




Global climate modeling predicts that the already warm and arid 
U.S. Southwest and Mexican Northwest will become warmer and 
drier in the future. Figures 15 and 16 present two views of this 
concept (based on use of two different global climate models) by 
comparing historical global precipitation with estimated future  
precipitation change, in which the locations of the existing desert  
belts north and south of the Tropics map well with regions of 
expected precipitation decreases. Another view of this concept is 
presented in Figure 17, which shows the change in available water 
(characterized as precipitation less evaporation) estimated from 
multi-model projections. 

In the immediate border area warmer temperatures would tend to 
increase evapotranspiration of agricultural crops and urban land-
scaping, leading to increases in the associated water needs. In the 
urban sector, increasing temperatures in the region’s desert cities 
could affect patterns of future population growth. It is expected 
that not only will mean temperatures in the border area increase, 
but that the extremes (maximum temperatures) will as well, and 
that heat waves will likewise increase in frequency and severity.  
Figure 18 presents a long-term record of days with high tempera-
tures in excess of 100˚ F for selected large cities within the U.S. 
Colorado River/Rio Grande water use area. The data presented are 
influenced by multiple factors — including natural climate variabil-
ity, urban heat island effect, and climate change — but illustrate the 
already hot conditions in the arid low-elevation interior West, as 
well as an apparent warming trend in the latter part of the record. 
Similar warming trends are also seen in regional gridded data sets of  
observed temperatures assembled by scientists from discrete mea-
surements. Figures 19 and 20 show such data for the Upper and 
Lower Colorado River Basin, at ground level and in the atmo-
sphere. The spring atmospheric warming trend is significant in 
terms of implications for accelerated snowmelt runoff. 
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FIGURE 15

Comparison of Global Longitudinally 
Averaged Historical and Modeled  
Precipitation Change 

Source: NOAA Model Results, Western Water Assessment
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Annual Mean Precipitation Change: 2071 to 2100 Relative to 1990

Global View of Annual Mean Precipitation 
Change, 2071 to 2100, Relative to 1990 
Some areas are projected to become wetter, others drier.
Source: Joellen Russell, University of Arizona
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FIGURE 17

Change in P-E (2021-2040 minus 1950-2000)

Multi-Model Simulation of Future Change  
in Precipitation Minus Evaporation 
Change in P-E for the 2021-2040 period minus the average over 1950-2000. 
Results are averaged over simulations of the historical period and projections 
of the future with 19 different climate models. The future projections follow 
the middle-of-the-road SResA1B emissions scenario. 

Source: CDWR, 2008, contributed by Richard Seager,  
Columbia University
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Number of Days with Temperatures  
in Excess of 100˚ F for Selected Cities 

Source: Zack Guido, University of Arizona, and National Weather Service

FIGURE 18
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FIGURE 19 Observed Mean Annual Ground-Level Temperatures  
in the Upper and Lower Colorado River Basin 

Source: Andrea Ray, NOAA; Brad Udall, University of Colorado; Kelly Redmond, Western Regional Climate Center

Units: Degrees F     Annual: Blue     11-Year Running Mean: Yellow     Data PRISM: 1895-2005 
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Climate Models
Over time, scientific understanding of 
climate processes and the ability to model 
climate at a global scale have been im-
proving, allowing for better estimation of 
climate change impacts. Generally, there 
is greater confidence in the ability of the 
existing generation of models to predict 
increases in temperature than in precipi-
tation. The necessarily large grid scales 
used in global models mask the effect of 
local topography, which plays an impor-
tant role in observed climate patterns (as 
in the case of orographic precipitation). 
Figure 21 illustrates how improving model 
resolution improves the representation of 
topographic features. Developing nested 
regional climate models (models that 
take the results of global-scale models 
and then simulate conditions at a much 
smaller scale) and obtaining the comput-
ing resources to run them at the desired 
resolution are a high priority for climate 
change science research.

Observed Annual Atmospheric Spring Temperatures 
in the Upper Colorado River Basin 

Source: Andrea Ray, NOAA; Brad Udall, University of Colorado; Kelly Redmond, Western Regional Climate Center

FIGURE 20
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FIGURE 21

Effects of Climate Model  
Resolution on Representation  
of Topography 

Source: Joellen Russell, University of Arizona
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Impacts of climate change are important not only 

in the immediate vicinity of the border region, but 

also in the upper watersheds of the Colorado River 

and Rio Grande, where much of the region’s surface 

water supplies are produced from snowmelt runoff.  

The present level of development in both river basins has occurred 
during a period of wetter than average conditions, in comparison to 
long-term paleoclimate records. The 1922 Colorado River Com-
pact, for example, was negotiated based on the wettest period of the 
then-available historical record of observed streamflow; the longer 
historical record now available suggests that the river is over-allo-
cated with respect to Compact apportionments. Even longer-term 
reconstructions of the river’s flow based on tree ring data show 
that the basin has experienced decades-long periods of drought, 
periods much longer than those experienced in the short period of 
the historical gaged record, a circumstance that also holds true for 
the headwaters area of the Upper Rio Grande. (Figure 22). A 2007 

National Research Council study on hydroclimate variability in the 
Colorado River Basin noted that:

Multicentury, tree-ring based reconstructions of Colorado River flow 
indicate that extended drought episodes are a recurrent and integral 
feature of the basin’s climate. Moreover, the range of natural variability 
present in the streamflow reconstructions reveals greater hydrologic vari-
ability than that reflected in the gaged record, particularly with regard 
to drought. 

Figure 23 shows one analysis of projected changes in annual runoff 
for the U.S. from 2041-2060, based on multi-model results.  
Impacts of climate change in the Colorado River Basin have been 
the focus of multiple recent studies, reflecting the importance of 
this water supply in the arid West. Table 5 summarizes results of 
some recent studies. Although different studies using different 
models or analytical techniques yielded a range of results, all were 
in agreement that the outcome would be a decrease in precipitation 
or runoff. 
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Colorado River and Upper Rio Grande River

FIGURE 22

Long-Term Colorado River and Upper Rio Grande 
Streamflow Reconstructions 
1.  Colorado River reconstruction is for flow at Lee Ferry, the dividing 

point between the Upper and Lower Colorado River Basin.
2.  Rio Grande reconstruction is for the headwaters area at  

Del Norte, Colorado.  
Data courtesy of Dave Meko and Connie Woodhouse, Laboratory  
of Tree-Ring Research, University of Arizona
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Model-Projected Changes in 
U.S. Annual Runoff, 2041-2060 
Percentage change relative to 1900-1970 
baseline. Any color indicates that >66% of 
models agree on sign of change; diagonal 
hatching indicates >90% agreement. After 
Milly, P.C.D., K.A. Dunne, A.V. Vecchia, 
Global pattern of trends in streamflow and 
water availability in a changing climate, 
Nature, 438, 347-350, 2005.)
Source: CDWR, 2008, contributed by Brad Udall, University of Colorado

FIGURE 23
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Generally, expected increases in temperature in the 

mountain rain-to-snow transition elevation range 

would result in reduced snowpack area, a shift in the 

timing of snowpack runoff to earlier in the spring, and increased 
evaporation or sublimation losses. Although climate change impacts 
have not been studied as intensively in the Rio Grande Basin as 
they have in the Colorado, these temperature effects are apparent in 
work that has been done, as illustrated in Figure 24. 

Also important in the lower Colorado River Basin and Rio Grande 
Basin are potential changes in summer rainfall — namely the 
monsoon season. The Rio Grande Basin in northwestern Mexico 
receives much of its precipitation as summer rainfall, as illustrated 
in Figure 25. Moisture from the Gulf of California and Gulf of 
Mexico is carried over the continental landmass, where it is heated 
as it rises over mountain ranges, typically yielding afternoon thun-
derstorms and sometimes accompanying flash flooding (Figure 26). 
Observed climate data suggest that the intensity of rainfall during 

Summary of Studies since 2004 on the Colorado River

study name type of study results COMMENTS

Christensen et al., 2004 Colorado River Specific  
GCM + Hydrology

-18% runoff by 2040-2069 Only 1 climate model, 1 hydrology model.  
Superseded by 2006 study.

Christensen and Lettenmaier, 2006 Colorado River Specific  
GCM + Hydrology

-6% runoff by 2040-2069 11 climate models, 1 hydrology model.

Hoerling and Eischeid, 2006 Colorado River Specific  
GCM + Hydrology

-50% by 2035-2060 18 Climate Models, very simple hydrology model.

Milly et al, 2005 Global Climate Model Runoff Approximately -20% runoff  
by 2041-60

Study showed 12 GCMs can reproduce historical 
runoff around globe and by implication project 
future runoff.

Seager et al, 2006 Global Climate Model Runoff Proxy Approximately -10% runoff  
by 2041 to 2060

19 climate models. Modeled are doesn’t include 
entire Green River Basin, also includes large parts 
of the Southwest not part of Colorado River Basin.

IPCC, 2007 Global Climate Model Precipitation No number, but precipitation 
decrease ‘likely’

Approximately 20 climate models. Determination  
is for annual mean precipitation, not runoff. Finding 
is based on “near unanimity among models with 
good supporting physical insights.”

TABLE 5
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Comparison of Present 
and Predicted Rio Grande 
Streamflow Hydrographs 

Source: Brian Hurd, New Mexico State University  
and Albert Rango, USDA

FIGURE 24
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FIGURE 25 Importance of Summer Precipitation  
at Selected Sites in Rio Conchos Basin 

Source: Tereza Cavazos, CICESE
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Elements of the North American Monsoon  
Over Northern Mexico 

Source: NOAA, W. Higgins

FIGURE 26
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monsoon events may be increasing (increasing the potential for 
flash flooding), but simulating the monsoon season is not a strong 
point of the current generation of global climate models, limiting 
predictive capability.

Quantification of sea level rise is another aspect of climate change 
where uncertainty remains. Sea level rise is a gradual phenomenon, 
but an important one for low-lying coastal areas — especially those 
bordering the Gulf of Mexico where the potential for tropical 
storms/hurricanes exists. In addition to increased storm surge flood 
risks for coastal infrastructure, sea level rise could also contribute to 
increased seawater intrusion in coastal aquifers. Figure 27 com-
pares estimated or measured historical global mean sea level data 
with projections of future change for one greenhouse gas emissions 
scenario. (For a variety of reasons, including tectonics, sea level rise 
is not globally uniform). Recent observations of Arctic ice sheet 
melting have pointed out that some aspects of ice sheet dynamics 
are not well understood; that lack of understanding precluded their 
being factored into the IPCC Fourth Assessment projections of sea 
level rise. 

Water quality impacts due to climate change will depend on 
site-specific circumstances. Warmer water temperatures, increased 
incidences of flash flooding, and more frequent and severe droughts 
could all have negative impacts on water quality. Increased trans-
port of, or exposure to, pollutants such as sediment, salts, nutrients, 
and pathogens are possible outcomes of expected hydroclimate 
changes. Sensitive aquatic species would be likely to be first af-
fected; although water temperature impacts could be positive for 
some fish species, such as native fish species in the lower Colorado 
River that currently face competition from coldwater non-native 

sport fish. Presently, there is a dearth of site-specific information on 
border-area water quality impacts due to climate change. 

In summary, presently available climate change research for the  
border area predicts the following outcomes relevant to water  
resources management:

Increased water demands due to warmer temperatures.

Reduction of snowpack and a shift in timing of snowmelt  
runoff to earlier in the spring (more rain, less snow).

Reduced runoff.

Increased likelihood of extreme events (droughts and floods).

Gradual rise in sea levels

■

■

■

■

■
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Comparison of Historical and 
Predicted Sea Level Rise 
Time series of global mean sea level (devia-
tion from the 1980-1999 mean) in the past 
and as projected for the future. For the 
period before 1870, global measurements of 
sea level are not available. The grey shad-
ing shows the uncertainty in the estimated 
long-term rate of sea level change. The red 
line is a reconstruction of global mean sea 
level from tide gaug\es and the red shad-
ing denotes the range of variations from a 
smooth curve. The green line shows global 
mean sea level observed from satellite 
altimetry. The blue shading represents the 
range of model projections for the SRES 
A1B scenario for the 21st century, relative to 
the 1980 to 1999 mean, and has been calcu-
lated independently from the observations. 
Beyond 2100, the projections are increas-
ingly dependent on the emissions scenario. 
Over many centuries or millennia, sea level 
could rise by several metres. 

Source: IPCC Fourth Assessment, Working Group 1 Report,  
FAQ 5.1, Figure 1
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There are areas where focused research or infor-

mation development are needed to allow water 

managers to better adapt to and manage the ex-

pected impacts of climate change. Analytical uncertain-

ties associated with addressing climate change impacts should be 
addressed sooner rather than later, as results of such analyses are 
necessary early in the process of developing adaptation strategies. 
Importantly, establishment and maintenance of adequate hydrocli-
mate monitoring networks is an essential component of adapting to 
climate change. Examples of research and data needs include:

Research and Data Needs

Preserving existing observational networks (e.g., streamgages) and 
preventing further network deterioration and loss of stations. 

Expanding monitoring networks to encompass high elevation 
mountain areas at the critical rainfall-snow interface. 

Filling in other gaps in hydroclimate monitoring, including gaps 
associated with detection and attribution. 

Designing remote sensing technologies for climate monitoring 
and transitioning them to operational applications (e.g. use of the 
MODIS sensor installed on the National Aeronautics and Space 
Administration’s (NASA’s) Aqua and Terra satellites). 

Developing regional climate models capable of producing high-
resolution outputs at a river basin scale.

Improving understanding of the interaction of seasonal to inter-
annual cycles such as the El Niño – Southern Oscillation with 
climate change effects.

Developing paleoclimate data sets (streamflow and precipitation 
reconstructions) that quantify past natural climate variability.

Improving long-range weather forecasting and climate prediction 
capabilities. 

■

■

■

■

■

■

■

■

Estimates of snow water content 
obtained from telemetered snow 
sensors (snow pillows) and from 
manual measurements of snow 
courses provide the foundation for 
forecasting snowmelt runoff. 
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Climate change impacts are one of multiple factors 

that need to be considered in water management 

planning in the border region. Within the planning 

horizon typically used for water management — to at most 2050 
— it is expected that demographic changes will remain the major 
driver for border water needs and water infrastructure. Although 
global climate model results are available for 2100 and beyond, it is 
not realistically possible to forecast demographic variables (popula-
tion projections and distribution), land use, and water use with the 
accuracy or level of detail needed for water management planning 
beyond 2050. Many circumstances may affect key demographic 
variables in the latter part of this century, including the impacts 
of climate change. It is also important to recognize that uncertain-
ties associated with the mechanics of global climate models domi-
nate the near-term modeling results; beyond that time the choice 

Adaptation in Perspective

of greenhouse gas emissions scenarios assumed for the modeling 
strongly influences model outcomes.

Conflicting science predictions associated with climate change im-
pacts, and the predictions’ lack of detail, complicate translation of 
potential impacts into specific criteria that could be used for design 
and operation of water infrastructure. Some impacts, such as the 
likelihood of increased, possibly more intense, floods and droughts, 
are not presently quantifiable. Uncertainties associated with precise 
quantification of climate change impacts suggest the desirability 
of employing multiple adaptation strategies, sometimes referred to 
as a portfolio approach. The normal tools that water agencies use 
to design for and manage extreme events — droughts and floods 
— are suitable for climate change adaptation; the difference lies in 

Changes in the range and abundance of temperature-sensitive  
species will be one ecosystem impact of a changing climate. In the 
Lower Rio Grande, warming temperatures may allow expansion of  
the range of the nine-banded armadillo, the only armadillo species 

found in the U.S. On the other hand, warming temperatures  
are a threat to the American pika, which is found in high elevation  

mountain settings in locations such as the Rocky Mountains  
of Colorado or California’s Sierra Nevada. 
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Key Climate Change Definitions
The terms mitigation and adaptation are widely used in the climate change community, where they have specific meanings. The IPCC Third Assess-
ment Report defined them as follows: 

Mitigation – An anthropogenic intervention to reduce the sources or enhance the sinks of greenhouse gases. (Examples of mitigation measures 
would include establishing new vehicle standards to reduce GHG emissions, or developing carbon sequestration programs.)

Adaptation – Adjustment in natural or human systems to a new or changing environment. Adaptation to climate change refers to adjustment in natu-
ral or human systems in response to actual or expected climatic stimuli or their effects, which moderates harm or exploits beneficial opportunities. 
(Examples of adaptation could include modifying reservoir flood control operations rule curves or constructing seawalls.) 

Most water agency climate change activities fall into the category of adaptation, although activities that reduce energy use (through conservation) or 
result in a shift to energy sources with a lower carbon footprint could be classified as mitigation. 

the need to broaden the criteria used for their application. Adaptive 
management — monitoring conditions actually being experienced 
and adjusting responses to respond to observed conditions — will 
be a key element of the process. 

The development of adaptation strategies in the border region 
can be enhanced through a binational approach to adaptation. 
Emerging transboundary collaboration on the Colorado River, for 
example, would lay a good foundation for working on strategies 
in the future. There, the U.S. and Mexican Sections of IBWC are 
beginning a joint cooperative process to identify, explore, and ul-
timately implement selected water conservation, shortage manage-
ment, augmentation, and environmental initiatives with binational 
benefits. IBWC established a binational core group to address joint 
cooperative actions in early 2008, and the group has begun meeting 
to scope activities to pursue. 

The Commissioners of the U.S. and Mexican Sections of IBWC have been  
working closely on the new collaborative process for the Colorado River. 
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Photo courtesy of Connie Woodhouse, University of Arizona

Planning for water management and flood control 

should take into account both expected consequences 

attributed to climate change and uncertainties that 

cannot be quantified or well quantified at this time. 

Traditional hydrologic analysis and design have been based on the 
premise that the past is the key to the present (also known as cli-
mate stationarity), and on relatively short records of measured hy-
drology. There is as yet no broadly accepted analytical technique to 
replace the traditional approach, although use of long-term records 
reconstructed from paleoclimate information is a practical approach 
for analyzing climate variability within near- to mid-term planning 
timeframes for water supply and drought preparedness purposes. 

Adaptation Strategies

Institutional tools that facilitate adaptation include: 

Avoidance of impacts in new development through land use 
planning (e.g. appropriate floodplain management).

Incorporation of risk management into the decision-making 
process (through insurance or through acceptance of varying 
levels of risk based on specified criteria).

Use of appropriate safety factors to help mitigate uncertainties.

Reoperation or repurposing of existing facilities to better re-
spond to changing hydrologic conditions (e.g. changing reser-
voir flood control rule curves).

Preparation of adaptive management plans that include action 
triggers and monitoring to determine when triggers are reached. 

Water management planning should make explicit use of approaches  
that diversify water supply sources where possible, and take advan-
tage of opportunities offered by integrated regional planning. Water 
use efficiency and conservation are an important component of 
this process. Access to regionally shared infrastructure — including 
storage (whether surface water reservoirs or groundwater basins) 
and conveyance facilities — is an essential tool to enable regional 
response actions such as voluntary water transfers and exchanges. 

■

■

■

■

■

Streamflow reconstructions 
derived from tree-ring records 

are a useful tool for evaluat-
ing severity of droughts out-
side the period of measured 

historical records.
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Integrated Regional Planning in California

The 2005 update of the California Water Plan recommended 

promoting integrated regional water management to 

“ensure sustainable water uses, reliable water supplies, 

better water quality, environmental stewardship, efficient 

urban development, protection of agriculture, and a strong 

economy”. Proposed elements of that approach were defined as 
fostering regional partnerships, developing and implementing inte-
grated regional water management plans, and diversifying regional 
water portfolios. A bond measure approved by the state’s voters 
in 2006 authorized, among other things, the appropriation of one 
billion dollars to CDWR for fostering integrated regional water man-
agement. Grants to local agencies pursuant to this provision are 
conditioned on the agencies’ implementation of integrated regional 
water plans or their functional equivalents, with the statute further 
establishing an allocation of funds by geographic area.

The substantial amount of storage on the Colorado River system serves as insur-
ance against hydrologic variability, and allows lead time for putting adaptive 
management measures into play during droughts. Recent adoption of new interim 
guidelines for managing Lakes Mead and Powell under shortage conditions allow 
U.S. agencies using Colorado River water to store a portion of their conserved 
supplies in Lake Mead on a space-available basis; part of this dedicated storage 
has not yet been allocated and could be made available for water users in Mexico, 
subject to IBWC negotiations. 



Evaluation of climate change adaptation strategies 

in the border region is not complete without con-

sidering the special circumstances associated with 

how border water infrastructure may be developed 

and financed. Briefly, a side agreement to the North American 

Free Trade Agreement of 1993 established, among other things, 
BECC and the North American Development Bank (NADBank). 
The role of BECC is to develop and certify environmental infra-
structure projects (e.g. water and wastewater infrastructure projects) 
meeting specified criteria, which may then be financed through 

Border Water Infrastructure

NADBank via a combination of loans and grants. BECC’s area 
of coverage is within 62 miles (100 kilometers) of the border on 
the U.S. side and 186 miles (300 kilometers) on the Mexican side 
(Figure 28). Figure 29 from BECC shows the history of U.S. fund-
ing for this infrastructure development program. Generally, much 
of the funding expended to date has been used for stand-alone 
municipal projects, such as wastewater treatment plant construc-
tion, in the border zone. BECC has documented nearly $1 billion 
of additional needs for border-area drinking water and wastewater 
infrastructure. 

Subjects covered at CDWR’s border 
water infrastructure conference includ-

ed the need for funding to maintain 
IBWC’s aging binational infrastructure 

and examples of conveyance and 
agricultural water use improvements.

58   Water and Border Area Climate Change, An Introduction

Water Sector Adaptation4CHAPTER



FIGURE 28
100 & 300 km BECC Border Zone

Mexican Municipalities within  
300 km BECC border zone:

• 224 municipalities in 6 states
• Area 697,000 km2

• Population 16.5 million inhabitants
Source: CONAPO 2007; SNIM version 7.0 and INEGI 2000

US Counties within  
100 km BECC border zone:

• 47 counties in 4 states
• Area 375,000 km2

• Population 13.2 million inhabitants
Source: US Census Bureau Office 2006
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US Appropriations To US-Mexico Border Program (1994-2009)

History of U.S. - Mexico Border Program Appropriations 
FY2007, FY2008 and FY2009 reflect President’s budget proposed 
amounts.�FY2007 received US$50 Million by way of Continuing Resolution 
and FY2008 received US$20 Million through Congressional support.
Source: BECC
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Satellite image courtesy of NASA

CDWR cosponsored a May 2008 conference on 

border water infrastructure and financing needs, 

at which presenters from the U.S. and Mexico 

discussed infrastructure development plans and 

expected future needs, and challenges in meeting 

those needs. It was pointed out at the conference that the cur-
rent paradigm of project funding via BECC/NADBank, as well as 
historical infrastructure needs assessments for the border region, 
have generally not addressed regional water management tools such 
as water conveyance infrastructure, water storage/reservoir man-
agement, agricultural water use efficiency, groundwater recharge, 
or water recycling and desalination. Apart from a one-time NAD-
Bank water conservation investment fund grant program in 2002 
intended to help respond to impacts of drought and Mexico’s Rio 
Grande water debt, existing financial assistance programs have not 
employed a regional approach. 

Expanding border infrastructure financial assistance programs to 
incorporate a regional perspective on infrastructure development 
would be a useful step to more efficient water management and 
would help build a framework for long-term adaptation to climate 
change. In particular, opportunities for regional water conservation 
and water use efficiency (including conveyance system improve-
ments and irrigation district modernization), offer the prospect of 
near-term successes that could lead to further collaboration. 

Irrigated farmland in the Imperial Valley in the U.S. and the Mexicali Valley 
in Mexico. The Gulf of California is at the lower right.
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