outcomes of the implemented adaptations. For example, dense
networks could facilitate more widespread use of climate information because complex
information is more likely to be translated into decision-relevant contexts.

Q8 In physical systems with negative trends in resource supply (e.g. water supply in the
Southwest), what are the key contextual differences within social systems that influence the
deployment of coping strategies vs. adaptation strategies, and vice versa?

Insights that inform management practice and adaptation theory can be learned by
understanding the mechanisms, context, and thresholds that enable some groups to remain in
a profession as the environment changes (either through transformational or coping
strategies) while others are forced out. For example, irrigation allotments in the Elephant
Butte Irrigation District (EBID), New Mexico’s most agriculturally productive region, have
experienced protracted shortages due to low reservoir storage. The reduced surface water
supplies have caused an uptick in the use of groundwater. Consequently, some farmers have
been able to able to alter their crops (or may be able to do so in the future), thus displaying
transformational adaptations. On the other hand, other farmers have increased the depth of
their groundwater wells (or may do so in the future), showing incremental adaptations.
Moreover, this particular setting can also be cast as a case study in mal-adaptation, or shortterm adaptations that eventually lead to negative outcomes. For example, ample surface water
supply in the 1980s and 1990s proliferated orchard farming in the EBID. Therefore,
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continued shortfalls in surface water allocations make the current acreage unsustainable.
Characterizing the conditions that favor transformation and incremental activities can shed
light on how climate sensitive management in other regions may evolve.

6

SUPPLEMENTAL SCIENCE COMMUNICATION ACTIVITIES

There is growing recognition that science communication efforts are needed. The National
Academy of Sciences report (NRC 2009) stated: “Climate-related decisions that society will
confront over the coming decades will require an informed and engaged public and an education
system that provides students with the knowledge to make informed choices.” Moreover, Adger
et al. (2005) stated that actions associated with building adaptive capacity may include
communicating climate change information and building awareness of potential impacts.

Agreeing with the importance of science communication, I partnered with Habitat Seven to film
my research on climate impacts in Bolivia. Habitat Seven is an organization that utilizes
innovative methods to communicate science. The goal was to contribute a multi-media case study
to Conservation Bridge, a larger project led by Habitat Seven that brings real-world problems into
the classroom in order to provide students with authentic learning experiences
(http://www.conservationbridge.org/about/).

A professional videographer and I documented my research related to quantifying the
contribution of glacier meltwater to surface water supplies (Appendix 8.1) and recorded the
Bolivian people’s perceptions of climate changes. From this footage, we produced two videos in
different narrative styles:
1. Produced by Habitat Seven (8 mins.): http://vimeo.com/36067969;
http://www.conservationbridge.org/casestudy/water-and-climate-change-in-the-andes/
2. Produced by Justin Bastien and Zack Guido (3 mins.): https://vimeo.com/106878566
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Abstract
Warming temperatures in recent decades have contributed to substantial reductions in glaciers in
many regions around the globe, including the South American Andes. Melting of these glaciers
alter the timing and magnitude of seasonal streamflows and diminish water resources
accumulated in past climates, with reduced water supplies experienced sooner in regions with
small glaciers. In the Bolivian Andes, inadequate monitoring and remote glaciers have prevented
seasonal estimates of glacial meltwater contributions to the surface water despite a large
population dependent in part on glacier-fed water supplies. We present anion and isotopic data
related to streams, reservoirs, arroyos, precipitation, and glacial meltwater and apply it in endmember mixing analyses. We estimate between 16–61% of the water measured in high altitude
streams and reservoirs during the 2011 wet season originated from melting of ice and recent
snow, while glacier ice contributed about 53% of the water in reservoirs in the 2012 dry season.
This study demonstrates that environmental tracers can be effective at quantifying water balance
components, which is particularly useful in remote, poorly gauged regions. Results also place into
context the potential impacts of expected glacier retreat on surface water supplies.
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1. Introduction
Warming temperatures in recent decades have contributed to substantial decreases in the size of
glaciers in many mountain regions, including in the South American Andes (Bradley et al. 2006;
Vuille et al. 2008; WGMS 2009; Rabatel et al. 2013;). For instance, glacier area declined by 27%
between the 1960s and 2000s in Peru’s Cordillera Blanca (Rabatel et al. 2013), while glacier
volume decreased by about 43% between 1963 and 2006 in Bolivia’s Cordillera Real (Soruco et
al. 2009). These glacial changes are altering the timing and magnitude of seasonal streamflows
(Mark and Seltzer 2003), which have implications for tourism, agriculture, hydroelectric power
generation, and water supply (Vergara et al. 2007).

In the Andes, large regional populations obtain water from glacier-fed sources, underscoring the
importance of glacial meltwater to surface water supplies. More than half of the Peruvian
population, for example, may be affected by future changes in glacial meltwater (Magrin et al.
2007). In Bolivia, more than 80% of the municipal water for El Alto comes from reservoirs
within glaciated watersheds and the adjacent city of La Paz also obtains a large fraction of their
water from these reservoirs (Painter 2007). Collectively, around 2 million people living in these
cities are at least partially dependent on a vulnerable water resource. While some unsubstantiated
speculations of the magnitude of annual glacial meltwater contributions in Bolivia exist, ranging
from 30% (The World Bank 2008) to 60% (Painter 2007), glacier contributions to surface water
is not well constrained (The World Bank 2010). Moreover, there is no information on the
seasonal variability of glacial meltwater contributions to surface water. Betters estimates can
enhance understanding that engenders research on future water supply changes resulting from
continued glacier retreat, while also informing local climate adaptation planning.

Estimates of glacier contributions to surface water are often made using, and frequently
combining, water balance methods (e.g. Mark and Seltzer 2003; Gascoin et al. 2011; Baraer et al.
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2012;) and surface energy models that derive glacier melt from atmospheric variables (e.g.
Francou et al. 1995; Kinouchi et al. 2013). These methods require detailed stream gauge and
weather station measurements at numerous locations, a requirement infrequently met in a
developing country like Bolivia. This has resulted in a paucity of glacio-hydrologic studies in
Bolivia. To the knowledge of the authors, Kinouchi et al. (2013) is the only peer-reviewed study
that has estimated glacial meltwater contributions to surface water in the Bolivian Andes. In their
single-watershed study, they concluded glacial meltwater contributes 24% to total annual
discharge using a temperature index model that required numerous observed meteorological
variables.

In regions where permanent monitoring installations are scarce, stable isotopes as environmental
tracers offer an alternative approach to water balance studies and have been used widely for this
purpose (e.g. He et al. 2001; Mark & Seltzer 2003; Mark et al. 2005; Mark & McKenzie 2007;
Liu et al. 2008; Baraer et al. 2009; Burns et al. 2011; Cable et al. 2011; Kong & Pang 2012;).
While numerous studies have documented challenges with using tracers to generate realistic
mixing model results (e.g. Rice & Hornberger 1998; Liu et al. 2004; Barthold et al. 2011), some
recommend measuring many tracers in order to identify optimal ones (e.g. Barthold et al. 2011).
Major anions can therefore be used to help corroborate information derived from stable isotopes
(e.g. Barthold et al. 2011).

In the Bolivian Andes, environmental tracers have not been applied despite a large elevation
gradient and distinct wet and dry seasons that favor determining the contribution of seasonal and
elevation-dependent water sources to surface water supplies using isotopes. In this study we
collected hydrogen and oxygen isotope and major anion samples from within and near the remote
and difficult to access Condoriri watershed in the Bolivian Andes. This watershed contains
several small glaciers that contribute water to the largest reservoir in the region (Tuni Reservoir).
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We used hydrogen and oxygen stable isotopes and sulfate in three linear, end-member mixing
models to estimate relative seasonal glacial and nonglacial contributions to surface water (e.g.
Christophersen et al. 1990; Clark & Fritz 1997). Our study provides evidence that glacial
meltwater makes substantial contributions to both wet and dry season surface water supplies. The
results also argue for more detailed studies that quantify the glacial ice melt component of surface
water in this region as well as studies that assess the impact of climate changes on the coupled
glacier and hydrologic systems.

2. Study Area
The Condoriri watershed is located about 30 km north of the adjacent cities La Paz and El Alto
near 16.5 degrees S latitude on the western side of the Cordillera Real, Bolivia (Figure 1). The
Cordillera Real is the eastern margin of the Bolivian Altiplano, a vast intermountain plateau with
an average elevation of about 3800 meters above sea level (masl). Numerous mountain peaks in
the Bolivian Cordillera Real crest 6000 m, with the highest peak in the Condoriri watershed
reaching about 5700 m. The Condoriri watershed and adjacent watersheds drain into Lake
Titicaca.

At high elevations in and around the Condoriri watershed, streams flow over shallow glacial and
fluvial deposits overlying metamorphic and igneous rocks that contain sulfide minerals
(Salvarredy-Aranguren et al. 2008). Outside the stream channels, the terrain is steep and rocky,
soils are shallow, and vegetation is limited to small shrubs and grasses. Many streams flow into
small alpine lakes and/or reservoirs.

2.1. Regional Climate
There is distinct precipitation seasonality in the Bolivian Andes. About 83% of the annual
precipitation at La Paz falls during the October–March period (austral summer; Figure 2a), which
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is similar to other areas on the Altiplano (Garreaud et al. 2003). The April–September period
(austral winter) is dry and it experiences colder temperatures than the wet season (Figure 2a).
Unlike precipitation, average temperatures have low monthly variability, ranging between 5oC
and 9oC at La Paz.

During the wet season, easterly winds from the upper troposphere extend south to about 21
degrees S latitude due to the weakened meridional temperature gradient. As the subtropical jet
stream migrates south, the Bolivian High develops east of the central Andes in response to
increased latent heat release over the Amazon basin (Vuille et al. 2005). Both the easterly winds
from the upper troposphere and the Bolivian High direct upper and mid-tropospheric moisture
from the continental lowlands onto the Altiplano (Vuille et al. 1998; Garreaud et al. 2003;
Garreaud 2009). Low-level moisture also is transported into the region from the east by a
dynamic link between the mid- and upper-level winds and the moister near-surface air (Garreaud
1999).

In contrast, during the dry season the easterly winds are restricted to north of 10 degrees S
latitude and westerly flow dominates to the South (Vuille 1999). This produces little precipitation
because moist air from the Pacific Ocean is obstructed at low levels by coastal topography, while
a regional temperature inversion prevents upper level moisture from flowing onto the Altiplano
(Vuille 1999). Although rare, winter precipitation events can occur, usually in July and August
(Vuille 1999).

On interannual timescales, the Altiplano experiences atmospheric circulation fluctuations during
the wet season that are related to the El Niño Southern Oscillation (ENSO; Vuille 1999; Garreaud
et al. 2003). El Niño events tend to deliver below-average precipitation and La Niña events often
cause wetter-than-average conditions (Vuille 1999). This ENSO-driven variability is also

	
  

40	
  

supported by isotopic analysis of the Sajama ice core located about 200 km southwest of the
Condoriri watershed (Vuille & Werner 2005). During the dry season atmospheric circulation
anomalies over the Altiplano show little relation to ENSO (Vuille 1999).

Temporal trends in precipitation are not evident in the historical record. While decreasing trends
have been observed near the Peru and Bolivia border (Vuille et al. 2003), increasing trends have
been detected near La Paz, Bolivia (Haylock et al. 2006). In both cases, however, the trends were
insignificant. On the other hand, a regional analysis of near-surface air temperature showed
statistically significant increases of about 0.10 °C per decade between 1939 and 1999 (Vuille et
al. 2008). This pattern is consistent with increases in the freezing level altitude derived from
reanalysis data covering large regions of the American Cordillera and Andes (Diaz et al. 2003;
Bradley et al. 2009).

2.2. Bolivian Glaciers
Approximately 20% of the world’s tropical alpine glaciers are located in Bolivia (Kaser 1999),
and about 80% of these have an areal extent of less than 0.5 km2 (Francou et al. 2000). These
small Bolivian glaciers experience year-round ablation, with wet season melting markedly higher
than during the dry season (Kaser & Georges 1999; Wagnon et al. 1999; Sicart et al. 2005). In the
early stages of the wet season (November–December), elevated solar radiation and low glacial
albedo (which can persist from the dry season if precipitation is low) can cause high glacier melt
(Ribstein et al. 1995; Wagnon et al. 2001; Sicart et al. 2011). As the wet season progresses, snow
accumulation increases albedo, but long-wave radiation emitted from clouds helps maintain melt
(e.g. Sicart et al. 2005). During the dry season, melt is reduced mainly because of a deficit in
long-wave radiation as a result of low emissivity of the thin, cloudless atmosphere at high
altitudes (Rabatel et al. 2013).
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Bolivian glaciers have been retreating in recent decades and have experienced accelerated
recession most notably since 1980 (Ramirez et al. 2001; Rabatel et al. 2006; Rabatal et al. 2013).
Soruco et al. (2009) estimated the total volume of 376 glaciers in the Cordillera Real declined by
43% between 1963 and 2006. This decline is thought to be related to the combined effect of
changes in precipitation and temperature, which are correlated to each other at interannual
timescales (Francou et al. 2003).

2.3. Regional Water Supplies
La Paz and El Alto residents obtain water from five reservoir systems that store about 46 million
cubic meters (MCM; Quispe 2011). All reservoirs are located in close proximity to drainage
divides. Glaciers provide water to the two largest reservoirs Tuni and Milluni, which store
approximately 24.7 and 9.5 MCM, respectively (Figure 1; Quispe 2011). The five reservoirs
supply about 75% of the water used by more than two million people in the urban areas of La Paz
and El Alto (personal communication René Espejo, Empresa Pública Social del Agua y
Saneamiento, August, 2010). Outside of urban areas, rural communities draw water from a mix of
hand-dug wells, deeper groundwater wells, and streams. Water access for these communities is
hampered during the dry season as a result of low streamflows and groundwater levels that can
drop below the depth of shallow wells (often only a few meters deep).

3. Methods
3.1. Sampling Campaign
We used a synoptic sampling strategy in which we obtained water samples from a large number
of locations over short periods in order to provide snapshots of the spatial variability (Mark &
Seltzer 2003; Mark et al. 2005; Mark & McKenzie 2007; Baraer et al. 2009). This approach has
been economical and effective at revealing regional-scale hydrological processes (Mark &
McKenzie 2007).
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We collected 36 total water samples in three different seasons—two dry seasons and one wet
season—for analysis of water and oxygen isotopes and major anions. Most samples were
collected from within the Condoriri watershed (Figure 1); samples taken outside it were from
similar, adjacent watersheds to increase sample size and further characterize spatial variability. In
2010, we collected eight samples between August 12 and 18 during the first of our two dry
seasons. Because we did not collect samples from streams or reservoirs, we were unable to derive
the relative contributions of glacier meltwater for the 2010 dry season. For our only wet season,
we collected 16 samples during March 16–24, 2011. For our second dry season, we collected 26
samples during August 7- 18, 2012.

In each of the three campaigns, we collected glacial meltwater samples within a few hundred
meters of the glaciers. During the 2012 dry season, we also sampled five low-flow arroyos
located at high elevations and not within glacial-fed catchments. We recorded the locations and
elevations of all samples with a handheld Garmin e-trex GPS.

Water samples were filtered through a 0.45 micron nylon filter and stored in 30 mL glass vials for
isotope analysis and 30 mL glass or plastic vials for anion analysis. All sample containers were
filled to the brim to prevent air pockets and stored in a refrigerator prior to analysis, except during
the transit from Bolivia to the United States when they were transported in a cooler.

Isotope and anion samples were processed in analytical facilities in the University of Arizona’s
Department of Hydrology and Water Resources. Oxygen and hydrogen stable isotope ratios were
measured by laser spectroscopy using the Los Gatos Research, Inc. DLT-100 Liquid-Water
Isotope Analyzer. Its measurement precision for δ18O and δ2H is 0.2‰ and 0.5‰, respectively.
Stable isotope results are presented in the standard δ-notation, which is relative to the Vienna-
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Standard Mean Ocean Water (VSMOW). Anions were measured on a Dionex DX600 ion
chromatograph with a precision of ±1%.

3.2. Data Sources
We measured oxygen and hydrogen stable isotope ratios and major anion concentrations in
glacial meltwater, streams, small arroyos, shallow groundwater, and reservoirs (Figure 1). We
supplemented these data with oxygen and hydrogen isotope data from precipitation collected
from nearby areas within the Bolivian Global Network of Isotopes in Precipitation (GNIP)
monitoring program that is no longer active. We also used anion concentrations measured in the
top 10 m of an ice core collected at the summit of the nearby Illimani massif spanning a period
that does not overlap with our current samples. Data from GNIP and Illimani compensated for
bulk precipitation samples that were contaminated during collection.

We used oxygen and hydrogen isotope values of precipitation from three nearby GNIP stations:
La Paz (4071 masl), Chacaltaya (5200 masl), and La Cumbre (4650 masl; Figure 1; IAEA-WMO,
2006). These stations reported bulk monthly isotope values and precipitation amounts. Of the
three GNIP stations, La Paz had the longest and most complete record, with 108 near-continuous
monthly measurements made between September 1995 and December 2004. Chacaltaya and La
Cumbre had 14 and 12 monthly measurements, respectively, and were collected between January
1983 and February 1984. These GNIP stations were located within about 50 km of all collected
water samples.

Because GNIP data records did not include anion concentrations, we derived bulk seasonal
sulfate and chloride concentrations from the top 10 m of a shallow Illimani ice core following
Knusel et al. (2005). The core was extracted in 1998 from the summit of the Illimani massif in
Bolivia about 70 km southwest of the study area (Ginot et al. 2002). The top 10 meters spanned
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an 11-year period between 1988 and 1998 (Ginot et al. 2002), overlapping part of the La Paz
GNIP isotope record used in this study. While sublimation can concentrate anions (Taylor et al.
1999; Gustafson et al. 2010), values were low in the ice core suggesting sublimation had a
minimal affect. We used these values to indicate concentrations in precipitation (snow) for the
wet season. We did not use isotopes from this core because elevation substantially alters isotopic
values, making them more negative than precipitation measured at lower elevations as a result of
the combined amount and temperature effects (Clark & Fritz 1997). While precipitation amounts
can influence the wet deposition of anions, in the absence of precipitation measurements, we
considered anion concentrations in the ice core to be representative of values in precipitation over
the Condoriri watershed. Moreover, low anion concentrations measured the Illimani ice core
suggests that altitude had a minimal concentration affect (see Results).

3.3. End Member Mixing Models
To estimate the relative proportion of glacial and nonglacial sources contributing to reservoirs
and streams, we used a two-component end member mixing model (EMMA) for isotopes and a 3
component EMMA for anions. Mixing models using environmental tracers rely on three
assumptions: (1) end member values are distinct; (2) end members are characterized accurately;
and (3) post-depositional processes have not altered isotope values or can be adequately
characterized (Clark & Fritz 1997). If these assumptions are met, the relative proportion of the
end members found in the mixed component can be estimated in both the two and three
component EMMAs by:

Cm = (F1 x C1) + (F2 x C2)

(1)

Cm = (F1 x C1) + (F2 x C2) + (F3 x C3)

(2)

Cm, C1, C2, and C3 correspond to the concentrations of the environmental tracers in the mixed and
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end member components, respectively. F1, F2, and F3 are the fractional contributions of each end
member to the mixed component and the sum of the fractions of each component equals unity
(Clark & Fritz 1997). In our study, we measured the concentrations in each component and
solved equations (2) and (3) for the contribution of glacial meltwater to the mixed component.

Isotope values of all mixing model components collected within a season were averaged to derive
a seasonal estimate. For precipitation, we created weighted wet seasonal averages for the
October–March period by summing the product of each month’s isotopic values and the fraction
of that month’s annual precipitation. This approach presumed that all localized variations in the
isotopes were accounted for in the computation of the seasonal average. Furthermore, because we
were unable to directly collect precipitation we assumed that the isotopic and anion values
derived from nearly 10 years of GNIP and Illimani data were representative of values in our study
period. We attempt to account for some of this uncertainty by using the precipitation data in
several different ways.

4. Seasonal Water Balances and Assumptions for Mixing Model Sources
The three possible sources to surface water within the Condoriri watershed during both the wet
and dry seasons are precipitation, glacial meltwater, and groundwater. Groundwater storage is
limited because of the narrow, rocky valleys characteristic of the Cordillera Real. While
groundwater has been considered an important component of the water balance in alpine
watersheds in other locations in the Andes (Baraer et al. 2009), in the Bolivian Andes numerous
hydrologic balance studies have assumed groundwater storage is negligible (e.g. Wagnon et al.
1998; Lui et al. 2012; Kinouchi et al, 2013). In our study, we also assume a deeper groundwater
component forced to the surface by pressure gradients is negligible. However, at the end of the
dry season in 2010 and 2012 we observed water flowing in small, isolated arroyos despite nearly
no rain or snow in the preceding months (Figure 2b). We consider the arroyo discharge to be
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shallow groundwater and assume it contributes to water in streams and reservoirs in both seasons
(e.g. Wagnon et al. 1998; Mark & McKenzie 2007). The shallow groundwater in the wet season
results from rain and snow infiltrating the surface deposits before ultimately draining into streams
and reservoirs. In the dry season, shallow groundwater continues to drain into streams and
reservoirs despite scant rain and snow, likely reflecting a lagged response to precipitation
infiltrated into the ground during the preceding wet season. Further supporting this assumption,
Mark & McKenzie (2007) observed the altitude affect in isotope samples collected from springs
in the dry season across an elevation gradient in the Peruvian Andes. They proposed that water
from the preceding wet season was percolating through the near-surface deposits and feeding the
springs.

4.1. Wet Season Sources
In the wet season, we assumed three sources contribute to surface water—precipitation, glacial
meltwater, and shallow groundwater (Figure 3). However, we suggest that the isotopic signature
of precipitation and shallow groundwater should be nearly identical because evaporation is
reduced during the wet season (Wagnon et al. 1999; Nicholson et al. 2013) and thus the isotopic
composition would not substantially change during through-flow routing, particularly over short
transit distances. Therefore, with respect to isotopes, the end members of our 2-component wet
season EMMA were precipitation and glacial meltwater (Table 1). Glacial meltwater can be
further subdivided into two components: water from recent precipitation (snow melt or runoff
from rain) and water from the melting of glacier ice. Because glacial ablation is highest during
the wet season (Sicart et al. 2007) and because Bolivian glaciers have been largely in negative
mass balance in recent decades (Rabatal et al. 2013), glacial meltwater in this season likely
contains some fraction of melted old ice in addition to melted recent snow. However, our
sampling design did not allow us to treat these two sub-components separately.
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For anions in the wet season, mineral dissolution and/or oxidation during through-flow routing
likely causes shallow groundwater to have a distinct chemical composition from glacial meltwater
and precipitation. Therefore, we treated each of the three components as distinct end members in
this season and in a 3 component EMMA (Table 1).

4.2. Dry Season Sources
In the dry season, we assumed there were two possible sources that contributed to surface
water—glacial meltwater and shallow groundwater (Figure 3). Precipitation during this season is
low (Figure 2a). Although we did not directly sample shallow groundwater, we argue that the
isotopic composition of arroyo water should be similar to shallow groundwater (e.g. Mark &
McKenzie 2007) because arroyo water is likely sustained by the through-flow of shallow
groundwater, which itself is replenished by precipitation in the preceding wet season. Therefore,
for isotopes, the end members of our 2-component dry season EMMA were shallow groundwater
and glacial meltwater (Table 1). The glacial meltwater component also likely combines portions
from the melting of older ice and melting recent snow (i.e. from the previous wet season). As the
dry season advances, the fraction of melted old ice contributing to glacial meltwater likely
increases because snow from the preceding season is progressively lost. Again, our sampling
design did not allow us to differentiate between melting old ice and melting recent snow.

For anions, however, the concentrations in the mixed component and end members showed no
systematic relationships (see results), which precluded their use in an EMMA.

5. Results and Discussion
5.1. Isotope End Members: Glacial Meltwater, Precipitation, and Shallow Groundwater
Oxygen and hydrogen stable isotope values of the glacial meltwater in the wet and dry seasons
were generally more negative than the other end members, an expected result because glaciers

	
  

48	
  

form in colder areas (e.g. Merlivat & Jouzel 1979; Clark & Fritz 1997; Table 2). For each season,
the δ18O and δ2H values of glacial meltwater samples fell along or slightly above the local
meteoric water line (LMWL) derived from the La Paz GNIP record, suggesting minimal
sublimation and/or evaporation (Figure 4). We found this result questionable because water vapor
losses are known to be high in the region (Wagnon et al. 1999) and sublimation and/or
evaporation has altered the isotopic values of the ice and overlying snowpack elsewhere (Stichler
et al. 2001; Gustafson et al. 2010). The glacial meltwater samples more realistically fell below
the LMWL when applying a LMWL derived from Chacaltaya and La Cumbre GNIP stations
more representative of the higher elevations where glaciers are located (Figure 4). Because our
sampling captured only a snapshot in time, we were unable to determine if any trends in isotopic
values of glacial meltwater during the course of the season would impact our mixing model
results. Other studies have shown that isotopic values of snow melt can become more positive
with respect to bulk values as the melt season progresses (e.g. Liu et al. 2004). If this were the
case in our study in both seasons, the glacial meltwater contribution would likely be
overestimated because we collected the samples at the end of the seasons (Figure 2b).

The intraseasonal variability of glacial meltwater was also low (Figure 4). In the 2012 dry season,
the δ18O values from 5 different glaciers (10 samples) were all within 1.8‰, while the seasonal
ranges of 2010 dry season and 2011 wet season were also less than 1.8‰ (Figure 4). Low
seasonal isotopic variability in glacial meltwater from individual glaciers suggests that an average
end member value is robust for the purpose of computing seasonal water source contributions.

For the 2011 wet season, precipitation was the second end member (in conjunction with glacial
meltwater). Weighted wet seasonal precipitation δ18O averages at the La Paz GNIP station ranged
from -18.16‰ in 2000–2001 to -12.80‰ in 1997–1998 (Figure 5a), corresponding to seasons that
received the most and least precipitation, respectively. These extremes also corresponded to
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seasons in which a La Niña and El Niño event were present, respectively. More negative isotopic
values are often associated with increased precipitation because the heavier oxygen molecules
(e.g. 18O) preferentially go into the liquid phase first (Clark & Fritz 1997).

In the 2012 dry season, the second end-member was shallow groundwater. Although we stated
shallow groundwater should be isotopically similar to precipitation in our study area, the isotopic
values of these samples fell below the LMWL and were indicative of being altered by
evaporation (Figure 5b). If these samples captured the actual variability of the evaporative effect
on the shallow groundwater, the average value used in the mixing model would be a valid
estimate for the seasonal value of groundwater and therefore would not affect the outcome of the
mixing model. However, if our average isotopic value underestimated the evaporative effect, then
the mixing model would underestimate the relative contribution of glacial meltwater, and vice
versa.

5.2. Isotope Mixed Component: Streams and Reservoirs
During the 2011 wet season, the isotopic values of high elevation streams and reservoirs fell
along the LMWL (Figure 5a), suggesting minimal alteration from evaporation and/or
sublimation. Even though sublimation and evaporation are high in the region, they can be
suppressed during this season due to higher atmospheric humidity (Wagnon et al. 1999; Favier et
al. 2004; Nicholson et al. 2013). Moreover, the water may have had reduced exposure time to
evaporation as a result of short travel distances of the glacial meltwater and precipitation routing
through the landscape to the sample location.

In the dry season, the isotopic values of the reservoir samples fell below the LWML (Figure 5b).
One explanation is that the original reservoir δ18O and δD values could have been similar to
glacial meltwater, suggesting that the reservoir water almost entirely came from glaciers, and
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subsequently evaporated. Alternatively, the reservoir samples could be mixture of shallow
groundwater, which plots below the LWML, and glacial meltwater. We favor this interpretation
because water flowing in arroyos, which likely represents discharge of shallow groundwater
(section 3.), drains into streams that subsequently fed reservoirs during the dry season.

5.3. Anions End-members: Glacial Meltwater, Precipitation, and Shallow Groundwater
Sulfate concentrations in glacial meltwater in both wet and dry seasons of 2011 and 2012
averaged about 50 mg/L, higher than all other sources (Figure 6; Table 1). Elevated sulfate
concentrations in glacier meltwater could have resulted from high rates of erosion and chemical
weathering caused by glacial scouring of the underlying igneous and metamorphic bedrock (e.g.
Mark & Seltzer 2003; Burns et al. 2011,). For precipitation used in the 2011 wet season analysis,
the average sulfate concentrations measured in the top 10 m of the Illimani ice core was 0.40
mg/L. For the 2012 dry season, sulfate concentrations in the shallow groundwater averaged 41
mg/L, ranging from 2 to 120 mg/L. Sulfate concentrations in the shallow groundwater may have
been higher than in precipitation because of sulfate mineral dissolution or sulfide oxidation
reactions that occurred as precipitation percolated through the sediments; the local geology is
known to contain sulfides (Salvarredy-Aranguren et al. 2008). Higher concentrations likely are
not a result of evaporation as the highest SO4 values in the shallow groundwater are not the most
enriched in 18O and the SO4/Cl ratios of shallow groundwater are about six times higher than
precipitation. The large variability in the concentrations of SO4 in shallow groundwater could be
explained by routing differences that caused the shallow groundwater to be in contact with
sediments of different mineral compositions and/or for different durations.

In the 2011 wet season, chloride concentrations in precipitation and glacial meltwater were
between 0.07 and 0.12 mg/L (Figure 6a). While chloride concentrations in glacial meltwater
samples during the 2012 dry season were similar, ranging between 0.06 and 0.22 mg/L, samples
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collected from shallow groundwater exhibited a large range, spanning 0.04 to 2.83 mg/L (Figure
6b). The high chloride concentrations in shallow groundwater could have resulted from the
mobilization of chloride in the sediments as water routed through the landscape; chloride is likely
deposited in the Condoriri watershed during the dry season when prevailing westerly winds rake
across large salt flats to the southwest and redeposit the salts across the Altiplano (Knusel et al.
2005).

5.4. Anion Mixed Component: Streams and Reservoirs
In the 2011 wet season, sulfate concentrations in streams and reservoirs were enveloped by
precipitation and glacial meltwater. Chloride concentrations exhibited a large range of 0.11 to
0.91 mg/L and concentrations in most streams were greater than those measured in precipitation
and glacial meltwater (Figure 6a). The elevated concentrations suggested a third end member,
with high Cl and mid-range SO4 concentrations. Although we did not measure shallow
groundwater in the wet season, we inferred it to be the third end member because shallow
groundwater contained elevated chloride concentrations in the dry season. We used the sample
with the highest chloride concentration to represent the shallow groundwater end member.

In the 2012 dry season, sulfate and chloride concentrations in streams and reservoirs generally
were between end member concentrations of both glacial meltwater and shallow groundwater.
However, substantial variability in the end members caused overlapping ranges that rendered a
two-component mixing model inappropriate for both tracers. In tracer application studies it is
common for some tracers to work while others do not for numerous reasons (e.g. Barthold et al.
2011), including tracers that do not act conservatively and/or inaccurately characterized
variability in the tracer concentrations.

5.5. Surface Water Contributions from Glacial Meltwater
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To address some of the uncertainty associated with the precipitation data being temporally
different than the other sources, we developed two scenarios for the precipitation end member in
the wet season mixing model. Scenario 1 uses the average of the nine GNIP weighted wet
seasonal averages, while Scenario 2 uses only the 1999 weighted wet season average. The year
1999 was selected because total accumulated precipitation during the 9 years of GNIP sampling
was most similar to that of 2011 prior to the sampling period (Figure 2b).

The isotopic mixing model for the 2011 wet season suggests that between 38–47% of the water
measured in high elevation streams and reservoirs originated from within the glacial margins
when using the average of the nine weighted wet seasonal averages from the GNIP La Paz station
as the precipitation end member (Table 3). The contribution of glacial meltwater increases to 51–
61% when using the weighted wet season average from 1998–1999. The wet season in this year
experienced a La Niña event as also did 2010–2011. Since La Niña events tend to deliver aboveaverage precipitation to the Bolivian region (Vuille 1999; Garreaud et al. 2003), which can cause
weighted seasonal averages of isotope values to be more negative due to the amount affect (e.g.
Clark & Fritz 1997), this average may better represent the precipitation end member. Both
scenarios produce similar results and given our limited sample size, a 50% glacial meltwater
contribution to the streams and reservoirs in both seasons is a reasonable estimate for the
isotopes.

The dry season glacial meltwater estimate likely reflects, to a large degree, the surface water
contribution of ice accumulated in past climates because we sampled from reservoirs after about
four months of almost no precipitation (Figure 2b) and glaciers in the region are in negative mass
balance (Soruco et al. 2009). Although reservoirs likely integrate inflow from multiple seasons,
the glacial meltwater contribution may be considered an upper limit since any residual amount of
wet season glacial and nonglacial meltwater—which likely has lower isotopic values than those
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of the dry season (Figure 4)—would cause the isotopic signature in the reservoirs also to be
lower. Conversely, the reservoir samples display an evaporation signal that causes a lower
estimation of the relative contribution of glacial meltwater.

Similarly to the wet season, sublimation and/or evaporation in the dry season is evident in the
glacial meltwater samples because all isotopic values fall below the LMWL defined by higher
elevation GNIP sites (Figure 4). Sublimation is often highest in the dry season when vapor
pressure deficits are larger (Sicart et al. 2007). Sublimation could cause either an overestimation
or underestimation of the relative contribution of glacial meltwater if the average value used for
glacial melt does not represent the seasonal average.

Using sulfate and chloride concentrations in a three component EMMA for the 2011 wet season
generated glacial meltwater contributions of ~16% and nonglacial meltwater contributions of
40% and 44% for precipitation and shallow groundwater, respectively (Table 3). Because we
used the highest measured chloride concentrations to represent the shallow groundwater end
member, we may have underestimated the real value of this end member. Higher chloride values
would increase the glacial meltwater contribution.

While sublimation and increases in precipitation due to orographic affects can both enrich anion
concentrations in ice (Taylor et al. 1999; Gustafson et al. 2010), the average sulfate and chloride
concentration measured in the Illimani ice core was 0.4 mg/L and 0.05 mg/L, respectively. Any
concentration of sulfate (at most 0.4 mg/L) and chloride (at most 0.05 mg/L), therefore, could
have decreased the glacial runoff contribution up to 2%. These estimates presume that sulfate and
chloride are only influenced by dilution, whereas in Peru, Fortner et al. (2011) observed nonconservative behavior of sulfate in a glaciated watershed.
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Our estimates are also similar to results of Kinouchi et al. (2013), who reported glacier ice melt
contributes about 24% of the annual total streamflow in a nearby watershed. They are also similar
to estimates from studies in Peru, where glacier melt comprised between 30% and 45% of the
total annual stream discharge in two small watersheds during 1998–1999 (Mark & Seltzer 2003)
and amounted to 40% of the dry-season discharge of the Rio Santa (Mark et al. 2005).

5.6. Future Water Supply Implications
The high fractional contribution of glacial meltwater to surface water is a direct consequence of
the close proximity of our sample locations to the terminal positions of glaciers. The location of
the reservoirs, therefore, makes surface water more sensitive to changes in glacial meltwater.
Further accentuating this sensitivity is that glaciers in Bolivia are susceptible to accelerated
retreat because many of them are small (Francou et al. 1995; Vuille et al. 2008). Although
accelerated glacial melt can increase streamflows in areas with large glaciers, watersheds with
small glaciers will experience streamflow declines sooner (Cisneros et al. 2013). This has already
been observed in Peru where decreases in dry season streamflows have been connected to glacial
retreat (e.g. Baraer et al. 2012). In the future, projected temperature increases will likely reduce
the fraction of total water contributed by glaciers (Favier et al. 2009). Moreover, there is some
indication that precipitation may also decline as a consequence of reduced wet season easterly
atmospheric flow (Minvielle & Garreaud 2011), which would likely amplify temperature-related
glacier ablation.

The region’s water supply is vulnerable to these conditions principally because supply and
demand in the La Paz region are currently equal (The World Bank 2010). Therefore, any future
reduction in supply that is not offset by a change in demand will lead to water deficits.
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Rural populations around the Condoriri watershed are also vulnerable to reductions in surface
water because they rely on streams and shallow groundwater fed in part by glaciers. Informal
conversations with residents during the 2010 and 2012 field campaigns revealed that water tables
have been lowering below wells in the dry season. Although this is not proof of a glacial impact,
it does suggest rural inhabitants are already experiencing water stress. This has also been
observed in several rural Peruvian communities, where reductions in dry season streamflow have
had significant impacts on water supply, agriculture, and animal husbandry (Bury et al. 2010).

The potential for future water deficits is already instigating changes to local water management
that include building new water storage structures (The World Bank 2008; Quispe 2011). Other
possible options to increase supply include developing more groundwater and using reclaimed
water. The supply side, however, is only half the equation, and water usage is not predicated
solely on availability (Carey et al. 2013). Increasing population and economic development are
among the social drivers of water demand and options for alleviating increases in demand include
improving water use efficiency (e.g. Gleick 2003). Optimistically, in developing countries like
Bolivia where access to water is currently low, particularly for rural residents (The World Bank
2014), activities instigated by water supply changes can reduce climate vulnerabilities and
promote sustainable development (Smit et al. 2001) that, in turn, moderates water demand.

5.7. Research Design Recommendations
Our results should be viewed cautiously. Oxygen and hydrogen isotopes and sulfate and chloride
anions have exhibited large spatial and temporal variability in many regions, and show
indications of high variability in this study. While we assumed the variability of each water
source component was accurately captured, future work should systematically assess both
temporal and spatial variability. This will enable explicitly addressing uncertainty with, for
example, Gaussian error propagation techniques used in other tracer applications (e.g. Genereux
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1998). For future studies estimating glacial meltwater contributions to water supplies, we
recommend comparing concurrently collected precipitation and shallow groundwater samples to
constrain the influence of groundwater. Also, sampling streams in lieu of reservoirs can help
minimize evaporation in this mixed component, which can introduce uncertainty in the results.
Additionally, sampling numerous times during a season can help determine temporal trends and
enable the selection of the most appropriate bulk value. Finally, future studies can directly sample
ice and recent snow in addition to the glacier meltwater. This data can help quantify the
components of the meltwater related to the melting of older ice and recent snow.

5.8. Challenges of Research in Remote Areas of Developing Countries
Mountains are the water towers of the world and are therefore critical to study (Viviroli et al.
2007). However, they are also some of the more difficult regions to access because of remote,
rugged terrain. Consequently, monitoring at high elevations is underrepresented globally (Viviroli
et al. 2011) and in Bolivia (Vuille et al. 2008). In lieu of maintained monitoring networks,
environmental tracer applications are one of many methods that can help build spatial and
temporal datasets needed to study environmental change (e.g. Vuille et al. 2008). Mountainous
regions in developing countries have additional challenges, including limited science capacity and
data that is not publically available. The tropical Andean region, for example, was ranked the
lowest and third lowest out of 11 regions in science and management capacity, respectively
(Viviroli et al. 2011).

We experienced some of these constraints in our study. Roads, when present, were sometimes
impassible and impeded our access to glaciers. Long travel distances (by vehicle and foot) also
reduced the number of samples we could collect during our short field campaigns. Local
communities also denied our access to some locations. We suspect these obstacles are generic to
working in remote regions in developing countries, especially for foreign researchers.

	
  

57	
  

Collaborating with local science institutions can help ameliorate these constraints, while also
helping to build science capacity. More importantly, incorporating local science and resource
management knowledge can help reframe research questions to better align with management
concerns when the objective is to provide decision-relevant information (e.g. Carey et al. 2013;
NRC 2011).

6. Conclusion
We used stable isotopes and sulfate in a two and three component EMMA to show that glacial
meltwater contributed between 16–61% of the water in streams and reservoirs during the 2011
wet season and 53% to reservoirs during the 2012 dry season in mountain catchments in Bolivia.
Given uncertainties, a reasonable approximation of the glacial meltwater contribution derived
from isotopes to surface water in both seasons is about 50%. Because precipitation was negligible
in the dry season, the 50% estimate likely reflected to a large degree the contribution from the
melting of older ice. This may therefore be an estimate of the proportional reduction in dry season
water supply if glaciers in the Condoriri watershed completely disappear. The wet season
estimate, on the other hand, combined melt contributions from recent precipitation and older ice.
This research demonstrated that anion and isotopic mixing models can be used to quantify glacier
meltwater contributions in the Bolivian Andes as well as other remote and difficult to access
regions with inadequate monitoring.
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Figures
Figure 1. Locations of samples collected in August 2010, March 2011, and August 2012. Sample
numbers are referenced in Table 2. The upper right image is an ASTER image from June 2004
and shows the areal extent of the glaciers that contribute to the Condoriri watershed and Tuni
Reservoir.
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Figure 2. (A) Daily temperature and precipitation data from El Alto averaged by month over the
1943 to 2012 period. Data obtained from the National Meteorological and Hydrological Service
(SENAHMI) in Bolivia. (B) Cumulative precipitation at El Alto during the three years in which
samples were collected and during 1998–1999, a year in which cumulative precipitation evolved
similarly to 2011. Grey boxes correspond to the sampling dates.
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Figure 3. Conceptual model of the glacial-hydrologic system in the wet and dry seasons. Shallow
groundwater is derived from precipitation and routed through shallow, rocky soils before draining
into streams and reservoirs via arroyos.
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Figure 4. δ18O and δ2H values for glacial samples collected in 2010, 2011, and 2012. The local
meteoric water lines (LMWL) were derived from precipitation samples collected at La Paz
(3800m) and two higher elevations sites, Chacaltaya (5200m) and La Cumbre (4650m).
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Figure 5. (A) δ18O and δ2H values for individual samples for the two end member sources and
mixed components for 2011 wet season. (B) The same as A but for the 2012 dry season.
Averages and ranges of each source are also plotted. The local meteoric water line (LMWL) was
derived from precipitation at the La Paz GNIP site.
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Figure 6. SO4 and Cl concentrations for the end member sources and mixed components. Cl
concentrations for the 2012 dry season have a break in the x-axis.
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Table 1. The number of end member and mixed component samples used in the wet and dry
season mixing models for both isotopes and anions.
Tracer

Season

Precip.

Isotope

Wet (Mar 2011)
Dry (Aug 2012)
Wet (Mar 2011)

9a
1c

Anion

End Members
Glac.
Shallow
Meltwater
GW
3
10
3

a

5b
7d

Mixed Components
High
Reservoirs
Elevation
Streams
7
1
7
7
1

Values correspond to weighted wet seasonal averages (October–March) at the GNIP La Paz
Samples collected from arroyos
c
Derived from the top 10m of the Illimani ice core; value averaged over 11 wet seasons, spanning 1988
and 1998 (Ginot et al. 2002)
d
Samples collected from high elevations streams with highest Cl concentration determining end member;
see Figure 5
b
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Table 2. Average and standard deviations of isotope and select anion concentrations by season
and source. The map numbers are referenced in Figure 1. Isotope values for precipitation are used
for 2011calculations, while anions concentrations are used for both 2011 and 2012 calculations.

Tracer
δ18O (‰)
2

δ H (‰)
SO4 (mg/L)
Cl (mg/L)

August 2010
Ave
Stdev Map
-13.88

0.03

-96.38
11.55
0.05

0.70
6.71
0.02

1,#2, 3

March 2011
Ave
Stdev Map #
Glacial Runoff
-19.22

0.61

Ave

4, 5, 12

-16.16

25

-15.08

-138.92 3.14
48.41
9.71
0.10
0.02

August 2012
Stdev Map #

0.62 6, 7, 8, 9,
-116.39 5.02 10, 11,
13, 14,
51.56
30.07
15, 16
0.12
0.06

Reservoirs
δ18O (‰)

-14.35

2

0.69

22, 23,
24, 26,
27, 28,
29

δ H (‰)
SO4 (mg/L)

-108.47
27.47

-112.23 5.41
21.93
6.97

Cl (mg/L)

0.34

0.21

0.09

-13.87
-107.58
40.85
0.79

2.76 17, 18,
13.55 19, 20,
21
48.04
1.18

High Elevation Streams
δ18O (‰)

-16.79

30, 31,
-123.34 11.92 32, 33,
34, 35,
24.51
11.94
36
0.45
0.31

2

δ H (‰)
SO4 (mg/L)
Cl (mg/L)

1.58

Arroyos (Inferred Shallow Groundwater)
δ18O (‰)
δ 2H (‰)
SO4 (mg/L)
Cl (mg/L)

Wet Season Precipitation
δ18O (‰)
δ2H (‰)

-14.83a 1.59a
-106.04a 13.8a

-13.62b
-94.24b

SO4 (mg/L)
0.40c
0.40c
c
Cl (mg/L)
0.06
0.05c
The measurement accuracy of δ18O and δ2H are 0.2‰ and 0.5‰, respectively. Anions measurement
accuracy is +1%.
a

Weighted wet season average (March–October) of all 9 years of data at the GNIP La Paz site.

b

Weighted wet season average (March–October) for 1998-1999 at the GNIP La Paz site.

c

Values from Illimani ice core that were average over the 11 wet seasons spanning 1988 to 1998.
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Table 3. Contributions of glacial and nonglacial runoff estimated from isotope and anion
concentrations in a 2-component isotopic mixing model under two scenarios and a 3-component
anion mixing model.

δ18O
δ 2H
SO4-Cl
Ave.
a

Wet Season, Scenario 1
Glac.
Nonglac.
Runoff
Runoff
(%)
(%)
38
62
47
53
16
84a
45
55

Wet Season, Scenario 2
Glac.
Nonglac.
Runoff
Runoff
(%)
(%)
51
49
61
39
NA
NA
54
46

Contributions of precipitation and shallow groundwater to nonglacial meltwater were 40% and

44%, respectively

	
  

Dry Season
Glac.
Nonglac.
Runoff
Runoff
(%)
(%)
53
47
53
47
NA
NA
53
47
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Abstract.
Alpine glaciers in many mountain ranges around the globe have been retreating in recent decades
partially as a consequence of increasing temperatures. Small glaciers are particularly sensitive to
climate changes and will likely disappear sooner than larger glaciers and levy more immediate
impacts. Projecting future glacier changes, however, has been hampered by uncertainties in
moisture-related variables such as precipitation and humidity. In regions where the mass balance
of glaciers is correlated with air temperature, estimating changes is more feasible because
temperature projections are more confidently and robustly projected by global climate models
(GCMs) than other variables. We develop a temperature-driven, accumulation area ratio (AAR)
model that incorporates individual glacier hypsometries in the Cordillera Real, Bolivia where
most glaciers are small (less than 0.5 km2), some substantially contribute to regional water
supplies, and glacier mass balance is highly correlated to temperature. We test the ability of the
model to quantify changes in individual and total glacier area observed from Landsat TM images
between 1986 and 2005. The model underestimates glacier change for nearly all small glaciers for
this period, suggesting estimates of future changes using this approach would be conservative.
Using calibrated parameters, we quantify total area changes for 284 glaciers outlined from a 2004
ASTER image under two greenhouse gas (GHG) emission scenarios: RCP 4.5 and 8.5. We drive
the AAR model using a multi-model average of surface temperature changes extracted from 15
GCMs used in the fifth assessment report of the Intergovernmental Panel on Climate Change
(IPCC). We also conservatively estimate the years when the current, average temperature at the
base of each glacier rises above that glacier’s maximum elevation, providing a spatial and
temporal estimate of glacier demise. We report substantial glacier area loss for both GHG
scenarios.
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1. Introduction
Alpine glaciers in many mountain ranges around the globe have been retreating in recent decades
(Paul et al. 2004; WGMS, 2009). Tropical alpine glaciers have exhibited notable retreat and show
the highest disequilibrium with current climate as compared to other regions (Dyurgenov et al.
2009). In the Andes, for example, total glacier area declined between 20% and 50% in the second
half of the 20th century, with accelerated losses observed since 1970 (Magrin et al. 2014). In
Bolivia, glaciers have experienced similar declines (Ramirez et al. 2001; Rabatel et al. 2006;
Rabatal et al. 2013). Soruco et al. (2009) estimated that the total volume of 376 glaciers in the
Cordillera Real declined by 43% between 1963 and 2006, a period in which near-surface air
temperature significantly increased by about 0.10°C per decade (Vuille et al. 2008) while there
were no significant trends in precipitation (Vuille et al. 2003). In Peru, Racoviteanu et al. (2008)
showed a decline in glacier area in the Cordillera Blanca of 22.4% from 1970 to 2003, noting that
annual air temperature showed a significant upward trend, while trends in precipitation were not
significant.
Alpine glaciers are among the best indicators of climate changes (Oerlemans 1994) because they
respond in close synchronicity to climate. Small glaciers are particularly sensitive to the changes
(Kääb et al. 2002; Vuille et al. 2008). From a resource management perspective, small glaciers
are especially concerning because they will likely disappear sooner than larger glaciers and the
impacts on water supply, hydropower generation, and other uses will have more immediate
consequences (e.g. Vergara et al. 2007). For example, small glaciers in Bolivia have already
disappeared (Rabatel et al. 2013) and reductions in the mass of small glaciers have contributed to
decreases in the annual and seasonal glacier contributions to streamflows in Peru and elsewhere
(Baraer et al. 2012; Cisneros et al. 2013). In watersheds with larger glaciers, meltwater will likely
peak in future decades (Rees and Collins 2006; Cisneros et al. 2013). Projecting changes at the
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individual glacier scale is therefore important to inform climate adaptation and development
activities (Vergara et al. 2011).

The temporal and spatial pattern of glacier change is driven by climate and modified by the
topographic characteristics of each glacier (e.g. aspect, slope, range, etc.). Quantifying future
glacier changes is challenging because glacier response to climate is often determined by the
interplay of correlated variables like temperature, precipitation, humidity, and albedo (Kaser and
Osmaston 2002; Sicart et al. 2005). For the Bolivian Andes, moisture-related variables
predominantly control glacial mass changes (Wagnon et al. 1999; Wagnon et al. 2001) as
humidity governs sublimation, precipitation influences albedo, and cloudiness alters the incoming
long-wave radiation (Vuille et al. 2003). The relative importance of these variables also changes
seasonally, which further complicates the climate signal (Ribstein et al. 1995; Wagnon et al.
2001; Sicart et al. 2011). At longer timescales, temperature is strongly correlated to glacier mass
balance (Sicart et al. 2008) and appears to integrate ablation and accumulation processes (Vuille
et al. 2008).
Energy balance methods have been used to estimate future climate changes (e.g. Bolch et al.
2012; Kinouchi et al. 2013) helping to untangle the inter-relation between climate variables
(Kaser and Osmaston 2002; Sicart et al. 2005). These methods calculate the energy available for
melt as the residual of the energy balance equation, whose main terms are short- and long-wave
radiation fluxes and the turbulent fluxes of sensible and latent heat (Rabatel et al. 2013).
However, the use of energy balance methods in projecting changes in small glaciers is
problematic. Several studies have documented a large range in the glacier area losses for similar
sized, small glaciers, even within short distances (Paul et al. 2004; Racoviteanu et al. 2008; Bolch
et al. 2010). This suggests that topographic conditions and local microclimate substantially
influence the response of small glaciers to climate changes (Paul et al. 2004) and that capturing
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single glacier sensitivities requires higher accuracy than many existing energy balance models
achieve (Rupper and Roe 2009). Furthermore, energy balance methods require detailed data,
which is rarely available from locations where small glaciers are found (Quiroga et al. 2013).
Even when detailed data exist, they are often only available for a short amount of time (Kulkarni
1992). Moreover, projections of future glaciers using energy balance methods require inputs from
variables that are modulated by moisture-related conditions such as precipitation and humidity,
which are uncertain in future projections (Blázquez and Nuñez 2013). These limitations imply
that even with accurately calibrated and sophisticated models, the evolution of glacier changes
will have large uncertainty ranges. This is perhaps one reason why estimates of future glacier
changes are lacking, particularly at the watershed level and in mountain ranges with small
glaciers. Therefore, simpler, scalable methods are needed.

In regions where air temperature is correlated with the mass balance of glaciers, empirical
relationships offer a simple yet robust alternative to energy balance methods for projecting glacier
changes (e.g. Paul et al. 2007). In these regions, temperature can integrate both ablation and
accumulation processes and serves as an adequate proxy for more intricate climate influences
(Vuille et al. 2003; Sicart et al. 2008; Vuille et al. 2008). This relationship also supports driving
glacier change models with temperature projections from climate models, which are more certain
and robust compared to projections of moisture-related variables (Blázquez and Nuñez 2013;
Knutti and Sedlacek 2013).

An approach that uses glacier geometries and temperature data to estimate glacier changes
integrates the concepts of equilibrium line altitude (ELA) and accumulation area ratio (AAR).
The distribution of area as a function of altitude (hypsometry) of individual glaciers plays an
important role in glacier response (Oerlemans et al. 1998). The hypsometry of a glaciers controls
the amount of area experiencing ablation for a given change in ELA. The ELA represents the
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altitude on a glacier’s surface that divides the area of the glacier accumulating mass over a
specified timescale, usually a season or more, from the area where glacier mass is lost. The
position of the ELA on the surface of the glacier is a function of climate. That position is often
determined in relation to temperature and precipitation such that the ELA rises in elevation with
increases in temperature and/or decreases in precipitation, and vice versa. The ELA is considered
to be one of the most useful glaciological measures of climate (e.g. Porter 1975). There are
numerous methods to derive ELAs based on glacier geometries with the AAR method being
widely used (Benn et al. 2005). The AAR method assumes that the accumulation area of the
glacier occupies a fixed fraction of the total glacier area.

We estimate future glacier changes in the Cordillera Real, Bolivia by developing a temperaturedriven, AAR model and testing its ability to quantify changes in individual and total glacier area.
We focus on the Cordillera Real, Bolivia because the majority of glaciers are less than 0.5 km2
(Francou et al. 2000), they contribute to the water used by more than 2 million people in and
around the cities of La Paz and El Alto (Quispe 2011), and glacier mass balance has a high
correlation to temperature (r2 = 0.76; Sicart et al. 2008). While AAR methods have been criticized
for their insensitivity to hypsometry and glacier size (Osmaston 2005; Rea 2009), we address
these limitations by incorporating hypsometry in our calculations and calibrating our model on
changes in glaciers between 1986 and 2005. This calibration period shows that AARs for
individual glaciers span the entire ratio range, causing the AAR model to underestimate area
changes for nearly all small glaciers. We therefore take a conservative approach for future
projections and show changes in total glacier area for 284 glaciers through year 2100 using an
ensemble of the 15 highest resolution GCMs for two greenhouse gas (GHG) emissions scenarios
used in the fifth assessment of the Intergovernmental Panel on Climate Change (IPCC). Because
we are interested in providing detail at the glacier scale, we also conservatively estimate the years
when the current, average temperature at the base of each glacier rises above that glacier’s
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maximum elevation, providing a spatial and temporal estimate of glacier demise. Finally, we
derive glacier sensitivities to temperature based off of each glacier’s distribution of area with
increasing elevation. We report substantial glacier area loss for even the lower GHG forcing
scenario.

2. Study Area
Glaciers in Bolivia account for about 20% of the world’s tropical glaciers (Kaser 1999), and the
Cordillera Real is the most extensively glaciated mountain range in Bolivia. In the Cordillera
Real, approximately 80% of the glaciers have an area less than 0.5 km2 (Francou et al. 2000).
Glacier accumulation occurs predominantly during the wetter, October–March period. Ablation
occurs year-round with wet season melting markedly higher than during the drier, April–
September period (Kaser and Georges 1999; Wagnon et al. 1999; Sicart et al. 2005).

Previous glaciological studies in Bolivia have estimated AARs on several glaciers. For the Zongo
Glacier, Francou et al. (1995) estimated the AAR to be about 0.6, which corresponded to an ELA
of approximately 5100 m, and Rabatel et al. (2012) calculated a similar ELA for Zongo Glacier,
basing an estimate of ~5150 m on the 1991–2006 average. The Zongo Glacier in 2006 was about
2 km2 (Soruco et al. 2009). Rabatel and Mendoza (2004) also reported AARs of 0.66 for other
glaciers near Zongo.

While average temperatures around the Cordillera Real have low monthly variability,
precipitation has distinct seasonality. About 80% of the annual precipitation falls in the austral
summer between October and March (Garreaud et al. 2003). The April–September period (austral
winter) is dry and it experiences colder temperatures than the wet season. During the wet season,
easterly winds from the upper troposphere and the Bolivian High direct upper and midtropospheric moisture from the continental lowlands onto the Altiplano (Vuille et al. 1998;
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Garreaud et al. 2003; Garreaud 2009). Low-level moisture also is transported into the region from
the east by a link between the mid- and upper-level winds and the moister near-surface air
(Garreaud 1999). In contrast, westerly flow dominates during the April–September dry season
(Vuille 1999). This produces little precipitation because moist air from the Pacific Ocean is
obstructed at low levels by coastal topography, while a regional temperature inversion prevents
upper level moisture from flowing onto the Altiplano (Vuille 1999). On interannual timescales,
the Cordillera Real region experiences atmospheric circulation fluctuations during the wet season
that are related to the El Niño Southern Oscillation (ENSO; Vuille 1999; Garreaud et al. 2003). El
Niño events tend to deliver below-average precipitation and La Niña events often cause wetterthan-average conditions (Vuille 1999).

3. Methods
Our model ultimately calculates changes in the area for individual glaciers by applying a change
in ELA and relating that change to the hypsometry of each glacier, i.e. the glacier’s area
distribution as a function of elevation. We first outline the steps in this model and then discuss
them in more detail by describing our approaches to determining the ELA, delineating glacier
outlines, and extracting elevation data within those outlines. We also discuss the assumptions of
this approach.

3.1 Glacier Modeling Framework
To derive an initial ELA (iELA) for each glacier, we sort in ascending order the elevation data for
all grid points contained within a glacier’s margin. Then, we select the elevation that corresponds
to a prescribe AAR. Next, we calculate a change in the ELA (dELA) by extracting surface
temperature changes (dT) from GCMs and dividing that by a prescribed environmental lapse rate
(LR):
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dELA = dT/LR

(1)

We add this change in ELA to the initial ELA and recalculate that number of elevation points (z)
that lie at or above this new ELA. We convert this to an accumulation area (AcA) by multiplying
the number of elevations equal to or above the ELA by 900 m2, which corresponds to the area
each elevation represents:

AcA = (z > (iELA + dELA)) * (900)

(2)

We then calculate the ablation area (AbA; the area below the ELA) by:

AbA = (1-AAR) / AAR) * AcA

(3)

Finally, we calculate the new glacier area (dGlA) as a function of ELA change by:

dGlA = AbA + AcA

(4)

3.2 Extracting Glacier Outlines and Corresponding Elevation Data
To derive glacier outlines we used multispectral Landsat TM and ASTER satellite images. We
created outlines for three periods. A Landsat image from 1986 and 2005 was used to calibrate the
model and two ASTER images from 2004 were used as the starting point for future projections
(Figure 1).

We downloaded Landsat TM images from the U.S. Geologic Survey’s Earth Explorer server
(http://earthexplorer.usgs.gov) and ASTER images from the U.S. National Aeronautics Space
Administration (NASA) Earth Observing System Data and Information System Center
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(http://reverb.echo.nasa.gov) also for the Cordillera Real. The spatial resolution of the Landsat
images is 30 m2. The spatial resolution for ASTER images depends on the bands used; the bands
we analyzed corresponded to a 30 m2 horizontal resolution to match the Landsat resolution.

The Landsat images were taken on August 15, 1986 and September 4, 2005. They spanned the
longest duration while also meeting the following criteria: they occurred within the dry season
months of June–September, had no obstructing clouds over the mountains, and displayed minimal
evidence of recent snow during previous month. The ASTER images were taken on June 21 and
August 8, 2004 and met the same criteria. To verify minimal precipitation fell prior to the image
date, we viewed recent precipitation data collected at the nearby City of El Alto. In all cases,
precipitation occurred no more than once within 45 days preceding each image date.

We created outlines for the same 59 glaciers in both Landsat images in GIS. These 59 glaciers
represented a range of different glacier sizes. We followed the guidelines for defining a glacier
outlined by Global Land Ice Measurements from Space (GLIMS; Raup and Khalsa 2010). In the
2005 Landsat image, several glaciers had split into multiple ice masses. We treated these
separated parts as the same glacier, combining their areas and elevation data in the analysis. In the
ASTER images, we created outlines in for 284 glaciers that represent all glaciers in the Cordillera
Real north of, and including, the Huayna Potosi Massif.

To map glacier outlines, we utilized band ratio thresholds (e.g. Paul et al. 2002; Paul and Kääb
2005; Racoviteanu et al. 2005). The low reflectance of ice and snow in the middle infrared band
is commonly used to derive outlines (Paul et al. 2002; Paul et al. 2004; Paul and Kääb 2005;
Racoviteanu et al. 2009), and is a simple, robust, and accurate method (Paul et al. 2004).
For the Landsat images, we applied the band ratio 3/5, which works better in shadows and with
thin debris-cover (Paul and Kääb 2005). Visual inspection of other band ratios confirmed that 3/5
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highlighted ice the clearest. We selected a low threshold value and then manually inspected the
outlines for irregularities, as recommended (Paul et al. 2013). After generating the outlines, we
erased water bodies that were misidentified as ice as well as outlines less than 0.05 km2, which
we assumed to be snowfields as opposed to glaciers. We then erased single pixels within the
glacier polygons that were not identified as ice. These are usually misclassified pixels due to
small glacier debris (e.g. Bolch et al. 2010). We corrected any obvious errors along the glacier’s
edges (i.e. irregular, unrealistic glacier margins). Finally, we manually defined glacier ice divides
by tracing topographic divides that we distinguished by generating elevation contours in
Geographic Information System (GIS) from the ASTER-derived Global DEM version 2
(GDEM2; see below). The root mean square error of the GDEM2’s vertical accuracy, as
compared to GPS benchmark elevations within the United States, is about 8 meters and unbiased
(Tachikawa et al. 2011). For the ASTER image, we followed the same procedure as above,
applying a band ratio of 1/3. Errors associated with the band ratio technique can be around 5% for
glaciers without much debris cover (Paul et al. 2013); glaciers in the Cordillera Real have low
debris cover.

To obtain elevation data for each pixel within a glacier’s outline, we overlaid the ice outlines on
the GDEM2 and extracted all elevation points completely or partially within the outline. The
elevation data could then be converted into hypsometry by arranging the elevations in ascending
order and calculating the fraction of total glacier area (number of elevation points multiplied by
30m2) below each elevation.

3.3 Determination of ELA
In the model, the initial ELA was calculated using a specified AAR. We used a range of plausible
AAR values that included values found on Bolivian glaciers (Francou et al. 1995; Rabatel and
Mendoza 2004; Rabatel et al. 2012). We used several AAR values to account for uncertainty in

	
  

89	
  

the actual AAR, which can differ by glacier. For each subsequent time step, we derived changes
in the ELA by dividing the multi-model ensemble average temperature change by an
environmental lapse rate of 7.4 oC/km. This lapse rate was calculated from measurements
between 4770 m and 5200 m on the surface of the Zongo Glacier in the Cordillera Real (Francou
et al. 1995; Ribstein et al. 1995). A 1oC rise in temperature using this lapse rate would increase
the ELA by 135 m. This is similar to the ELA increase of 150 ± 30 m for a 1oC temperature rise
found on the Zongo Glacier from a physically-based glacier model sensitivity analysis (Rabatel et
al. 2013). Finally, the ELA changes were smoothed with a 10-year moving average.

The change in temperature can be determined using different climate data sources, temperature
variables (e.g. free air or surface), and time-averaging windows (e.g. hydrologic year or summer).
We explored these differences in a sensitivity analysis, the results of which are described in the
Model Calibration section in results.

3.4 Model Assumptions
The model is based on several simplifications. We assumed that an elevation change of the ELA
can be derived solely from a temperature change. This is reasonable given the observed
correlation between temperature and glacier mass balance in the Cordillera Real (e.g. Sicart et al.
2008) but creates uncertainty because it is unknown if this correlation will continue. We also
assumed and there are no changes in the geometry of the accumulation area. Both edge effects
and glacier thinning would likely expose rocks within the glacier margin. Indeed, we observed
evidence of this in comparisons of the 1986 and 2005 images. Finally, our approach did not
account for changes in glacier’s surface elevation (i.e. thinning), which is likely for retreating
glaciers (Pelto, 2009; Paul et al. 2004). However, thinning may not be substantial. Pelto (2009),
for example, observed between 3 and 18 meters of thinning on 9 glaciers in the Cascades in the
Western U.S. over the 1996–2006 period. Not explicitly accounting for thinning or geometry
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changes will lead to slight underestimates of glacier loss, which conforms to our approach of
providing conservative estimates.

4. Data
4.1. Modeled Surface Temperature Changes
We extracted monthly surface temperature from 15 of the highest resolution GCMs from the
Coupled Model Intercomparison Project Phase 5 (CMIP5; Table 1). We analyze models produced
by 14 of the 28 modeling groups who have published data in CMIP5 and use the highest
resolution models to increase the number of grid points encompassing the Cordillera Real. Data
was downloaded from the Earth System Federation Grid (http://pcmdi9.llnl.gov) led by the
Program for Climate Model Diagnosis and Intercomparison (PCMDI). Many of these models
have been used in other climate change analyses in the region (e.g. Seth et al. 2010; Blázquez and
Nuñez, 2013).

Data for each GCM corresponded to grids intersecting a 2.5 by 2.5 degree latitude/longitude
polygon encompassing the Cordillera Real (latitude: 17.5 S, 15.0 S; longitude: 69.5 W, 67.0 W).
The number of grids each model contained ranged from 12 to 3 (Table 1). Of those grids
intersecting the Cordillera Real, we excluded one with elevations less than 2000 m, which
occurred when a grid predominantly encompassed the Amazon Basin to the northeast of the
Cordillera Real. For each GCM model, changes in surface temperatures were averaged to create a
single time series of monthly temperature change. Changes in monthly surface temperatures were
then averaged across the 15 models to create a multi-model ensemble.

We analyzed surface temperatures in historical model runs for the 1981–2005 period and future
simulations for Representative Concentration Pathway (RCPs) 4.5 and 8.5 over the 2005–2100
period. RCPs 4.5 and 8.5 are scenarios of long-term, global emissions of greenhouse gases, short-
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lived species, and land-use-land-cover. RCP 4.5 stabilizes radiative forcing at 4.5 W m−2
(approximately 650 ppm CO2-equivalent) in the year 2100, leading to about a 2°C global average
temperature rise by 2100 (Thomson et al. 2011; Collins et al. 2013). RCP 8.5 is the highest
scenario with a radiative forcing of 8.5 W m-2 in 2100 (> 1370 ppm CO2-equivalent in 2100),
leading to about a 4°C global average temperature increase (Riahi et al. 2011; Collins et al. 2013).
The lowest scenario, RCP 2.6, is not analyzed because this trajectory is considered difficult to
achieve (Clarke et al. 2014; Victor and Kennel 2014).

4.2. CFSR
We also extracted monthly surface temperatures from Climate Forecast System Reanalysis
(CFSR) to compare results for the historical 1985–2005 period with GCM simulations. CFSR is a
global coupled atmosphere-ocean-land surface-sea ice model developed by NOAA’s National
Centers for Environmental Prediction (NCEP) with data spanning 1979–2010. CFSR data is
resolved on a 0.5° by 0.5° grid and includes geopotential height (m) and temperatures at 37
different isobaric surfaces between 1000 hPa to 1 hPa (Saha et al. 2010).

4.3. GCM Free-air Temperatures
We extracted free-air atmosphere temperatures that corresponded to the ELA of each glacier in
order to compare the accuracy of AAR model for individual glaciers using temperatures changes
from the free-air and the surface. In the GCM data, isobaric levels are associated with
corresponding temperature and altitudes. To extract free-air temperatures, each month we located
the altitude of each glacier’s initial ELA by linearly interpolating between the two bracketing
isobaric surfaces. We found the temperature corresponding to the ELA in the same way.
Differencing the ELA altitudes derived temperatures changes between months. In this case, the
environmental lapse rate was explicitly calculated. We did this only for a subset of 7 models.
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5. Results
5.1. Model Calibration
Between 1986 and 2005, the 59 glaciers delineated using the Landsat images all experienced a
decline in area (Figure 1). Seven glaciers present in 1986 vanished by 2005. The percent change
in glacier area loss displayed a wide range for glaciers less than 2 km2 (Figure 2), a size range that
make up the majority of glaciers in the Cordillera Real (Jordan 1991; Rabetal et al. 2006). The
combined area of the 59 glaciers declined by 29.0%, from 108.1 to 76.7 km2.

Studies have shown that glacial mass balance is more sensitive to and has the highest correlation
with temperatures in the warmer months of October–March (Francou et al. 2003; Kinouchi et al.
2013). However, in our model averaging ELA changes over this period overestimated observed
area decline for all glaciers. On the other hand, averaging temperature changes over the cooler
months of April–September produced ELAs that decreased in elevation for all glaciers. This
caused glacier areas to increase for all glaciers in the model, which was contrary to what was
observed. Averaging the ELA changes over the hydrologic year produced the best results.

Table 2 shows the model performance statistics calculated from linear regressions of the modeled
and observed glacial changes between 1985 and 2005. AAR scenarios are presented for values of
0.4, 0.5, 0.6, and 0.7. For each AAR scenario, modeled glacier changes is based off the average
hydrologic year temperature extracted from GCM ensemble surface temperature, GCM free air
temperature, and CFSR surface temperature.

We compared modeled results using surface temperature from CFSR and historical GCMs to
assess GCM data fidelity to observations. Linear regressions between modeled and observed
glacier changes for both data sets produced similar r2. However, the slopes were substantially

	
  

93	
  

different. The CFSR regression was greater than 1, showing an over-estimation bias of glacial
loss, whereas the GCM regression displayed an under-estimation bias. Glacial area loss predicted
by the CFSR-driven model was greater because the cumulative increase in the ELA was about 3
times higher. A difference in the temporal pattern of temperature change accounts for the overprediction despite similar increasing temperature trends. We do not take this difference to
discredit the future GCM projections. Huber and Knutti (2014), for example, concluded that there
is little evidence for a systematic overestimation of future temperature projections in a
CMIP5 ensemble. However, there is uncertainty in temperature patterns and magnitude change,
which would impact the temporal pattern of glacier change.

Studies have also shown that temperatures have warmed at greater rates in the free air than at the
surface (Bradley et al. 2006). Temperature difference could produce substantially different glacier
area changes depending on a glacier’s hypsometry. We therefore compared our model using both
GCM free air and surface air temperature change. For each AAR, free air temperatures from a
subset of the models under predicted glacier change more than when using surface temperatures
and also displayed lower r2 and generated higher mean absolute errors (Table 2). Free air
temperatures led to less glacial loss because the lapse rate explicitly calculated in the free air
(~6.5 C/km) was less than what was prescribed in the surface temperature model (7.4 C/km;
Francou et al. 1995; Ribstein et al. 1995). Also, the surface temperature change was slightly
higher than those in the free air, which has been observed elsewhere and attributed to latent and
sensible heating of the atmosphere above the surfaces (Pepin and Losleben 2002; Pepin and
Seidel 2005; Vuille 2011).

For illustrative purposes, Figure 3 shows model performance results for an AAR value of 0.6—
the value estimated for the Zongo Glacier (Francou et al. 1995)—and with ELA changes derived
from GCM surface temperatures averaged over the hydrologic year. Results show a systematic
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under-prediction of area changes for smaller glaciers. This pattern is robust across different AAR
values (Table 2). When glacier changes are standardize to percent change (not shown), the model
results exhibited a larger mismatch from observations for smaller glaciers than for larger ones.

Different AAR values did not generate substantially different results because glaciers experienced
a wide range of area loss between 1986 and 2005. Figure 4 shows the optimum AAR needed to
produce the observed area change. The optimum AAR for small glaciers ranged from 0 to 1, with
values near 1 corresponding to glaciers with minimal change. For larger glaciers, the range was
less but still considerable. This suggests that using a single, bulk AAR value for all glaciers can
generate large errors for individual glaciers. Moreover, altering the bulk AAR value leads to
trade-offs where an improvement in one glacier comes at the expense of an improvement in
another.

The non-systematic scatter in the optimum AAR data, at least for glaciers less than 6 km2, imply
that the AAR model may be more appropriate to assess total glacier loss than individual glaciers.
An AAR value of 0.28 generated modeled total glacier change within 0.1% of the observed total
glacier change. Low AAR values reflect small accumulation zone. While an AAR of 0.28 is less
than those previously reported (Francou et al. 1995; Rabatel and Mendoza 2004), it reflects the
average AAR over the 20-year period. The accelerated retreat experienced during the decades
(Soruco et al. 2009; Rabatel et al. 2013), therefore, likely contributes to the low AAR value.

These results lead to four choices for assessing future glacier changes: (1) we use surface
temperature changes; (2) we average those changes over the hydrologic year; (3) we estimate
total glacier change using AAR values of 0.30, 0.60, and 0.75, the first value of which was
slightly more than the optimum bulk AAR; and (4) we estimate the timing in which glaciers
experienced a protracted rise of their ELA above their maximum elevation by assigning an AAR
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value of 1 to every glacier. An AAR of 1 is equivalent to using the temperature at the glacier’s
terminus to define the ELA. We selected values in both (3) and (4) to show conservative
estimates.

5.2. Future Glacier Changes.
We derived glacier outlines from two ASTER images taken within two months in 2004. The area
of individual glaciers was less than or equal to 2 km2 in 264 of the 284 glaciers. Combined, their
total area was 189 km2.

For RCP 4.5, Figure 5a displays the total glacier area change for three AAR values between year
2011 and year 2100. The data is smoothed by a 5-year moving average (e.g. 2011 corresponds to
the 2007–2011 average). We present three AAR values to bracket a plausible AAR range. We
consider the 0.75 bulk value a conservative estimate, while the values of 0.60 and 0.30
correspond to the AAR values estimated for the Zongo Glacier (Francou et al. 1995) and a close
match with the historical model calibration data, respectively. Table 3 displays the estimated total
and percent of total glacier area in year 2050 and year 2100 for each AAR value.

Figure 5b shows the number of glaciers that experienced a rise in their ELA above their
maximum elevation for 10 consecutive years. In this case, the ELA corresponds to the lowest
elevation of the glacier (i.e. at the glacier terminus). Roe and Baker (2014) reported equilibrium
glacier response times on the order of 7 years for glacier lengths of 8 km; longer equilibrium
response times between 10–50 years have also been reported for varying sized valley glaciers
(Oerlemans 1994). Given accelerated glacier retreat observed for small glaciers, we consider 10
years a reasonable duration to account for a time lag in the response of small glaciers. By year
2100, 129 glaciers have experienced a rise in their ELAs above their maximum elevations for at
least 10 consecutive years, indicative of the demise of these glaciers.
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For RCP 8.5, we follow the sample procedures outlined above for RCP 4.5: namely a 5-year
moving average and three plausible AAR values. By about year 2050, total glacier area declines
to less than 25% and by year 2075 glacier area is near zero for all AAR scenarios (Figure 6a,
Table 3). By year 2100, 226 of the 284 glaciers have experienced a rise in their terminus-ELA
above their maximum elevation for 10 consecutive years (Figure 6b).

The spatial and temporal pattern of complete glacier area demise for both RCPs is shown in
Figure 7. In the RCP 4.5, only the smallest glaciers at the lower elevations completely disappear
by 2100 with an AAR value of 1. Glacier area demise in RCP 8.5, however, is much more
widespread, and only the largest glaciers with the highest elevations remain by the end of the
century.

5.3. Uncertainties
In climate impact studies, uncertainties emerge from at least three sources: the GHG emissions
trajectories society ultimately follows, the different responses of individual models to a GHG
scenario, and the response of the system to climate changes (Cubasch et al. 2001). Therefore,
using several RCP scenarios, assessing individual model output, and viewing glacier change as a
function of different AAR values can characterize uncertainties in our projections. In Figure 8 we
express uncertainties for each of these three sources as the range of glacier area changes.

The difference between the maximum and minimum glacier area change of the 15 models using
RCP 4.5 is the largest source of uncertainty. Using RCP 8.5 produces similar results. This reflects
differences in the representations of climate dynamics in each model, including land-atmosphere
interactions influenced by its spatial resolution. Two models, for example, projected complete
glacier area loss by year 2100 for RCP 4.5, while others projected an approximately 40% decline.
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The uncertainty range decreases in time because the total glacier area decreases. It is likely that
analyzing GCM output from all 28 modeling groups would increase this uncertainty. However, it
is less clear the affect analyzing more models would have on the ensemble average used to
generate the results previously presented. We eluded models with lower resolution to avoid
analyzing only 1 grid point.

The uncertainty in the trajectory of future GHG forcing is estimated as the difference between the
multi-model ensemble average of total glacier area change in RCP 4.5 and 8.5 using the optimum
AAR of 0.30. The uncertainty range in glacier area changes from the RCPs is the lowest of the
three sources. The pattern of RCP uncertainty is somewhat counter intuitive. It is initially highest
because the ensemble averages of the surface temperature change in both RCPs diverge. The
ensemble average of the surface temperature become very similar between years 2030 and 2050
and then they diverge again.as the surface temperature in RCP 8.5 outpaces that of RCP 4.5. The
uncertainty associated with glacier response is assessed for RCP 4.5 using as the difference
between total glacier area change using an AAR value of 0.30 and 0.75. Uncertainty here shows a
similar decreasing pattern through time as total glacier area declines.

5.4. Glacier Sensitivity to Temperature
Uncertainties in individual models and RCP scenarios motivate formulations of glacier response
to climate change that do not require GCM data. One approach couples ELA changes with the
hypsometric profiles of each glacier, which are known to be important determinants of glacier
response (Oerlemans et al. 1998). In this case, we define glacier sensitivity as the change in
accumulation area per unit increase in temperature, which can be expressed as:

(dT / LR) * 1 / (Hsl * AAR)

	
  

(5)

98	
  

where dT is a change in temperature, LR is the environmental lapse rate, AAR is the area
accumulation ratio, and Hsl is the slope of the hypsometric profile above the ELA. We determined
Hsl from linear regressions of Hsl above the ELA for each glacier. The r2 of the regressions were
greater than 0.9 in 239 of 284 glaciers and greater than 0.8 in 280 glaciers. We prescribed a LR of
7.4 °C/km (Francou et al. 1995; Ribstein et al. 1995) consistent with other calculations presented
here. We set dT equal to 1°C and the AAR term converted the units to the percent change in
accumulation area (or area above the ELA) for a specified dT increase. A prescribed change in
ELA can replace the dT/LR term, which would relate sensitivity to the climate conditions
contained in the ELA shift and not only change in temperature used here.

Figure 9 shows the temperature sensitivity of each glacier for the optimal AAR value of 0.30.
Most small glaciers show sensitivity greater than 100%, implying that the accumulation area
completely vanishes for a 1°C rise in temperature. For a 2°C increase, corresponding to an ELA
rise of ~270 m, 202 glaciers experience an ELA rise above their maximum elevation. That
number increases to 247 glaciers for an increase of 3°C.

6. Discussion
6.1. Implications for Water Supply
Under both RCP scenarios, glacier area loses more than 60% of the total area by mid-century
under a range of plausible AAR scenarios. This would likely have an impact on water resources
in the study region. About 75% of the water used by more than two million people in the urban
areas of La Paz and El Alto comes from five reservoir systems (personal communication René
Espejo, Empresa Pública Social del Agua y Saneamiento, August, 2010). All of these reservoirs
are located in close proximity to drainage divides and glaciers contribute water to the two largest
reservoirs Tuni and Milluni, which store approximately 75% of the total reservoir capacity
(Quispe 2011). Outside of the urban areas, rural communities draw water from a mix of hand-dug
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wells, deeper groundwater wells, and streams, which also receive glacier-fed water.

Within the Tuni reservoir watershed, glacier area decline is substantial. By year 2100, the area of
all but two glaciers decline to zero for the RCP 8.5, with many of these glaciers disappearing
before year 2075 (Figure 7). This suggests that the portion glacier meltwater contributes to
streamflows will be reduced. Recent estimates in the Tuni watershed suggest that glacier melt
accounts for about 24% of the annual total streamflow (Kinouchi et al. 2013) and may be as much
as 60% (Painter 2007). Because water supply and demand are currently equal in the region (The
World Bank 2010), any future reduction in supply not offset by a change in demand will lead to
water deficits.

6.2. Model Implications of Future Precipitation Changes
While we presented what we consider conservative estimates of glacier area changes, our
approach takes into account only temperature impacts. We assumed that any changes in moisture
variables would be felt through the correlation of temperature with mass balance observed in the
past (Sicart et al. 2008; Vuille et al. 2003; Vuille et al. 2008). However, this correlation may not
persist. Projections of glacier changes would therefore need to include precipitation and other
relevant variables, particularly because at present moisture is a key driver of glacier mass balance
(Kaser and Osmaston 2002; Sicart et al. 2005). In part, we pursued at temperature-only approach
because GCMs have uncertain precipitation projections (Christensen et al. 2007), which is related
to uncertain large-scale climate patterns like ENSO (Guilyardi et al. 2009). The coarse
representation of topography in the GCMS also likely contributes to future precipitation
uncertainty. The topography in the Cordillera Real, for example, is around 4500 m, while the
actual topography crests at more than 6000 m for many peaks. Low topography influences
precipitation by reducing the orographic affect in the GCMs. Using higher resolution models,
however, may not lead to improvements. Finer resolution regional climate models have produced
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large discrepancies between observed and modeled precipitation and may even produce worse
results compared with GCMs (Buytaert et al. 2010). Any increase in precipitation in the future
could moderate, or even reverse, glacier area changes from expected increases in temperature.
Under this scenario, our estimates may not be conservative.

However, there is some reason to believe that future precipitation in the Bolivian Andes will
decline. Unlike precipitation, large-scale circulation is considered a reliable output from current
GCMs (Christensen et al. 2007). Because upper-level winds and precipitation are correlated in the
Bolivian Andean region (Garreaud et al. 2003; also see references in Minvielle and Garreaud
2011), Minvielle and Garreaud (2011) examined projected changes in zonal wind in 11 GCMs
produce for the IPCC fourth assessment report. Their results indicate a consistent increase in
westerly flow over the central Andes, hindering moisture transport from the interior of the
continent. This leads a significant decrease in precipitation (10–30%) in Bolivian Andean region
by the end of the century under moderate-to-strong GHG emission scenario. The reduced easterly
flow could be a continuation of the slowing of the Walker Circulation observed in recent decades
(Vecchi et al. 2006). Any decrease in future precipitation that accompanies expected increases in
temperature would likely accelerate glacier declines.

6.3. Small Glacier Sensitivity
It has also been shown numerous times that the percent area loss for smaller glaciers is generally
greater than larger glaciers (Figure 2; Paul et al. 2004; Racoviteanu et al. 2008; Bolch et al.
2010). The small Chacaltaya glacier in the Cordillera Real, for example, lost 66% of its volume
between 1992 and 1998 (Ramirez et al. 2001) and completely melted by 2010 (Rabatel et al.
2013). There are several explanations for accelerated glacier melt with decreases size. As glaciers
decrease in size, the surface area to volume ratio increases (Van de Wal and Wild 2001). Also,
Francou et al. (2003) suggested edge effects play an important role, noting that air temperature

	
  

101	
  

above rocks surrounding the margins of glaciers can exceed 20°C at daytime. We also show a
nonlinear increase in glacier sensitivity, most evident in glaciers less than 0.5 km2, as a function
of hypsometric slope (Figure 9). Because small glaciers often have low elevation ranges, a unit
increase in ELA reduces the accumulation area by a larger amount than for larger glaciers with
higher elevation ranges. Lower hypsometric slopes also contribute to the increased climate
sensitivity of small glaciers. Accelerated melt of small glaciers is a potential explanation for our
AAR model’s under-prediction of glacier area changes. It is also a likely explanation for why the
best match bulk AAR value for total glacier area change of 0.28 is lower than AAR values
reported elsewhere.

We also acknowledge that the mass balance concept applies only to dynamic glaciers. Small
glaciers that have become stagnant would no longer experience mass movement, and the use of
an AAR approach conceptually fails. Nonetheless, AAR models have been used to estimate
glacier changes for small glaciers elsewhere (i.e. Paul et al. 2007). We also attempt to circumvent
this limitation by applying an AAR of 1 to all glaciers and estimating the year in which the
temperature at the current glacier terminus remains above the glaciers’ maximum elevation for a
protracted period (e.g. Figures 6b, 7b). However, this provides a minimum estimate on the timing
of glacier area demise.

6.4. Uncertainty Considerations for Adaptation Planning
The large range of glacier area changes in individual models (a consequence of surface
temperature differences in individual models) implies caution against interpreting results from a
single model. A multi-model ensemble can help reduce model variability. Moreover, the wide
range observed in the response of small glaciers to climate changes has implications for other
modeling approaches. This pattern suggests that relationships are needed to scale small glaciers in
order to apply coarse climate projection information to individual glaciers. While we did not find
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any patterns between the size of glaciers and topographic information, our sample size was
relatively small and warrants more analysis, especially given the sensitivity of small glaciers and
their importance to some regional water supplies.

While there are uncertainties, there has been recent debate on the accuracy of climate projections
required to inform adaptation. Given some irreducible uncertainty in the climate system as well as
the likelihood that uncertainty increases as a result of improved climate science knowledge
(Knutti and Sedlacek, 2014), Dessai et al. (2009) argued that adaptation planning should not wait
for accurate predictions of future climate change. Rather, they stated, a range of plausible
representations of future climate and impacts can help organizations better understand climate–
related risks. The information provided here can be integrated with approaches to understand
climate vulnerabilities of people in order to understand the interrelations between social
conditions and physical changes (e.g. Nobel et al. 2013).

7. Conclusion
The sensitivity of small glaciers to climate changes and the difficulty in applying energy balance
methods to many, individual glaciers motivates scalable approaches to project future glacier
changes. We have shown here an assessment on the possible impact of temperature change on
glacial area using an AAR model that incorporates individual glacier hypsometry. We calculated
an optimum AAR value from glacier outlines mapped on two historical Landsat images and
calibrated other model parameters on this data set. While the AAR model underestimates change
of most small glacier, changes in total glacier areas for RCP 4.5 was between 75 and 93% by
2100. For RCP 8.5, total glacier area decline to less than 1% for even the highest AAR value.
Using an ELA value corresponding to the glaciers 2004 terminus elevation (equivalent to an AAR
= 1), we conservatively show that many glaciers completely disappear by 2100 in both RCP
scenarios.
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In light of uncertainties generated by individual models and future GHG emission scenarios, we
introduce a simple derivation of glacier sensitivity to climate change. This expression estimates
the change in glacier area with an ELA change and depends on calculations of hypsometric
slopes. Provided elevation data for individual glaciers, or elevation data corresponding to an
aggregate of many glaciers, is obtainable, this expression enables assessing glacier area changes
to climate scenarios that do not require GCM data. For the Cordillera Real, the hypsometric
slopes are such that a 2oC temperature increase, equivalent to a 270 m rise in ELA, causes the
ELA to rise above the maximum glacier area for 202 of 284 glaciers.
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Tables
Table 1. GCM models analyzed (see Sheffield et al. 2013 for more information). The number of
grids analyzed correspond to all the grids that intersect the defined polygon enveloping the
Cordillera Real (latitude: 17.5 S, 15.0 S; longitude: 69.5 W, 67.0 W) and that had elevations
greater than 2000 m. Model types are atmosphere–ocean coupled (AO), ocean–atmosphere–
chemistry coupled (Chem-OA), Earth system model (ESM), and Earth system model chemistry
coupled (Chem-ESM).
Model

Institution(s)

Spatial Res.

Model

Number

(lon. x lat.,

Type

of Grids

1.25 x 0.94

AO

12

1.4 x 1.4

AO

10

1.1 x 1.1

AO

9

1.4 x 1.4

AO

6

1.875 x 1.25

ESM

6

1.4 x 1.4

AO

6

1.875 x 1.25

AO

5

degrees.)
NCAR

National Center for Atmospheric

CCSM4

Research (USA)

CESM1-

Community Earth System Model

CAM5

(Contributors National Science
Foundation (NSF), DOE, and NCAR)

MRI-

Meteorological Research Institute

CGCM3

(Japan)

CNRM-

Centre National de Recherches

CM5

Meteorologiques and Centre Europeen
de Recherche et de Formation Avance
(France)

HadGEM

Met Office Hadley Centre (United

2-ES

Kingdom)

MIROC5

Atmosphere and Ocean Research
Institute (University of Tokyo),
National Institute for Environmental
Studies, and Japan Agency for MarineEarth Science and Technology (Japan)

	
  

ACCESS

Commonwealth Scientific and

1.0

Industrial Research Organization and
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Bureau of Meteorology, Australia
ACCESS

Commonwealth Scientific and

1.3

Industrial Research Organization and

1.875 x 1.25

AO

5

2 x 1.5

AO

5

2.50 x 1.25

Chem

5

Bureau of Meteorology, Australia
INM-

Institute for Numerical Mathematics,

CM4

Russia

IPSL-

Institute Pierre-Simon Laplace

CM5A-

(France)

-ESM

MR
NorESM

Norwegian Climate Center, Norway

2.5 x 1.9

ESM

5

CSIRO-

Commonwealth Scientific and

1.8 x 1.8

AO

4

Mk3-6-0

Industrial Research

1.9 x 1.9

ESM

4

2.5 x 2.0

AO

3

2.5 x 2.0

Chem

3

1-M

Organization/Queensland Climate
Change Centre of Excellence,
Australia
MPI-

Max Plank Institute for Meteorology

ESM-LR

(Germany)

GFDL-

National Oceanic and Atmospheric

CM3

Administration (NOAA) and
Geophysical Fluid Dynamics
Laboratory, United States

GISSE2-H

	
  

National Aeronautics and Space
Administration (NASA) Goddard
Institute for Space Studies, United
States
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Table 2. Model performance statistics for linear regression for different AAR values and
temperature data sources. Linear regressions are computed for the observed glacier changes
between 1986 and 2005 against the modeled changes over that same period. MAE is the mean
actual error of the regression; the regression slope provides a measure of bias, with values less
than one reporting a model under prediction bias. The GCM Free Air results were calculated on 7
models: NCAR CCSM4, MRI-CGCM3, HadGEM2-ES, CNRM-CM5, MIROC5, IPSL-CM5AMR and MPI-ESM-LR.
r2 | slope | MAE for AAR values

	
  

Temperature

0.4

0.5

0.6

0.7

GCM

0.40 | 0.61 |

0.35 | 0.50 |

0.36 | 0.41 |

0.44 | 0.34 |

Surface

250,612

272,401

292,642

309,315

CFSR

0.42 | 2.19 |

0.40 | 1.89 |

0.38 | 1.60 |

0.40 | 1.35 |

Surface

645,628

552,756

463,027

377,993

GCM

0.39 | 0.63 |

0.35 | 0.51 |

0.34 | 0.42 |

0.41 | 0.34 |

Free Air

266,689

285,550

304,632

317,861
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Table 3. Estimates of glacier area changes for different bulk AAR values. The 2004 total glacier
area was 189 km2
RCP

AAR

2041–2050 average

2091–2100 average

value

4.5

8.5

	
  

Total Area (km2)

% 2004 total

Total Area (km2)

% 2004 total

0.30

22

12

5

3

0.60

52

28

18

10

0.75

72

38

32

17

0.30

14

7

<1

<1

0.60

39

21

<1

<1

0.75

57

30

1

<1
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Figures

Figure 1. (A) 59 glacier outlines derived from a 1986 Landsat TM image. (B) Outlines for the
same glaciers, if present, were derived from a Landsat TM image taken in 2005. Between 1986
and 2005, 7 glaciers completely melted. These two images are used to calibrate the AAR model.
(C) 284 glacier outlines produced from the analysis 2 ASTER images taken within 2 months of
each other. These outlines are the starting point for future projections of glacier area change. The
backgrounds in all 3 images are false color RGB images generated from composites of the
corresponding bands. The length scale only pertains to (C).
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Figure 2. Percent area loss of all 59 glaciers between 1986 and 2005 as a function of each
glaciers initial 1986 area; the area of all 59 glaciers analyzed decreased.
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Figure 3. Relationship between modeled area and observed area changes. Modeled changes are
generated using surface temperature changes, average over the hydrologic year for an AAR value
of 0.6. Colored circles denote the initial size of the glaciers in 1986.
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Figure 4. Each glaciers optimum AAR value that enabled the model to produce area changes
equal to or close to those derived from the image analyses. AAR values for smaller glaciers span
the entire range of 0–1. AAR values close to 0 indicate glaciers that experienced the largest area
decline.
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Figure 5. (Top Panel) For RCP 4.5, total glacier area changes through 2100 under 3 AAR values.
The AAR value of 0.35 corresponds to the best match in the calibration period; 0.6 corresponds to
AAR values estimated from observations of glaciers within the Cordillera Real from published
studies; 0.75 may be considered a conservative estimate for total glacier change. (Bottom Panel)
For RCP 4.5, the number of glaciers that experience an ELA increases that exceeds the maximum
elevation for 5 consecutive years. The ELA corresponds to the lowest point on the glacier in 2004
and is equivalent to an AAR equal to 1. The dotted line is the cumulative tally of the glaciers
experiencing ELAs above their maximum elevation.
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Figure 6. Same as figure 5 but for RCP 8.5.
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Figure 7. (A) For RCP 8.5, the location and timing in which glaciers experienced an increase in
their ELA that rose above their maximum elevation for 10 consecutive years. The ELA
corresponds to the lowest point on the glacier in 2004 and is equivalent to an AAR equal to 1. (B)
Same as (A) but for RCP 4.5. The region’s largest reservoir that supplies water to El Alto and La
Paz—Tuni—is noted.
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Figure 8. Uncertainty ranges expressed as the range of total glacier area change for three sources:
GHG forcing, models, and glacier response. GHG forcing uncertainty is calculated as the
difference between total glacier area changes between RCPs 4.5 and 8.5 using a bulk AAR value
of 0.35. Model Uncertainty is calculated for RCP 4.5 as the difference between the GCM model
that produced the highest and lowest total glacier area for a bulk AAR value of 0.35. Uncertainty
in the response of the glacier is assessed as the difference between the area estimates of plausible
bulk AAR values of 0.35 and 0.75 for RCP 4.5.
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Figure 9. Glacier sensitivity calculated from equation 1 for ELA determined using the optimum
AAR of 0.35. Y-axis is the percent change in accumulation area for a 1C temperature rise.
Glaciers above the horizontal line at 100% would not have an accumulation area with a rise of
1C. The size of the glacier is color-coded.
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Abstract
The demand for regional climate information is increasing and spurring efforts to provide a broad
slate of climate services that inform policy and resource management and elevate general
knowledge. Routine syntheses of existing climate-related information may be an effective
strategy for connecting climate information to decision making, but few studies have formally
assessed their contribution to informing decisions. During the 2010–2011 winter, drought
conditions expanded and intensified in Arizona and New Mexico, creating an opportunity to
develop and evaluate a monthly regional climate communication product—La Niña Drought
Tracker—that synthesized and interpreted drought and climate information. Six issues were
published and subsequently evaluated through an online survey. On average, 417 people
consulted the publication each month. Many of the survey respondents indicated that they made
at least one drought-related decision, and the product at least moderately influenced the majority
of those decisions, some of which helped mitigate economic losses. More than 90% of the
respondents also indicated that the product improved their understanding of climate and drought
and that it helped the majority of them better prepare for drought. The results demonstrate that
routine interpretation and synthesis of existing climate information can help enhance access to
and understanding and use of climate information in decision making, fulfilling main goals for
the provision of climate services.
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1. Introduction
The impacts of climate change and variability are well documented. In the western U.S.,
increasing temperatures (USGCRP 2009) and changing precipitation patterns (Knowles et al.
2006; McAfee and Russell 2008) are influencing the size and frequency of wildland fires
(Westerling et al. 2006), the timing of peak streamflows (Stewart et al. 2005; Hidalgo et al.
2009), the water content in April snowpacks (Mote et al. 2005), and the severity of drought
(Weiss et al. 2009), among other impacts. These changes directly impact resource management
and can be costly, underscoring the need for a steady and accurate flow of climate-related
information to help decision makers prepare for and adapt to evolving conditions (Miles et al.
2006). Although connecting emerging science to decision makers does not always lead to better
outcomes (Moser 2010), climate information has little chance of being incorporated into the
decision process when it is communicated poorly or not at all (e.g. Vogel et al. 2007).

As much as one-third of the U.S. gross domestic product is influenced by accurate weather and
climate information (NOAA 2011). While the National Weather Service (NWS) primarily
focuses on providing information to consumers on timescales germane to weather issues (i.e.,
hours to weeks), the creation and delivery of longer-term climate information relevant to decision
making (i.e., seasons to decades) has received less attention and organization. Over the past few
decades, however, the skill of seasonal climate forecasts has increased, knowledge of the social
and environmental impacts of climate variability and change has expanded, and climate models
have become capable of generating useful information over seasonal to century timescales. These
advances have stimulated the use of climate information and are escalating its demand (Solomon
and Dole 2009; NRC 2009; DeGaetano et al. 2010). As a result, many academic and federal
programs are emerging in the U.S. to help satisfy this demand, including the Department of the
Interior’s Climate Science Centers and Landscape Conservation Cooperatives, NOAA’s creation
of regional climate service directors and climate service focal points within the NWS, and a
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proposed new office in charge of coordinating U.S. federal climate services (Solomon and Dole
2009; NRC 2009).

The “Global Framework for Climate Services” published in 2009 by the World Meteorological
Society set the goal of climate services as “the development and provision of relevant sciencebased climate information and prediction for climate risk management and adaptation to climate
variability and change” (WMO 2009). To accomplish this, a broad array of activities is needed,
including data stewardship and analysis, provision of seasonal climate outlooks, and downscaling
global climate models (e.g., Miles et al. 2006). Aside from these more well known climate
services, the creation and dissemination of synthesized and translated climate information is also
necessary—a particularly acute need since climate outlook products are frequently misinterpreted
(Steinemann 2006; Hartmann et al. 2002)—as is research on effective information delivery
mechanisms (NRC 2009). However, in the emerging literature on climate services, synthesis and
translation of climate information in routine summaries are often overlooked as useful activities,
perhaps because of a lack of empirical evidence that documents their contributions to decision
making.

This paper presents results from the evaluation of a monthly climate summary—La Niña Drought
Tracker (hereafter, Tracker)—that amalgamated and interpreted existing information focused on
climate and drought for decision makers in Arizona and New Mexico. The Tracker was
developed as an experimental climate service to understand if and how it helped the region
prepare for and respond to widespread and extreme drought conditions. Results from this study
demonstrate that the Tracker contributed to many drought-related decisions and helped the
respondents better understand and prepare for climate changes and drought, suggesting that
climate summaries can be effective services to improve understanding of, access to, and use of
climate information.
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In this paper we present evidence, for the first time to our knowledge, that value-added syntheses
fulfill main goals of the provision of climate services, bolstering our contention that efforts like
the Tracker should be part of a diverse portfolio of climate service activities. While we recognize
that our evaluation reveals more about the process of information transfer than the outcomes
spurred by reading the Tracker, certain qualities of the Tracker appear to favor improved
understanding and decision quality. Therefore, we also present the characteristics of the Tracker
that facilitated its use, providing general guidance for future efforts that synthesize existing
climate-related information for decision makers.

2. La Niña Drought Tracker
In June 2010, a La Niña event rapidly developed. Historical statistics and seasonal outlooks
produced by the NOAA-Climate Predictions Center (CPC) suggested the U.S. Southwest would
likely experience below-average precipitation during the ensuing winter. Anticipating expanding
and intensifying drought conditions in Arizona and New Mexico, and based on increases in
demand for climate information during past drought events in the West (Lowrey et al. 2009), the
Climate Assessment for the Southwest (CLIMAS) developed the Tracker with the dual purpose
of helping regional stakeholders better prepare for drought and testing the efficacy of a climate
service. CLIMAS is one of 11 NOAA-funded Regionally Integrated Sciences and Assessments
(RISA) programs charged with connecting climate science to regional decision making. Between
December 2010 and May 2011 CLIMAS published six issues of the Tracker, a period when
precipitation in Arizona and New Mexico was 65% and 39% of the 1971–2000 average,
respectively, and drought expanded and intensified widely across both states (Figure 1). The
success of the Tracker led to six more publications during the ensuing winter when La Niña
returned.
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The Tracker was a two-page document focused on Arizona and New Mexico and published in
PDF and HTML formats (http://www.climas.arizona.edu/outlooks/drought-tracker). It contained
five sections: a 350-word summary of current drought conditions; an explanation of snowpack
conditions; an explanation of the current three-month seasonal precipitation outlook issued by the
CPC; a list of take-home messages; and supplemental figures (published only online). The
supplemental figures bolstered written statements, providing more details without compromising
the document’s brevity. Contributing authors consulted numerous data sources and routinely
talked to regional experts, including state climatologists, university scientists, NWS
meteorologists, and Cooperative Extension specialists. These conversations provided insights for
the written material that otherwise were not easily accessible.

CLIMAS disseminated the Tracker to its listserv of about 1,400 active email addresses; the
listserv grew by 56 during the time of the six publications. Monthly emails briefly highlighted
each section (excluding supplemental figures) and included links to the document’s full PDF and
HTML versions. Email tracking documented that, on average, 417 people opened the summary
emails and an average of 160 people clicked on the PDF or HTML links. This represents a
minimum estimate of the number of Tracker users; we did not track visits to the webpages or
downloads of the PDF from the webpages. The survey also revealed some respondents forwarded
the emails or broadcasted the publications via their social network channels, metrics which we
were also unable to quantify.

3. Evaluation Method
We conducted an online survey that contained 36 questions: 13 Likert-scaled (5-point), 12 fixeditem, and 11 open-ended. All fixed-item and Likert-scaled questions were mandatory.

	
  

135	
  

We sent three solicitation emails to the listserv during a three-week span that began in June, 2011
about six weeks after the final publication for the 2010–11 winter. The initial solicitation was sent
to 1,432 active email addresses that had been assembled from the monthly dissemination a
climate newsletter, the Southwest Climate Outlook (SWCO, first published in 2002). A total of
140 people responded to the survey (10% response rate), and 117 people completed all mandatory
questions. Only one respondent had not read the Tracker at least once.

The results presented here are based on 15 questions listed in Table 1. The questions helped
determine (1) whether the respondents perceived the Tracker to have improved their
understanding of drought and climate, (2) if and how they perceived the Tracker to have helped
inform their decisions, and (3) the characteristics respondents liked about the publication. Table 1
also reports the corresponding response frequency because the number of respondents for the
open-ended, non-mandatory questions differed. For clarity, we present only the response rates in
the text and refer the reader to Table 1 for further details. In some cases, contingent analysis
partitioned the data we analyzed. For these results, we note in the text the number of responses
analyzed.

The survey sampled diverse users. The 117 respondents who answered the mandatory questions
self-identified themselves in 19 different specified sectors. Many respondents represented
government (18%), academia/research (14%), and water management (13%). Three respondents
also identified themselves as working in the media.

Quantitative analysis of the fixed and Likert-scaled questions was predominantly based on
descriptive statistics and, where appropriate, was combined with contingent analysis to a subset
of the data. For non-mandatory, open-ended questions, two authors independently performed
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content analysis coded by key themes. Coding consistency was very high and the authors
subsequently reconciled the few differences.

4. Results
4.1. Improved understanding of drought and climate.
Survey results show that most respondents self-reported an improved understanding of both
climate and drought by reading the Tracker (Figure 2). The Tracker at least “slightly” improved
understanding of climate for 94% of the respondents, while 44% indicated it “definitely
“improved their understanding. For drought, the Tracker improved understanding at least
“slightly” for 96% of the respondents and “definitely” for 54%.

During the 2010–11 winter, 58% of the respondents reported making at least one drought-related
decision. Of this group of 67, only three respondents stated the Tracker either did not improve
their understanding of drought or they did not know if it improved their understanding. With
respect to climate, four respondents in the group stated the Tracker either did not improve their
understanding of climate or they did not know if it did.

4.2. Informing decisions
Respondents ranked the importance of the information in the Tracker relative to all other sources
that influenced their decision(s). Of the 67 people who made a drought-related decision, 84%
stated the Tracker was at least “slightly” important for the decision. It played a “moderate” and
“significant” role for 36% and 21% of the respondents, respectively. Only 16% said it was not
influential. Moreover, 98% of the decision-making respondents stated the Tracker was at least
“slightly” important in helping them be more prepared for drought, and 54% indicated the
Tracker “definitely” helped them be more prepared.
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The Tracker also improved respondent’s access to information. For example, of the 67
respondents who made a drought-related decision, 31% stated they would not have had time to
search for the information presented in the Tracker in its absence. Another 58% indicated they
would obtain elsewhere only some of the information presented in the Tracker.

The respondents used the Tracker in different ways. In a fixed response question, more than 60%
of the survey respondents stated they used the Tracker to monitor the evolving drought, learn
about seasonal precipitation forecasts, and/or stay abreast of current weather conditions (Table 2).
These uses helped inform many drought-related decisions. While we are unable to assess the
impact of these decisions on welfare and resource management, Table 3 summarizes notable
decisions that appear to have important outcomes and/or economic implications and highlights
the diversity of decisions this climate synthesis informed. Table 3 also lists the qualitative
measure of influence the Tracker had on the corresponding decision relative to all other sources
of information consulted and documents whether or not the respondent would have obtained the
information presented in the Tracker had it not been published.

For the 67 respondents who made a least one drought-related decision during the winter, reading
the Tracker prompted 61% of them to seek more information. For 58% of these people, reading
the Tracker increased their concern for drought. This suggests the Tracker may have acted as a
siren that instigated additional inquiry to aid their decision making.

4.3. Beneficial characteristics of the Tracker
In a fixed-response question, 69% of the respondents said they preferred that the Tracker be
published monthly, while 21% stated bi-monthly, 7% stated weekly, and 3% noted that one
“summary” per season was preferred. This conformed to the frequency in which respondents
consulted the Tracker—77% stated they viewed it almost every month or once a month. Also,
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23% indicated seasonal precipitation forecasts were the most useful (respondents often indicated
numerous “most useful” qualities). Survey respondents also highlighted the usefulness of the
graphics (22%); the clarity, translation, and explanation of the text (22%); and the concise and
summary nature of the publication (16%). In a separate question, respondents identified
characteristics of the Tracker that differentiate it from other drought summaries they consulted.
Table 4 summarizes results for this question.

5. Discussion
5.1. Information brokers
Dilling and Lemos (2011) summarize traditional models of the creation and application of
science, which have been developed from a long history of scholarship. On one end is “science
push,” which occurs when questions are defined and pursued by scientists who are driven by the
pursuit of knowledge and not explicitly by the application of the information. The other end is
characterized as “demand pull,” which occurs when research is commissioned by stakeholders so
that results can inform particular problems. A third mode, referred to as the coproduction of
science, resides in the middle and incorporates concepts of each. Its ideal form is an iterative
collaboration between the producers and users of science.

It is generally acknowledged that climate information is less useful for decision making if it
follows the science push mode (Dilling and Lemos 2011; Lemos and Morehouse 2005; McNie
2007; NRC 2009; Sarewitz and Pielke 2008) because it can create a mismatch in the spatial and
temporal scales of the information produced by scientists and needed by decision makers
(Srinivasan et al. 2011) and generate inaccessible information (Steinemann 2006), among other
reasons. However, potentially useful information has been, and will continue to be, created in the
"science push" mode. It is a role of climate services to make this information more useable by
traversing the middle ground between science push and demand pull. This interaction can take
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many different forms. The Tracker, for example, was not explicitly coproduced with end users.
Rather, it leveraged CLIMAS’ institutional knowledge of regional issues, information needs, and
decision-support tools cultivated from more than 12 years of applied research and stakeholder
engagement. This includes drawing insight from experience with the publication of the Southwest
Climate Outlook (http://www.climas.arizona.edu/outlooks/swco) as well as an unpublished,
internal assessment of it. The regional utility of the Tracker, revealed through the evaluation
presented here, demonstrates that boundary organizations like CLIMAS can apply their
contextual knowledge to develop useful products without engaging in the ideal version of
coproduction, which can be time consuming and costly (Lemos and Morehouse, 2005).

5.2. Utility of synthesized and interpreted information
Useful climate services often are those that develop and deliver timely, relevant, and credible
information at spatial and temporal scales that mesh with different decision contexts and that
convey meaning and significance of climate information (e.g. NRC 2001; NRC 2009; NRC 2011;
Miles et al. 2006). Our results demonstrate that the synthesis and translation of climate
information in routine summaries can provide relevant information that informs decisions.
Specifically, the Tracker improved understanding of climate and drought for nearly all of the
people who responded to the survey. Although we did not quantify how this enhanced
understanding translated into actions, increasing the climate knowledge of decision makers can
help advance climate adaptation (Howden et al. 2007) and foster successful climate policy and
planning (Solomon and Dole 2009: Moser 2010). In addition, the Tracker helped respondents
better prepare for drought conditions by contributing, sometimes “significantly,” to many
decisions (Table 2). Some of these decisions improved resource management and mitigated
economic losses such as preparing emergency response plans for rural utilities, informing
mediators who helped farmers take advantage of economic assistance programs during drought,
and influencing the early termination of a rafting company’s seasonal operations that likely saved
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labor and other costs.

Climate summaries can also improve the accessibility of information. The Tracker, for example,
provided information that would otherwise not be obtained for 91% of the respondents who made
at least one drought-related decision. Many respondents also stated they would not have time to
obtain the information in the Tracker had it not been published. This suggests an important role
of climate summaries is to amalgamate information from disparate sources, which reduces the
burden on the information consumers. The NRC notes (2009) that inaccessible information is
often not incorporated into the decision-making process. This can potentially leading to less
desired outcomes. Lowrey et al. (2009) inferred from the experience of providing climate
information to water mangers during a protracted dry period that increasing the availability of
climate information can help water managers better comprehend and use climate information.
Also, the Tracker prompted many people—including those who made a drought-related
decision—to seek additional information that potentially could have enhanced decision quality.

5.3. Developing climate summaries
Many climate summary products are produced and disseminated, and a typology of their
characteristics is beyond the scope of this paper. However, because these efforts have either not
been evaluated or the evaluations are unpublished, it is unknown to what extent users value the
characteristics unique to each. Our results provide evidence of the qualities respondents deemed
useful about the Tracker. Caution, however, should be exercised when generalizing these results
because different users and uses will require different characteristics.

The Tracker likely informed many decisions because of a combination of factors, some of which
were more important than others depending on the individual and decision context.
Characteristics identified as “most useful” included the translation of information, clear
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explanations, and its concise format. However, only 6% of the respondents stated they found the
Southwest focus most useful and in a separate, open-ended question, only 19% stated they read
the Tracker because it focused on the Southwest. These results were surprising given that 32% of
the respondents identified "regionally specific" as a quality that differentiated the Tracker from
other drought summaries and other researchers have noted that decision makers often desire
information placed within regional contexts (Dow et al. 2009) and want decision-support tools
that focus on specific areas (e.g. Miles et al. 2006; NRC 2001; NRC 2009). We suspect the lowerthan-expected percentage of people who expressed the regional value of the Tracker (6%)
stemmed from the fact that the information in it was too coarse to be considered the “most useful”
characteristic. In a separate, open-ended question, for example, some respondents articulated the
need for more site-specific information (see next section). Also, the low response rate of 19%
may have resulted because we did not explicitly ask about the appropriateness of the scale of
information presented, a more specific question that might have provided different results.
Nonetheless, respondents did not identify the regional scale (i.e. too large a scale) as a reason for
disregarding the Tracker.

Publication of the Tracker required approximately 15–20 hours of labor each month; substantially
more effort was needed to develop the template and produce the first issue. The bulk of the work
involved researching current and future conditions, obtaining and modifying graphics, writing
and editing text, and producing HTML and PDF versions. A key element to adding value to these
synthesis efforts is identifying and leveraging local expertise, a task that boundary organizations
like CLIMAS are well positioned to achieve. We believe this is a relatively small investment
given the number of people who consulted the Tracker and some of the decisions informed by it.

The Tracker also provided other benefits. These included spurring dialog (readers often contacted
CLIMAS following publications), building relationships (the Tracker inspired a collaborative
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project between CLIMAS and two federal organizations), developing CLIMAS capacity in
climate services, and increasing media exposure (authors routinely provided interviews related to
the content of the Tracker).

5.4. Challenges and opportunities with synthesis products
Climate synthesis products are not as easy to produce as they might appear to be. Although they
do not require creating new information, for most audiences they should artfully translate
scientific jargon and concepts into less technical language while retaining sufficient detail. Vogel
et al. (2007), for example, stated that if information is difficult to understand and interpret, even
the most valuable information might be unnoticed. Hartmann et al. (2002) also noted that even
the best forecasts can be useless if users misinterpret them. A main objective of the Tracker was
to avoid recapitulating technical language, and many survey respondents stated the Tracker was
useful because it was clearly and concisely written, devoid of jargon, and included explanations
and interpretations of the information presented. These characteristics required blending capacity
in climate science (to understand the source information), knowledge of regional needs (to know
what information to present), and skills in science communication.

Climate summaries also require committed time and financial resources and present outputs and
rewards that often do not mesh with traditional academic incentives. Climate synthesis products,
for example, often do not lead to peer-reviewed publications on which academic tenure is
primarily based. The mismatch between incentives and outputs is also a challenge for other
climate services activities (Jacobs et al. 2005). While peer-review publications about climate
summaries are scant, they do involve the systematic collection of information, interpretation,
reflection, and production of knowledge, all of which meet academic criteria necessary for
publishing. There are also many examples of meshing service and research, including evaluating
decision-support tools (i.e. Hartmann et al. 2002), testing effective dissemination strategies,

	
  

143	
  

quantifying outcomes, and communicating science (i.e. Moser 2010).

Additionally, most academic research occurs on master's degree and PhD timescales, which
require planned timelines and projects to secure funding and graduate students. This can inhibit
responding to unanticipated events, such as the rapid transition to La Niña that instigated the
publication of the Tracker.

While academic incentives can impede some climate services, associations with universities have
advantages. Importantly, climate services (including climate summaries) are most effective when
the information is perceived as salient, credible, and legitimate (Cash et al. 2003). Universities
can help boost credibility of the services provided (Sprecker 2002) because scientists are often the
most trusted sources of climate information (Leiserowitz et al. 2010).

Finally, climate summaries are likely to be only one of many sources of information decision
makers utilize, and it is difficult with a diverse audience to meet everyone’s needs. Many survey
respondents, for example, stated a desire for more site-specific information than what was
presented in the Tracker, including the comments: “I would like to see more data for specific
watersheds,” “more information on Colorado Plateau (Colorado River watershed) would be
helpful,” and “runoff/snowmelt predictions for the Salt River.” This underscores a trade-off
between the breath and depth of information presented in pithy summaries, and highlights a need
for information products to be tailored to specific users.

5.5. Climate services
Creating flexible approaches that enable service providers to evolve with changing user needs and
environmental situations is a desired characteristic of climate service programs (NRC 2009). For
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organizations tied to academic incentives—and their associated challenges noted above—
CLIMAS offers one example of a model that has been effective at meeting the demand for some
climate services. CLIMAS, like other RISA programs, has tenured (or tenure-track) faculty,
graduate students, and postdoctoral researchers. While these groups predominantly focus on
stakeholder-relevant research, CLIMAS also employs professional “core office” personnel that
are not tied to the tenure system. The core office has the flexibility and expertise required to
address emerging needs, like the Tracker, that would otherwise be neglected.

This model, however, is not without restraints. CLIMAS has limited capacity to turn successful,
experimental services into operational activities because these efforts would consume finite
resources that would inhibit its ability to address emergent research and service needs. Moreover,
CLIMAS’ mission is more inline with research and development than operations, like many other
organizations within university systems. The U.S. Cooperative Extension system, for example,
has been mentioned as an ideal entity to assess and deliver climate-related decision support
services (NRC 2009; McNie 2007). However, Extension is primarily charged with conducting
applied research and outreach, not operations. While transitioning research into operations is
often an objective, Extension does this by training resource managers and producers to adopt best
practices. Protracted climate services such as an enduring climate summary, on the other hand,
require data processing and interpretation tasks that cannot be ‘handed-off’ to the end user.
Ideally, CLIMAS, Extension, and other programs housed at universities would prototype climate
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services. The most successful efforts would then be passed on to operational organizations that
would continue the activities. It has been noted, however, that the swift transfer of outcomes into
enduring decision-support tools has been challenging (Overpeck et al. 2009).
Climate services should also be designed for learning and engage in the continual evaluation of
the use and effectiveness of the services (NRC 2009). Evaluations help refine services to better
meet user needs, which ultimately can lead to desired outcomes (Moser 2009) and, in turn, help
move the service away from supply push. Evaluations also can help develop a clear
understanding of purpose, audience, and messaging, which can help information reach intended
audiences (e.g. Moser 2010). Moreover, evaluations become increasingly valuable in
environments in which demand for climate services outpaces supply. Knowing what does and
does not work can foster efficient allocation of limited resources, enabling programs to better
maximize the return on investment. Our evaluation, for example, revealed that many people used
the Tracker, justifying the production of a second round of monthly publications during the
2011–2012 winter when La Niña returned.

6. Conclusion
As the supply of and demand for climate information increases, services that connect information
to end users also will need to expand. Part of this climate service portfolio should include
activities that broker information created in the science push mode. In these cases, regionspecific, contextual knowledge can facilitate the development of services that enhance
understanding of, access to, and use of climate information without necessarily engaging in timeconsuming collaborative processes that could prevent the timely production of the services.

The Tracker was an example of an experimental, regional climate service developed by CLIMAS
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to respond to a rapidly intensifying drought. A formal evaluation of the product and process of
disseminating information demonstrates that the synthesis and translation of existing climate and
related information in routine summaries can inform decisions. Because the main goals of
providing climate services are to help diverse users prepare for and respond to climate changes,
efforts like the Tracker should be part of a broad assortment of activities. The collective effort of
these services should be flexible in order to respond to opportunities created by climate events as
well as shifting information needs instigated by economic, social, and policy changes.
Evaluations, like the one presented here, can also help organizations engaged in climate services
stay abreast of these changes. Documenting the efficacy of activities will not only help ensure
that resources are efficiently allocated and benefits maximized, but also provide key insights that
will inform how climate information can be effectively connected to decision-making. Moreover,
the usefulness of summarized information likely extends to many decision-making spheres, not
just those in need of climate information. For projects and programs with outreach and service
components, evaluating and developing ‘best practices’ on the routine synthesis and interpretation
of information can support other knowledge transfer activities.
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Figures
Figure 1. Change in the U.S. Drought Monitor class between November 30, 2010, and April 26,
2011. Deterioration in drought conditions moves right between classes following the arrows at the
top of the figure; improvements go the opposite direction. The actual drought category cannot be
ascertained from the map because it depends on the drought classification on November 30.
Figure is modified from NOAA-Climate Predication Center.
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Figure 2. The percentage of respondents whose understanding of drought and climate changed by
reading the Tracker, out of 140 total responses. Questions 2 and 3 in Table 1 present the language
of the corresponding survey questions.
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Tables
Table 1. These 12 questions provided quantitative and qualitative data predominantly used in the
analysis. The type of question and number of respondents who answered the corresponding
question is indicated; contingent analysis reduced these numbers for some of the analysis
presented.
Survey Question

Format

n

1. Did the Tracker help you be more prepared for drought conditions?

Likert

140

2. Did your understanding of drought conditions improve by reading the

Likert

140

3. Did the Tracker improve your understanding of climate?

Likert

140

4. Through the course of last winter, did you make a decision(s) based on

Fixed

120

Fixed

120

Fixed

120

7. Can you provide an example of how you used the Tracker?

Fixed

120

8. Did reading the Tracker lead you to investigate/consult other climate or

Fixed

121

Fixed

121

Open

51

11. What was most useful about the Tracker?

Open

100

12. Why did you read the Tracker?

Open

107

13. In what positive and negative ways was the Tracker different from other

Open

81

Open

81

Tracker?

drought conditions or expectations?
5. In the absence of the Tracker, would you get the information presented in
the Tracker from another source or sources?
6. Of all the things you used to influence your job-related decision(s), the
Tracker was of ____ importance?

drought-related sources?
9. During La Niña winters, would you prefer The Tracker be
available______?
10. What decisions (if any) did you make based on drought conditions or
drought expectations?

drought summaries?
14. What useful information was missing?
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Table 2. Frequencies and response rates corresponding to uses of the Tracker identified to the
fixed response question “Can you provide an example of how you used the Tracker?". The
language of the survey question is presented in the first row. One hundred-twenty respondents
answered the survey question, and the respondents could select multiple uses. Response rate
corresponds to the percentage of respondents who selected the corresponding use.
Fixed Response Options

Freq.

Response
Rate (%)

To keep track of evolving drought conditions

98

81.0

To learn about seasonal precipitation forecasts

85

70.2

To stay abreast of weather conditions

73

60.3

To aid in teaching and communicating climate and weather to others

53

43.8

To assess water supply

49

40.5

To assess fire hazard

38

31.4

To assess impacts on agriculture

26

21.5

Other

23

19.0

To anticipate ground water recharge

19

15.7

To properly tend my garden

13

10.7

	
  

156	
  

Table 3. Select survey responses to the question, “What decisions (if any) did you make based on
drought conditions or drought expectations?” combined with the importance the respondents
assigned to the information presented in the Tracker and whether the information in the Tracker
would be obtained had it not been published.
Survey Responses

Tracker

Obtain info.

Importance

elsewhere

Moderate

Yes, some

Prescribed fire go or no-go decisions

Moderate

Yes, all

Drafting a [tribal] nation drought affirmation and submitting

Significant

Yes, some

Significant

Yes, some

Fire restrictions

Slight

Yes, some

Preparations for assisting local farmers and ranchers in Farm

Significant

Yes, some

Adjusting ranch stocking rates for anticipated drought

Significant

Yes, some

Education program for ranchers; delayed irrigation as long

Significant

Yes, some

Significant

No, no time

Moderate

Yes, some

Significant

Yes, some

Drought status for the [city’s water utility] is, in part,
dependent on drought conditions reported in the Tracker

proposal to Bureau of Reclamation drought authority
Provide recommendations on moving cattle to [healthier]
areas

Bill Disaster programs

as possible
Prepare emergency response plans and vulnerability
assessments with rural utilities; plan conservation measures
for rural utilities
Postponed some large capital expenditures; moved others
forward
We correctly cancelled our rafting season even though some
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of our competitors opened for a miserable low water season.
Water system operations and budget planning

Significant

Yes, some

Reservoir operation decisions based on expected worsening

Moderate

Yes, some

Moderate

Yes, some

drought conditions.
Selling cattle; watering crops
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Table 4. Characteristics identified in an open-ended question that differentiated the Tracker from
other drought summaries and their attendant frequency and response rate. Eighty-one respondents
answered the survey question, “In what positive and negative ways was the Tracker different
from other drought summaries?” Content analysis determined the themes (see methods).
Response rate corresponds to the percentage of respondents who identified the corresponding
theme. Responses could relate to multiple themes.

Survey Response Themes

Freq.

Response
Rate (%)

	
  

Regionally specific

26

32.1

Easy to understand

20

24.7

Combined information from multiple sources

17

21.0

Concise

12

14.8

Other

12

14.8

Visually aesthetic

10

12.3

Don’t know

10

12.3

Synthesized and analyzed information

8

9.9

Comprehensive

7

8.6

Relevant and timely

6

7.4
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