
Frijoles Canyon, Bandelier National Monument; photo by Anne C. Tillery
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New Mexico has a dynamic landscape; climate change and increasing fire frequency over the next 50 years will amplify 
recently observed instability. As the climate changes to warmer conditions, less rainfall will infiltrate into aquifers, 

leading to increased overland runoff. Landform processes can be complex, but in general the predicted changes 

in climate and precipitation will lead to increased upland erosion caused by runoff and increased downstream 

sediment deposition. Canyons, mesas, and small basins or valleys filled with sediment will be particularly affected. 

Rapid rearrangement of sediments by water is disruptive and potentially hazardous to ecosystems and societies. 

Dramatic examples of accelerated erosion following the Whitewater–Baldy, Las Conchas, and other wildfires 

here in New Mexico illustrate the types of hazards created when forested landscapes are severely burned. Post-

wildfire erosion is typically initiated by intense rainfall events. Given that both the number of wildfires and rainfall 

intensities are likely to increase as the climate warms, New Mexico can expect to see increases in widespread erosion 

and sedimentation across and downstream from upland forested areas in the state. The large volume of sediment 

predicted to be on the move will be of concern for many reasons, including filling reservoirs, choking channels, and 

blocking or destroying infrastructure. Positive feedback loops lead to further reductions in slope stability.  
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V I .  L A N D S C A P E ,  F I R E ,  A N D  E R O S I O N
Anne C. Tillery, Leslie D. McFadden and Craig D. Allen

Records of past landform responses to changes 
in climate provide clues to possible landform 
response adjustments to future changes in climate. 
The geomorphic, or landform, record indicates that 
changes in the current climate of New Mexico will 
likely bring about modifications to New Mexican 
landforms as they respond to new climatic conditions 
(Bull, 1991). The timing and manifestation of 
these landscape modifications will vary based on 
a variety of factors, including the morphology of 
the initial landscape and the landform’s position on 
it (McFadden and McAuliffe, 1997; Tillery et al., 
2003; Chapter 5 of this bulletin). Also important 
are the strength of the underlying bedrock material; 
changes in temperature, moisture, and precipitation; 
and feedbacks with changes in vegetation cover, 

INTRODUCTION

P ast changes in climate have left behind records 
of dramatic landscape changes. This is because 

landforms, which landscapes are composed of, are in 
part a function of the specific climates in which they 
form. Large dune fields, for example, are common 
in arid and semiarid regions, as in New Mexico. 
When a stable climate undergoes a transition to a 
new and different climate setting, landforms respond 
to the changed climate (Bull, 1991). The time during 
which the landscape is adjusting to a climatic shift is 
typically characterized by a period of change until the 
landscape reaches a new equilibrium with the new 
climate. As discussed in Chapter 5, hillslopes covered 
with soils that took centuries to form in stable 
conditions can be stripped in years to decades due to 
changes in precipitation patterns or amounts. 
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which includes the geomorphic state of the fluvial 
system (Gellis et al., 2017). Using the record of past 
geomorphic responses as a key, we can infer that 
landscape responses will likely include wide-scale 
erosion in some locations and deposition of large 
volumes of sediment in others. The speed at which 
these landscape modifications might occur is difficult 
to estimate, but during the period of landscape 
adjustments, large scale movement of sediment and 
debris will continually disrupt local communities and 
ecosystems until landscape equilibrium is achieved.

This chapter looks at examples of past 
manifestations of climate change on fluvial or riverine 
landscapes in New Mexico and other western states 
to estimate the response of our current landscapes 
to anticipated warming, drying, and changing 

precipitation regimes documented in other chapters 
of this bulletin (Chapters 1, 2, 3, and 10). We also 
detail recent, large-scale, and devastating erosion 
events in New Mexico as an illustration of what 
can be expected moving forward. The insights 
provided on landscape response to climate change 
in New Mexico can help in addressing future water 
resource concerns such as flood risks, reservoir 
sedimentation, and water supply. 

New Mexico is the fifth-largest state and 
encompasses a large range of physiographic and 
climatic settings (Figure 6.1). Because it is not 
practical to look at every possible geomorphic 
process in New Mexico, we will look specifically at 
three processes where landscape responses to climate 
change have been well documented: cycles of erosion 
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Figure 6.1. Color shaded-relief image of New Mexico showing physiographic provinces. 
SRM = Southern Rocky Mountains. 
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and deposition, ephemeral (intermittently wet and 
dry) stream channels or arroyos, and post-wildfire 
erosion. Finally, we will discuss the role that 
precipitation type plays in erosion.

CYCLES OF EROSION AND 
DEPOSITION

The Pajarito Plateau in north-central New Mexico 
is formed primarily of volcanic ash that was 
lithified into a solid rock called tuff (Griggs and 
Hem, 1964; Smith et al., 1970). Tuff is a relatively 
soft rock that is easily erodible. Erodible rock types 
are sensitive to changes in erosive agents such 
as rainfall, freeze-thaw processes, groundwater 
sapping, bioturbation, and wind removal. The 
transition from the Pleistocene epoch to the 
Holocene epoch 12,000 years ago is defined by a 
change in climate that is reflected in the geomorphic 
record of the Pajarito Plateau. Before 12,000 years 
ago, temperatures were cooler and wetter in the 
southwestern United States, glaciers spread in the 
Sangre de Cristo Mountains, large precipitation-fed 
lakes dotted the state, and precipitation occurred 
mostly as snowfall (Thompson et al., 1993). 
Approximately 12,000 years ago, the Holocene 
brought warming temperatures, accompanied 
by melting glaciers, disappearing pluvial lakes, 
and precipitation that transitioned from snow 
dominated to rainfall dominated. In the Pajarito 
Plateau of north-central New Mexico and other 
locations in the Southwest, the transition from 
the cooler and moister Pleistocene epoch (before 
about 12,000 years ago) to the warmer and drier 
Holocene epoch (between 12,000 years ago and 
now) is associated with a decrease in vegetative 
cover and a major increase in sediment supply 
within some drainage basins (Reneau et al., 1996; 
McAuliffe et al., 2006). Reneau et al. (1996) 
documented increased filling (aggradation) of 
alluvium in canyon bottoms and rapid losses of 
soils on the mesa surfaces of the Pajarito Plateau 
soon after the cool Pleistocene ended and as the 
warm Holocene began. This indicates a major 
change in fluvial systems driven by climate change. 
Canyons dissecting the Pajarito Plateau aggraded 
(filled) with sediment derived from the adjacent 
mesa tops during the Holocene (Figure 6.2). Mesa-
top soil loss was mostly due to overland (surface) 
flow that is generated more quickly in intercanopy 

Figure 6.2. Graphs showing geomorphic processes active in the 
Pajarito Plateau with time (in years before present from carbon-14 
dating) and precipitation, adapted from Reneau (1996). Panel A shows 
the precipitation regime changing from a winter precipitation (snow) 
regime to a summer precipitation regime at the Pleistocene/Holocene 
boundary approximately 11,700 years before present. Panel B shows 
the increases in geomorphic processes, including sediment being 
supplied to the canyon stream channels, that coincides with the change 
in precipitation regime at the Pleistocene/Holocene boundary.

areas, or open areas between trees where raindrops 
are not intercepted or slowed by interference from 
tree canopies. Local abundance of natural charcoal 
in some deposits suggests that erosion following 
fires may also have contributed to some of the 
mesa-top erosion. Similarly in recent times, up to 10 
ft of sediment was deposited in canyon bottoms in 
the decades between the 1940s (when Los Alamos 
National Laboratory was established) and the 
mid-1990s, giving an indication of how rapidly 
these changes can happen.

In the northeastern corner of New Mexico along 
the Dry Cimarron River west of Folsom, Mann and 
Meltzer (2007) used radiocarbon dating to study 
the alluvial histories in small (<15 mi2) watersheds 
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and found multiple periods of valley aggradation 
separated by incision episodes, some of which 
correlated with climatic fluctuations and intrinsic 
processes. In contrast to the Pajarito Plateau example, 
Mann and Meltzer (2007) found aggradation 
occurred during past cooler and moister periods such 
as the Younger Dryas (11,000–10,000 14C yr B.P.) and 
the Little Ice Age (A.D. 1300–1880). 

The Pajarito Plateau and Dry Cimarron River 
examples highlight landscape response to major 
climatic transitions, but less extreme and more 
frequently occurring climate shifts have also led to 
geomorphic responses in highly erodible settings. 
McAuliffe et al. (2006) used tree-ring analyses to 
document hillslope and basin-floor dynamics in a 
small, semiarid alluvial drainage basin formed in 
the highly erodible Morrison Formation on the 
Colorado Plateau and in Arizona. They found erosion 
episodes during the last 300 years that were triggered 
by decadal changes in precipitation regimes, most 
notably following periods of drought. 

These examples illustrate how canyon, mesa, 
and small valley landscapes have responded to past 
climate changes in New Mexico and the Southwest. 
The differences documented in the responses of 
landscapes along the Pajarito Plateau and the Dry 
Cimarron River illustrate the variability in landscape 
response to changing climate. The variability in 
landscape responses to similar historical climate 
changes indicates it is difficult to generalize how 
New Mexico landscapes might respond to future 
climate change. Even so, we do know that with 
climate change, landscapes will go through some 
period of adjustment that has the potential to be 
disruptive to sediment flux (erosion and deposition).

EPHEMERAL CHANNELS (ARROYOS)

Interest in arroyos in New Mexico is related to the 
various and destructive societal impacts caused by 
widespread incision of arroyos across previously 
stable valleys in areas of the state beginning in the 
late nineteenth century in some portions of the 
watershed and continuing through the twentieth and 
into the twenty-first centuries. The appearance of 
arroyos has led to the loss of land for grazing and 
farming, resulting in the loss of a way of life for some 
communities. Arroyos can undercut and otherwise 
damage or destroy roads, dams, railroads, bridges, 

culverts, fences, and irrigation works. Arroyo incision 
leads to increases in downstream delivery of sediment, 
which can clog culverts and reservoirs and reduce 
floodplain capacity. Sediment from upstream arroyo 
erosion aggrades downstream floodplains, reducing 
floodwater storage capacity and leading to increased 
flood severity (Cooperrider and Hendricks, 1937). 
Arroyos provide a pathway to drain marshes and 
wetlands, detaching those areas from the groundwater 
table and leading to vegetation desiccation (Bryan, 
1925). Arroyo cutting can remove as much as 25% of 
valley floor area (Cook and Reeves, 1976), decreasing 
agricultural productivity. Additionally, flood 
flowpaths are shortened by arroyo incision, increasing 
stream velocity and erosive potential, creating a 
positive feedback loop that leads to further increases 
in erosion. The combined effects of these issues can 
have devastating impacts on local communities. 

Arroyos and ephemeral channels are complex 
systems. Sediment pulses move episodically along 
the basins with timing and magnitude that vary not 
only with climate signals but also with land use, 
vegetation changes, and factors such as basin size, 
sediment grain size, base-level lowering (Schumm and 
Parker, 1973), channel straightening (Simon, 1989), 
artificial channelization, and decreases of sediment 
supply from upstream (Schumm and Hadley, 1957; 
Patton and Schumm, 1981; Bull, 1997; Friedman 
et al., 2015). The temporal and spatial variability 
in arroyo incision and filling is termed the “arroyo 
evolution” (Elliott et al., 1999; Gellis et al., 2012), 
where the rate of arroyo changes is dictated by both 
intrinsic and extrinsic factors (Gellis et al., 2017). As 
a wave of erosion happens in the upstream part of 
an arroyo, downstream areas that have incised and 
widened from bank erosion transition hydraulically 
from erosion to aggradation. Upstream areas, which 
are undergoing head-cut erosion, transport sediment 
to those downstream aggradational areas. This wave 
of aggradation may subsequently progress upstream. 
The channels change as they alternate between 
aggradation or incision, with periods of equilibrium 
lasting only briefly or as long as a millennium 
(Friedman et al., 2015). Numerous studies have 
shown that changes in geomorphic processes such as 
hillslope erosion and valley-fill aggradation are linked 
to changes in climate (Bull, 1991; Kochel et al., 1997; 
Eppes, 2002), while others cite non-synchroneity with 
climate in the stratigraphic record that may be due to 
intrinsic factors (Elliott et al., 1999).
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Because of the complex history of arroyos, 
researchers have been investigating episodes of arroyo 
incision in the lower and drier elevations of western 
and central New Mexico for over a century (Bryan, 
1925; Schumm and Hadley, 1957; Schumm, 1973; 
Cook and Reeves, 1976; Karlstrom and Karlstrom, 
1987; Graf, 1988b; Balling and Wells, 1990). Many 
of the studies of these inherently unstable streams 
were focused on dating the cycles of arroyo incision 
and aggradation, which are sensitive to short-term 
climatic changes and to human impacts. Other studies 
documented twentieth-century arroyo changes using 
benchmarked channel cross sections. 

In the late nineteenth century, a combination of 
drought and agricultural activity (i.e., grazing) led 
to declines in vegetation density in the Rio Puerco 
Basin (Gellis et al., 2017). Periods of high flows 
also occurred. The geomorphic state of the arroyo 
systems at this time was described as discontinuous 
or filled (Aby, 2017; Gellis et al., 2017). Runoff 
eroded valley-fill sediment and soils and carried them 
downstream to the Rio Grande. Starting in the early 
twentieth century, transported material reached and 
began to enter Elephant Butte and other reservoirs on 
the Rio Grande (Cooperrider and Hendricks, 1937). 
As a consequence of arroyo incision, groundwater 
levels declined throughout the Rio Puerco Basin. 
Channels became deeply incised and floodwaters 
did not inundate adjacent agricultural fields on the 
floodplain. Incision of the Rio Puerco in the late 
1880s forced the desertion of three towns and earlier 
episodes of incision may have been a factor leading 
to abandonment of some areas by Ancestral Puebloan 
peoples (Bryan, 1925).

In the Zuni River drainage of western 
New Mexico, Balling and Wells (1990) found 
downcutting of intermediate and small arroyos for 
a 20- to 30-year period near 1905 coincided with a 
long and severe drought from 1898 through 1904 
that ended with 3 years of unusually frequent, high-
intensity, summer rainfall events. 

These results support the connection between 
periods of arroyo incision and short-term climatic 
perturbations. Initiation of arroyo incision, however, 
may be too complex to attribute to a single cause 
such as a change in precipitation or grazing, but 
it is likely associated with a decrease in vegetation 
density. Future climate change is anticipated to lead 
to declines in vegetation density throughout valleys 

and low-elevation areas of New Mexico beginning 
in the next few decades—changes that, depending on 
the state of the fluvial system, could lead to renewed 
arroyo incision with accompanying reductions in 
water supplies for floodplain irrigation. 

POST-WILDFIRE EROSION

Wildfires can dramatically increase the probability 
and magnitude of flooding and debris flows. The 
reduction of infiltration rates on severely burned 
slopes results in post-wildfire floods that can be 
orders of magnitude beyond the normal variation 
seen in unburned systems. Additionally, consumption 
of vegetation by wildfire enhances the erosive power 
of overland flow, resulting in accelerated erosion 
of hillslope material (Cannon and Gartner, 2005; 
Meyer and Wells, 1997) and frequently resulting in 
debris flows. A debris flow is a type of landslide that 
is composed of a slurry of water, rock fragments, 
soil, and mud that can travel rapidly down hillslopes. 
Debris flows in particular can be one of the most 
dangerous post-wildfire hazards because of their 
unique destructive power (Cannon, 2001) to 
structures due to their momentum and considerable 
impact forces. Not only is watershed response to 
rainfall greatly amplified following a wildfire, the 
timing between onset of rainfall in the headwaters 
and resulting floods or debris flows downstream can 
be substantially reduced, giving people downstream 
of the burned area less time to react. 

To discuss post-wildfire erosion, we look to 
the forested high-elevation areas of New Mexico. 
In September 2013, a near-record storm produced 
widespread, historic rainfall amounts throughout 
the Southwest (Moody, 2016). The heavy rainfall 
led to extensive and damaging flooding and erosion 
throughout New Mexico and surrounding states, 
most severely in areas that had been recently burned, 
such as the 298,000-acre Whitewater–Baldy fire area 
that burned the previous summer in Gila National 
Forest in southern New Mexico. Thirty-minute 
rainfall intensities on the night of September 14 in 
the area near Whitewater Creek were equivalent 
to a 1,000-year recurrence-interval storm—that is, 
a storm that has a 0.1% chance of being exceeded 
in a single year and is exceptionally rare (Tillery 
et al., 2019). The heavy rainfall led to extensive 
and damaging flooding and debris flows within 
and around the Whitewater–Baldy burn scar. 
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Tillery and Rengers (2020) documented 688 debris 
flows initiated by a series of storms in the area 
near Whitewater Creek, 352 of which were in the 
Whitewater Creek watershed (Figure 6.3). Field 
reconnaissance confirmed that debris flows were 
ubiquitous at virtually every culvert and road crossing 
in the area and ranged from smaller than 1 ft wide 
to over 15 ft wide. The sediment mobilized during 
this single event was estimated to be over 5,000,000 
ft3, or 0.04-in. basin-average erosion depth in the 
54-mi2 Whitewater Creek watershed alone (Tillery 
et al., 2019). For context, this is enough sediment to 
fill 295 railroad box cars or a train 3.4 miles long. 
The sediment load produced by the debris-flow 
response was deposited in downstream channels, 
clogging or damaging local roadways, bridges, and 
culverts. Constant remobilization of sediment by 
subsequent rainfall events impacted local residents; 
the U.S. Forest Service, which manages the land; and 
the New Mexico Department of Transportation, 
which maintains the roadways in the area, for years 
following these events. Beyond the downstream 
impact from extensive sediment mobilization, the 
number of new channels and scarps cut into the 
freshly burned Gila Mountains altered the landscape 
in other long-lasting ways, such as destabilizing 
hillslope soils, decreasing length of overland 
flowpaths, and increasing runoff and sediment supply 
to downstream channels. This effect could last for 
years or even decades, demonstrating the importance 
of rare events in shaping sensitive landscapes.

On July 25, 2013, a monsoon rainstorm with 
a maximum 10-minute rainfall intensity of 3.75 
in./hr (USGS station 354711106251330, Cochiti 
Canyon Headwaters near White Rock, NM; USGS, 
2016) crossed over Frijoles Canyon in Bandelier 
National Monument at 11:30 p.m. The majority 
of Frijoles Canyon had been burned 2 years earlier 
by the 153,000-acre Las Conchas fire. The flood 
wave generated in Frijoles Canyon on the night 
of July 25 instantly initiated a gage-height of 18 
ft at an early-warning stream gage 6 mi upstream 
from the monument’s Visitor Center. In the upper 
portions of the canyon, trees left standing after the 
fire 2 years earlier were knocked over and carried 
downstream to be deposited in log jams 20 ft high 
and 50 ft long (Figure 6.4). Shortly after alerting 
monument employees of the impending flood, 
the stream gage infrastructure was irretrievably 
buried by approximately 7 ft of sediment (USGS 
station 08313300, Rito de Los Frijoles near Los 
Alamos, NM; USGS, 2016). 

As these two examples show, wildfires can 
influence the evolution of the physical landscape by 
dramatically increasing the probability and magnitude 
of post-wildfire, rainfall-induced debris flows and 
flooding. These events can result in catastrophic 
damage and loss of life (Neary et al., 2003; Moody et 
al., 2013) as well as changes in channel morphology 
(Moody and Martin, 2001; Benda et al., 2003). 
Numerous studies have examined the magnitude and 
causes of post-wildfire mass wasting by way of debris 

Figure 6.3. Photos taken in Whitewater Creek Canyon following rains of September 2013. (A) Debris flow scarp in a tributary to Whitewater Creek 
Canyon; see person for scale. (B) Debris backed up behind ranch gate in a tributary to Whitewater Creek Canyon. Photos by Anne C. Tillery
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flows in New Mexico, including studies following the 
Dome and Cerro Grande fires in the Jemez Mountains 
(Cannon and Reneau, 2000; Cannon, 2001) and 
studies following the Whitewater–Baldy and Buzzard 
fires in the Gila National Forest (McGuire and 
Youberg, 2020; Tillery and Rengers, 2020). Rain 
falling on areas burned by wildfires can produce 
stream peak discharges orders of magnitude beyond 
the typical values seen in systems with fully vegetated 
conditions (Anderson et al., 1976; Veenhuis and 
Bowman, 2002). Previous studies have shown a large 
range (5- to 870-fold) of increases in peak discharges 
following wildfire, depending upon fire severity (Rich, 
1962; Anderson et al., 1976; Campbell et al., 1977; 
Moody and Martin, 2001; Veenhuis and Bowman, 
2002; Wine and Cadol, 2016). The factors that best 
distinguish between drainages prone to post-wildfire 
flooding and those prone to post-wildfire debris flows 
are lithology and basin characteristics such as channel 
gradient, hillslope angles, and availability of loose 
sediment (Cannon and Reneau, 2000).

Post-wildfire increases in runoff, associated 
flooding, and debris flows are attributed to a 
variety of factors that work together to enhance 
the propensity for and magnitude of surface-runoff 
generation and to elevate surface-water velocities 
(Swanson, 1981). Many of these factors are 
strengthened with higher-severity fire. According 
to studies by Robichaud et al. (2000) and Mishra 
and Singh (2003), surface runoff can increase by a 
factor of 1,000 when vegetation cover is reduced 
from 75% to 10% in some settings. The cumulative 
effects of these changes can increase runoff, flooding, 

erosion, and mass movements (such as debris flows) 
and, depending on bed steepness, can lead to channel 
incision or channel aggradation (Seibert et al., 2010). 
Additionally, decreased response time (time between 
rainfall and flood peak) of streams to rainstorms 
combined with increased runoff potential can 
contribute to an increased number of floods for a 
given period after a wildfire. In other words, flooding 
hazards are substantially increased, and the time for 
people to respond or evacuate is decreased. 

Debris flows in particular can accomplish a 
tremendous amount of work to transport sediment 
and reshape hillslopes very quickly by cutting new 
channels into hillslopes and dumping large volumes 
of eroded material into low-lying areas (Wohl 
and Pearthree, 1991). Videos of debris flows from 
runoff following large fires in the Jemez Mountains 
of New Mexico can be found on the internet at 
(https://www.youtube.com/watch?v=_OWwrln4oeo 
and https://www.youtube.com/watch?v=sstvu_aRfqA). 

WILDFIRE FREQUENCY 
AND CLIMATE

The link between climate and wildfire frequency, size, 
and severity, particularly in the western United States, 
has been demonstrated repeatedly over the last several 
decades (Meyer et al., 1992; Meyer et al., 1995; 
Westerling et al., 2003; Littell et al., 2009; Luo et al., 
2013; Westerling et al., 2014; Mueller et al., 2020). 
In the western United States, wildfire in federally 
managed forests has increased since the 1970s and 

Figure 6.4. A log jam in Frijoles Canyon, 2013. Photo by Anne C. Tillery
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early 1980s, with large fires (greater than 1,000 
acres) in the decade through 2012 over five times as 
frequent and burned areas over ten times as large. 
These increases in wildfire numbers and acreages are 
closely linked to increased temperatures and greater 
frequency and intensity of drought (Westerling et 
al., 2014). Climate projection modeling through 
the middle of the twenty-first century suggests a 
longer wildfire season in the western U.S. deserts as 
temperatures rise (Abatzoglou and Kolden, 2011). 
A 2020 study in Arizona and New Mexico (Mueller 
et al., 2020) found that increasing temperature and 
vapor pressure deficit (a function of humidity and 
temperature) and decreasing precipitation were 
associated with increasing area burned regionally 
and particularly area burned at high severity since 
1984. Additionally, they found the relationship 
between climate and fire activity in the Southwest has 
appeared to strengthen since 2000.

As could be expected, the accelerated landscape 
change that follows wildfires has also been linked 
directly to changes to warmer and drier climates when 
wildfires are more common. Postfire sedimentation 
is projected to increase for nearly nine-tenths of 
burned watersheds by more than 10% and for more 
than one-third of burned watersheds by more than 
100% by the middle of the twenty-first century in the 
western United States (Sankey et al., 2017). 

One of the longer records of wildfire and 
post-wildfire erosion with climate comes out of 
Yellowstone National Park (Figure 6.5). Studies 
conducted in the park were able to link a 3,500-
year record of wildfires with climate signals. 

Meyer et al. (1992) examined a record of sediment 
deposited by flowing water and debris flows and 
found aggradation and erosion were both strongly 
modulated by climate, with fire acting as a catalyst 
for sediment transport. Alluvial fans aggraded during 
periods of frequent fire-related sedimentation were 
interpreted to be related to drought or small-scale 
climatic fluctuations. In a subsequent study, Meyer et 
al. (1995) estimated that 30% of late Holocene fan 
alluvium is from fire-related sedimentation. Small-
scale climatic fluctuations during the Holocene had a 
substantial impact on landscapes in the Yellowstone 
National Park study area. Additionally, summer 
precipitation intensity and interannual variability 
were likely greater during warmer periods, which 
increases the potential for severe short-term drought 
and associated major forest fires and storm-generated 
alluvial fan deposition. 

Similar examples have been documented in 
New Mexico. Frechette and Meyer (2009) found 
a record of episodic sedimentation throughout the 
Holocene following severe wildfires in the mixed 
conifer forests of the Sacramento Mountains. 
Generally, they found that not only did fire-related 
sedimentation correspond to generally warmer 
conditions, post-wildfire erosion contributed 
significantly to Holocene valley fill. They concluded 
that given the efficiency of fire-related geomorphic 
processes, even rare, severe fires were likely to 
significantly impact the Holocene evolution of 
the Sacramento Mountains. The latest period of 
sedimentation, about A.D. 1300, corresponded 
to documented widespread severe drought in the 
southwestern United States. 
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Figure 6.5. Graph demonstrating the connection between wildfire activity and temperature in Yellowstone National Park. A radiocarbon-based 
wildfire sedimentation probability curve (red line) is plotted with time in calendar years before present. The present is on the right end of the axis. 
North Atlantic minimum temperatures (Bond et al., 1997) are shown as vertical blue lines. The plot demonstrates how wildfire sedimentation drops to 
a minimum when sea-surface temperatures are at a minimum. Modified from Meyer and Pierce (2003).
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More recently, the debris flows in the northern 
Valles Caldera following the 2011 Las Conchas 
fire were of unprecedented magnitude in the last 
few thousand years, despite the well-documented 
occurrence of past megadroughts (see Chapter 2). 
The extreme extent and abundant large boulders 
of the postfire debris-flow deposits below Cerro 
del Medio in the Valles Caldera were unlike 
other sediments accumulated in the valley during 
several millennia prior to the Las Conchas fire 
(G. Meyer, personal communication, October 
22, 2021). While fire suppression and change in 
forest composition associated with heavy logging 
probably increased the severity of the Las Conchas 
fire on Cerro de Medio, extreme drought with 
high temperatures was clearly a major factor in 
the high severity of this burn (G. Meyer, personal 
communication, October 22, 2021).

As discussed in this section, wildfire frequency 
and intensity are expected to increase across the 
United States as the climate warms, potentially 
meaning that the types of geomorphic responses 
following recent fires are likely to also become more 
frequent and larger. The United States has experienced 
marked upward trends in duration of the wildfire 
season, wildfire frequency, and wildfire extent since 
the mid-1980s, attributed in part to earlier snowmelt 
(Stewart et al., 2005; Liu et al., 2010; Westerling, 
2016). Changes in wildfire severity in the desert 
Southwest have also been linked to increasing 
variability in spring precipitation as well as increases 
in the vapor pressure deficit (Holden et al., 2007; 
Williams et al., 2013; Jolly et al., 2015).

Post-wildfire geomorphic responses may be 
similar to geomorphic responses to climate change 
but happen on much shorter time scales. Based 
on 80 years of data from the literature, Moody 
and Martin (2009) determined that wildfires in 
the western United States have been an important 
geomorphic agent of landscape change when 
linked with sufficient rainfall. Because of their large 
magnitude and short time scales, post-wildfire erosion 
events have been and continue to be important agents 
of landscape change (Wohl and Pearthree, 1991). 

Losses or reductions in vegetation for reasons 
other than wildfires can lead to similar accelerated 
landscape change. Tillery and Rengers (2020) 
found that rather than burn severity from the 2012 
Whitewater–Baldy wildfire, it was the coverage of 

vegetation at the time of the rainfall that had the 
greatest correlation with location and density of 
post-wildfire debris flows 1 year after the fire. This 
indicates that loss of vegetation due to drought leaves 
landscapes more susceptible to erosion by debris 
flows. Additionally, given sufficient rainfall intensity 
and slope angles, debris flows can be initiated in 
most settings, including burned and unburned areas, 
and in both drier south-facing slopes and moister 
north-facing slopes. 

PRECIPITATION TYPE AND EROSION

Precipitation type directly influences the magnitude 
of erosion. Rainfall is a stronger driver of erosion 
than snowfall due to the potential for high-intensity 
rainfall, flashy overland flow, and channel discharge 
(Leopold, 1951; Hereford and Webb, 1992; 
Hereford, 1993; Reneau et al., 1996; Etheredge 
et al., 2004). A transition of precipitation from 
snow to rain as is predicted (Knowles et al., 2006; 
Earman and Dettinger, 2011) is therefore likely to 
lead to an increase in rates of erosion and associated 
downslope aggradation. 

Rainfall intensity is a measure of how fast rain 
is falling and is reported in depth per time. Common 
rainfall intensities for summer monsoons are reported 
in inches for time periods such as 15 or 30 minutes. It 
is unclear how precipitation intensity will vary with 
climate change in New Mexico, but in general terms, 
the total amount of precipitation as a long-term 
average is not expected to change significantly from 
historical averages (see summaries in this bulletin, 
Chapters 2 and 11). However, interannual variability, 
including the intensity of individual precipitation 
events, may increase. Significant vegetation declines 
on hillslopes during extreme drought make hillslope 
soils more prone to erosion if heavy precipitation 
follows soon after drought (McFadden and 
McAuliffe, 1997; Davenport et al., 1998; Wilcox et 
al., 2003). Erosion of sediment from hillslopes can 
be part of a positive feedback loop. As discussed 
in Chapter 5, erosion of sediment and soils from 
hillslopes can expose bare bedrock and increase 
drainage density and local relief, which further 
increases runoff and erosion (Etheredge et al., 2004). 

Post-wildfire debris flows have been shown to 
be triggered from relatively short-duration rainfall 
events (as brief as 6 minutes), with intensities ranging 
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from 0.04 to 1.3 in./hr in Colorado and California 
(Cannon et al., 2008). Rainfall intensities in this 
range are common for New Mexico monsoonal 
storms. Following the 2018 Buzzard fire in the 
Gila National Forest, McGuire and Youberg (2020) 
found that 15-minute rainfall intensities of as little 
as 0.6 in./hr were sufficient to initiate debris flows 
in some watersheds. Rainfall intensities in this range 
would not be considered rare or extreme. Figure 6.6 
shows an example relationship of flood and debris-
flow responses to a series of rainstorms of varying 
intensities and durations following the 2018 Buzzard 
fire (McGuire and Youberg, 2020). Understanding 
and constraining the threshold specific to debris-flow 
hazards as distinct from flood hazards can help in 
establishing early-warning systems for debris-flow 
hazards that have the potential to be much more 
destructive than floods. The diagram illustrates that 
it takes more time to initiate debris flows at lower 
rainfall intensity levels. Predicted increases in rainfall 
intensities due to climate change in New Mexico 
will lead to decreases in the time to initiate and 
respond to debris flows.

SUMMARY

Each of the three geomorphic processes detailed 
in this chapter—cycles of erosion and deposition, 
ephemeral channels, and post-wildfire erosion— occur 
in many places throughout the state. Looking forward 
50 years, we envision a New Mexican landscape 
with potentially disruptive geomorphic changes 
occurring. When canyons, mesas, small basins, or 
valleys filled with alluvium experience a change in 
climatic variables such as temperature, moisture, or 
precipitation regime, they will respond by rearranging 
sediment rapidly relative to rates of change during 
stable climatic conditions. Sediment mobilization 
within channels depends on the hydraulic state of 
the channel (e.g., incised, over-widened, or filled in). 
Channels that are not filled in may continue to erode, 
and those that are completely filled in may re-incise 
or continue to aggrade. Rapid rearrangement of 
sediment through fluvial processes is potentially 
hazardous to ecosystems and societies. Geomorphic 
processes linked to climates changing to warmer 
conditions include reduced infiltration of rainfall, 
increased overland runoff during high-intensity 
rainfall leading to increased flooding, increased 
upland erosion by overland flow, and, depending 
on the hydraulic state of channels, increased 

Figure 6.6. Rainfall intensity–duration thresholds to produce water-dominated flow and debris flows 
in small watersheds following the Buzzard Fire in southwestern New Mexico. The black and red lines 
represent threshold intensity–duration values for a calibrated model (McGuire and Youberg, 2020).
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downstream sediment deposition and aggradation 
where downstream channels are filled in and erosion 
where downstream channels are incised. We should 
expect these geomorphic changes to occur across 
New Mexico in association with the climate changes 
described in Chapter 2.

The dramatic examples of accelerated erosion 
following the Whitewater–Baldy, Las Conchas, and 
other wildfires in New Mexico illustrate the types of 
hazards created by wildfires that have severely burned 
across forested landscapes in the state. Post-wildfire 
erosion is typically initiated by short-duration, high-
intensity rainfall events. The geologic records showing 
increases in post-wildfire-related sedimentation during 
past periods of warming illustrate the long-term 
connection between wildfire and past changes in 
climates. Linking these specifics with predicted future 
increases in temperature in New Mexico and possible 
increases in rainfall intensities, it becomes clear that 
New Mexico is likely to see increases in widespread 
erosion and sedimentation across and downstream 
from upland, forested areas in the state. The large 
volume of sediment predicted to be on the move will 
be of concern for many reasons, including filling 
reservoirs, choking channels, blocking or destroying 
infrastructure, and creating positive feedback loops 
that lead to further reductions in slope stability.

The most dramatic geomorphic responses to a 
warming climate in New Mexico will likely initiate 
in steep, upstream hillslopes and mountain settings 
and progress downstream in pulses and waves. 
The downstream distance affected and duration of 
landscape response are not currently possible to 
predict. Climate-response geomorphic processes could 
be active for years or decades, as landscapes will 
continue to adjust unless or until they have reached 
a new steady state. 

In light of the proposed impacts of future climate 
change on New Mexican landscapes, some steps 
could be taken to alleviate those impacts. Design 
of future culverts, bridges, and reservoirs could be 
modified to account for increases in sediment delivery 
and options for removing that sediment. Existing 
rainfall intensity–duration thresholds (Staley et al., 
2017) can be applied for locations of concern in 
New Mexico in the prediction of high-hazard areas 
and for establishing early flood and debris-flow 
warning systems. Pre-fire assessments of post-wildfire 
hazards, such as those by Tillery et al. (2014) 

and Tillery and Haas (2016), can be used to help 
managers identify basins with the greatest potential 
hazards for implementation of mitigation measures 
such as forest thinning. Slope (25°–40°), vegetation 
greenness index (Rengers et al., 2016), and upstream 
drainage areas (<1,000 m2) most commonly linked 
with runoff-generated debris flows are well defined 
(Tillery and Rengers, 2020). This information could 
be used to create a map of New Mexico highlighting 
those areas with the corresponding slope, upstream 
drainage areas, and vegetation index indicative of 
debris-flow initiation locations. The New Mexico 
Multi-Hazard Risk Portfolio (New Mexico 
Department of Homeland Security and Emergency 
Management, 2021) gives examples of similar hazard 
maps produced for New Mexico.

KNOWLEDGE GAPS

Substantial gaps exist in understanding the length 
of time it takes for different landscapes to adjust 
after a major disruption such as climate change. 
Depending on scale, runoff, and conditions prior 
to a disruption, some fluvial systems may reach 
a new equilibrium in as little as a few years to a 
decade after the disturbance comes to an end. Other 
fluvial systems may continue undergoing a complex 
response as channels continue to evacuate or 
aggrade large volumes of sediment with each major 
rainstorm for multiple decades or longer following 
the end of a disturbance before the system reaches 
equilibrium. Studies designed to document recovery 
time frames for different fluvial systems across the 
state of New Mexico would help in constraining 
and planning for periods of geomorphic instability 
following disturbances such as drought or wildfires 
in the various geomorphic settings around the state. 
However, recovery time is only meaningful in relation 
to a punctuated disturbance, such as a wildfire, that 
has a distinct conclusion. If a disturbance continues 
indefinitely or over long periods of time relative to 
human time scales, fluvial systems may not achieve 
true equilibrium at all. Additionally, field studies 
are needed that investigate sediment transport 
between debris-flow-producing headwaters and 
downstream rivers to quantify location and amounts 
of downstream sediment delivery.

This article has been peer reviewed and approved 
for publication consistent with USGS Fundamental 
Science Practices (https://pubs.usgs.gov/circ/1367/).
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Middle Rio Grande irrigation system, Socorro; photo by Matthew Zimmerer
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Surface-water supply shortages induced by climate change will drive both agricultural and municipal/industrial water 
users to rely more heavily on groundwater. Less surface water will lead to lower recharge to some groundwater 

aquifers. The Lower Rio Grande is an in-progress example of this effect, with prolonged surface-water shortage 

leading to plunging groundwater levels. All water users in the state will experience decreased water availability 

as the climate warms and aridification occurs. This decrease in water availability will likely trigger changes in 

use from lower-value uses to higher-value uses, and this generally means a migration from agricultural water 

use to municipal/industrial uses. New Mexico has a rich and diverse history of water use that is central to its 

collective identity. This permanent shift toward a more arid climate will upset the hydrologic balance that has 

weathered cyclical drought. The declining mean and increasing variability in the surface-water supply is not 

cyclical, and recovery periods will be fewer and farther between. This will require difficult and divisive policy and 

management decisions, undoubtedly accompanied by an increase in disputes and litigation. New Mexico is by no 

means alone in facing these daunting challenges.
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J. Phillip King

environmental, and social consequences of water-use 
patterns and climate change respond to the highly 
likely reductions in runoff and recharge described in 
Chapter 3 will develop positive feedback cycles within 
positive feedback cycles, creating chaotic systems in 
both the scientific and colloquial senses of the word. 

New Mexico has a long and rich history of 
water management, particularly for irrigation, going 
back centuries. Periods of severe and sustained 
drought have happened before, as have relatively 
wet conditions. Water managers have managed to 
weather the drought periods and recover in the wet 
periods. The focus of this bulletin certainly includes 
drought considerations, but more importantly it 
considers something fundamentally different—a 
permanent shift to a more arid climate, as opposed to 
the past cyclical pattern of drought and wet periods. 

INTRODUCTION

T his chapter examines the likely effects of climate 
change on water availability for agricultural water 

users, primarily for irrigation and for domestic, 
commercial, municipal, and industrial (DCMI) 
water providers. Previous chapters highlighted the 
uncertainty inherent in predicting how the climate 
will change in coming decades (Chapter 2), resulting 
effects on the land-surface water budget (Chapter 3), 
and the effects on ecological systems (Chapter 4), soils 
(Chapter 5) and landscapes (Chapter 6). Adding to 
the complexity of water-user response are the highly 
diverse climate, landscape, and water-use cultures in 
New Mexico. Prediction of climate change effects on 
surface-water and groundwater supplies for human 
use inherits all the uncertainty in those areas, then 
overlays perhaps the greatest source of uncertainty 
of all—human behavior. Specifically, the way in 
which water users concerned with health, economic, 
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The recovery periods will be fewer and farther 
between, and the drought periods will be more severe. 
This is not the climate in which New Mexico water 
use and management developed, and status quo 
management is not an option.

HYDROLOGY OF WATER-
SUPPLY SYSTEMS

From the climate perspective, an increase in 
temperature is clearly underway and highly likely 
to continue, resulting in, among other things, an 
increase in potential evapotranspiration (PET) and an 
increasingly arid climate throughout the southwestern 
United States (see Chapters 2 and 3). While the 
trend in precipitation is less predictable, in terms 
of both annual quantity and spatial and temporal 
distribution, it is highly unlikely that any increases 
in precipitation will be sufficient to overcome 
the deleterious effects of temperature rise on the 
quantities of runoff and recharge available to water 
users. Rumsey et al. (2020) described the decline in 
baseflow and total streamflow in the Rio Grande 
upstream of Albuquerque for the period 1980–2015, 
a clear indication that the hydrologic balance in 
the state is shifting. 

One of the most basic concepts in hydrology is 
the conservation of mass (or volume) of water, which 
can be stated for a given control volume as: 

Inflow – Outflow = Change in Storage

The control volume can be a water tank, a reservoir, 
an aquifer, a watershed basin, or even an entire state. 
The common analogy for this statement is a bank 
account, where deposits minus withdrawals must 
equal the change in balance. In terms of the state’s 
hydrologic balance, discussed in Chapter 3, inflow 
consists of precipitation and interstate stream and 
aquifer inflows, including imported water. Outflows 
consist of evapotranspiration and interstate stream 
and aquifer outflows. Change in storage consists of 
aquifer and surface reservoir gains and losses, as well 
as changes in instream storage.

In broad terms, this notion of hydrologic 
balance provides a structure for conceptualizing and 
quantifying the likely effects of climate change, in 
spite of the inherent uncertainty. Rising temperatures 
will have a dramatic effect on both the inflow 
and outflow terms. The highly likely reduction of 

snowmelt runoff and groundwater recharge means 
that the deposits in the hydrologic bank accounts of 
both irrigation and DCMI systems will be reduced, 
in terms of surface-water reservoir inflows as well 
as aquifer recharge. Outflows, the withdrawals from 
the hydrologic bank accounts, consist of diversions 
of surface water and groundwater and deliveries to 
downstream users, which may be subject to legal 
obligations. Rising temperatures lead to higher 
PET, which will increase hydrologic depletions 
from existing uses. Unless water uses are modified 
to reduce outflow in a like amount through human 
intervention (management), simple math suggests that 
either storage in reservoirs and aquifers will decline, 
which is unsustainable, or downstream deliveries 
will be reduced, shorting other water-supply systems. 
In fact, both of these negative outcomes are already 
happening in the state. Described in terms of our 
metaphor, failure to act to rebalance the inevitable 
reduction in inflows by reducing outflows will 
inevitably result in hydrologic bankruptcy. Reducing 
the outflows is a difficult and painful process and one 
that will likely change the character of the state.

Discussion of these effects has been ongoing for 
decades and is reflected in the forecasts for increasing 
water stress, represented in Figure 7.1 for the period 
2040–2061, as compared to the water stress for the 
historical period of 1900–1970 (Lindsey, 2013). While 
increased stress is a safe bet for the southwestern 
United States, New Mexico is at or near the epicenter.

WATER-SUPPLY SECTORS 
AND TYPOLOGY

New Mexico has perhaps the most diverse water 
culture in the United States and a broad range of 
water-supply systems (Table 7.1). For the purposes 
of this discussion, we will greatly simplify the 
characterization of water-use sectors and water-
supply types. Distilling the sectors down to DCMI 
and irrigated agriculture misses much detail, and in 
fact industrial water use and irrigation are highly 
interrelated through such activities as post-harvest 
processing and dairy production. While we frame 
the sectors as binary for discussion purposes, we 
recognize that water-use sectors are a continuum. 
Water use for agricultural activities other than 
irrigation is not discussed at length here. Stock 
wells for ranching are a common use of water in the 
state in a very important industry, but their water 
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consumption is small relative to irrigation or DCMI. 
Effects of climate change on rain-fed pasture are also 
not discussed at length here.

Aside from effects on irrigation water-supply 
sources—rivers, streams, and aquifers—climate 
change will produce effects on crop behavior. Higher 
temperatures may make some crops unsuitable 
for areas in which they were historically grown, 
due to heat sensitivity or dependence on a winter 
freeze. Other more heat-tolerant crops will likely 
deplete more water, as increases in PET and longer 
growing seasons make it possible to produce more 
evapotranspiration and increase crop yields (Steduto 
et al., 2012). Ironically, some water conservation 
measures intended to reduce applied water actually 
increase the depletion by evapotranspiration, since the 

crop’s water needs can be more fully and efficiently 
met with drip or sprinkler irrigation. The reduction in 
applied water with precision irrigation systems is due 
to reduction in evaporation, which is a depletion, but 
also in deep percolation or release of tail water, which 
are non-consumptive losses and contribute to aquifer 
recharge and streamflow.

In terms of water-supply sources, most of the 
state’s water systems can be described as some 
combination of surface-water and groundwater 
dependent. As with the water-use sectors, for the 
sake of clarity we define the state’s water-supply 
systems in terms of their relative dependence 
on surface and underground sources while 
recognizing that conjunctive use of water can be 
quite complex and varied.

Water stress index (% change)

0 20-20

Figure 7.1. Projected change in water stress by mid-century (2040–2061) compared to historical (1900–1970) average (Lindsey, 2013). 
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It should be noted that water conservation will 
certainly be a response to reduced water supply 
in all sectors. Several DCMI users have formal 
drought response plans in place that specify water 
conservation measures to be implemented at various 
levels of drought. Agricultural users routinely scale 
their cropped acreage to meet available supply and 
implement more aggressive water conservation 
measures, at both the farm level and the system 
level. In the discussion below, it is assumed that 
conservation measures will be part of the response 
to climate change. The specific means of conserving 
water are highly dependent on site-specific hydrology 
and water uses and users.

In selecting appropriate water conservation 
measures, water managers and policy makers should 
consider the concept of “wet” water conservation 
versus “dry” water conservation, characterized 
by Seckler (1996). Seckler pointed out that water 
conservation measures may not have the intended 
effect due to hydrologic complications. For example, 
lining irrigation canals with concrete reduces seepage, 
and pressurized irrigation systems can reduce 
deep percolation losses relative to flood irrigation. 
However, the seepage and deep percolation losses 
are in many cases major sources of groundwater 
recharge, and reducing them does not reduce the net 
hydrologic depletion to the basin. This is the concept 
of dry water conservation. Wet water conservation 
reduces net hydrologic depletion. Examples would be 
planting lower-water-use crops, eliminating incidental 
evaporation, and fallowing crop land, which reduce 
atmospheric losses to the local hydrologic system. 
While Seckler’s (1996) focus was on agricultural 
water conservation, the same hydrologic principles 
apply to DCMI water conservation.

The focus in this chapter is availability of water 
supply. It should be kept in mind that availability 
can be constrained by more than just physical access 
to water. Environmental impacts of both increasing 
aridity and agricultural and DCMI withdrawals of 

water will further constrain the functional availability 
of water supply. Johnson et al. (2016) examined 
the impacts of climate variability and groundwater 
withdrawals on the La Cienega wetlands southwest 
of Santa Fe and suggested that timing and location 
of groundwater withdrawals would have to be 
modified to maintain the hydrologic balance of the 
wetlands. Similar constraints apply to a broad range 
of ecosystems and water supplies around the state, 
including surface water and groundwater, impacting 
agricultural and DCMI water sources. 

GROUNDWATER-DOMINANT 
AGRICULTURAL SYSTEMS

Agricultural water-supply systems that are dependent 
primarily on groundwater include groundwater-only 
irrigation systems such as the Pecos Valley Artesian 
Conservancy District (PVACD), irrigators in the 
High Plains aquifer in eastern New Mexico, and 
several smaller systems in the southwestern part 
of the state. There are fundamental differences 
among these systems. 

For example, PVACD draws water from an 
aquifer that is recharged by regional groundwater 
flow, which is recharged by precipitation in the 
Sacramento Mountains and flows toward the 
Pecos River (Rawling and Newton, 2016). While 
it is beneficial to have a recharge source (which 
will be reduced by climate change, as discussed in 
Chapter 3), there are drawbacks in this case. The 
extraction and depletion of groundwater in PVACD 
captures water that would otherwise discharge 
to the Pecos River and contribute to the water 
supply of downstream senior rights in the Carlsbad 
Irrigation District. This decrease in available 
surface water raises the possibility of a priority 
call on the river by the New Mexico Office of the 
State Engineer, which could require curtailment or 
offsets of groundwater withdrawals in PVACD. The 
Pecos River Compact also requires water delivery 

Water-Supply Typology Agriculture Examples DCMI Examples
Groundwater Dominant Pecos Valley Artesian Conservation District, High Plains Las Cruces, Carlsbad
Surface-Water Dominant Acequias, Middle Rio Grande Conservancy District Las Vegas, Farmington
Conjunctive Surface Water/Groundwater Carlsbad Irrigation District, Elephant Butte Irrigation District Albuquerque, Santa Fe

Table 7.1. Sources of New Mexico’s water-supply systems.
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to Texas in the Pecos. Failure to make adequate 
deliveries triggered U.S. Supreme Court litigation, 
the outcome of which now compels full compliance 
with the Compact on an annual basis (Texas v. 
New Mexico, 1988). This illustrates the complexity 
not only of climate change effects on a given water 
system, but also the propagation of climate change 
impacts through the hydrologic and institutional 
connections between systems. 

In contrast, groundwater-dominant irrigation in 
the High Plains region of New Mexico does not have 
stream connection issues and so avoids impairment 
of surface water. However, it has been depleted far 
faster than it is being recharged for many years. The 
extraction of groundwater for irrigation is essentially 
a mining operation, with little recharge reaching the 
source aquifer over the societal time scale (Rawling 
and Rinehart, 2018). As aquifer levels decline, well 
production and possibly water quality will decline 
(Lane et al., 2019), and pumping with higher lifts gets 
more expensive. At some point, the cost of pumping 
or of deepening wells to reach the dwindling aquifer 
may make continued irrigation economically unviable 
for some irrigators. The inevitable decline in water use 
for irrigation in the High Plains Aquifer region was 
described by Mrad et al. (2020), and while climate 
change may accelerate the process, it is likely in any 
case. Eventually, as with mining operations, when the 
resource plays out, the miners (farmers) move on.

GROUNDWATER-DOMINANT 
DCMI SYSTEMS

Groundwater-dominant DCMI water suppliers 
face many of the same dilemmas that irrigators 
do. Water-supply systems that pump from aquifers 
that are hydrologically connected to surface-water 
systems often benefit from recharge from those 
rivers and streams into aquifers that serve their 
systems (Terracon et al., 2003). However, much of 
the surface-water use in New Mexico was developed 
initially for irrigation; hence irrigators typically 
have water rights that are senior to those of DCMI 
systems. As surface water dwindles with a changing 
climate, priority calls requiring offsets or curtailment 
by junior groundwater users affecting surface flows 
may become necessary. Through administrative 
schemes like New Mexico’s Active Water Resource 
Management initiative, shortage-sharing schemes 
may be developed for basin-specific conditions, 

including market-driven temporary or permanent 
transfers between water-use sectors. These schemes 
provide management alternatives to the “blunt 
instrument” of strict priority administration. If DCMI 
groundwater users are required to offset their impact 
on senior surface-water users (some already are), 
water will become more expensive, which will be an 
inevitable consequence of climate change. Acquiring 
offsets from senior irrigators will require retirement 
or rotational fallowing of agricultural land, which 
may affect the viability of agricultural economies in 
heavily impacted areas. 

In the case of mined aquifer supplies, DCMI 
users are more constrained. They could acquire 
through market mechanisms rights currently used for 
irrigation in their shared aquifer. Taking agriculture 
out of production is not without downsides. It will 
presumably be expensive and may have negative 
impacts on local economies, increasing the economic 
disparity between urban and rural parts of the state. 
It would, however, increase the lifetime of the aquifer 
if withdrawals and depletion are reduced. 

Importing water is also an adaptation strategy 
that many municipalities, including those on the 
High Plains Aquifer, are using. On the Rio Grande 
north of Elephant Butte Reservoir, 16 project 
contractors have been using imported water from 
the San Juan watershed in the Colorado River 
system through Reclamation’s San Juan–Chama 
Project since the 1970s. An additional contractor, 
the Pojoaque Regional Water System, is now being 
added. Additional water importation projects are 
now being proposed or constructed. The Ute Pipeline 
Project aims to bring water from Ute Reservoir 
on the Canadian River into eastern New Mexico 
communities, especially Clovis (Montoya Bryan, 
2017). The Navajo Gallup Water Supply project will 
divert a portion of New Mexico’s water allocation 
under the Colorado River Compact from the San Juan 
River and deliver it to communities on the Navajo 
and Jicarilla Apache Nations and to the City of 
Gallup. While importation can bring in new water to 
water-short locations, it takes it from the location or 
basin where it originated, which can lead to shortages 
or lack of economic opportunities there. In addition, 
water importation projects are very expensive. The 
climate changes discussed in Chapters 1 and 2 are 
large in scale (affecting all of southwestern North 
America), so the sources of imported water are facing 
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the same negative climate change effects that the 
end user is facing. Hence ongoing climate change is 
likely to compromise availability of imported water. 
Developing new importation projects will become 
increasingly difficult as users looking to import water 
find source options increasingly stressed. It may be 
the case that the interbasin transfers that can be 
done have been done and future importation projects 
are simply infeasible. 

SURFACE-WATER-DOMINANT 
AGRICULTURAL SYSTEMS

The practice of irrigating with surface water in 
New Mexico is far older than the state itself and 
is a key pillar in New Mexican culture. From pre-
Columbian indigenous farmers to acequia parciantes 
(users of community-operated irrigation systems) 
under Spain to Mexican and American farmers, 
irrigation from New Mexico’s rivers and streams 
led to the development of the state. Surface water is 
of course the hydrologic resource most immediately 
vulnerable to climate change impacts, but in most 
cases, surface-water rights are quite senior due to 
their early development. New Mexico’s acequias 
are nearly completely dependent on surface water, 
and many have little potential for supplemental 
groundwater due to farm economics and 
hydrogeologic limitations. Furthermore, spring runoff 
is occurring earlier in the season, so those irrigation 
systems that lack large storage reservoirs must 
operate “run of the river;” the early spring runoff 
begins before crops are ready and finishes while crops 
still need water. The Middle Rio Grande Conservancy 
District is primarily dependent on the water rights to 
surface water of the Rio Grande, but some farmers 
have invested in groundwater wells, many of which 
were drilled during the drought of the 1950s. 

Because surface-water flow is so vulnerable 
to drought and climate change, as described in 
Chapter 3, surface-water-dependent farmers have 
few choices when shortage strikes. Storage reservoirs 
built over the previous century (e.g., Elephant Butte, 
Brantley, and Santa Rosa) provided a buffer, storing 
water in wet years and carrying it over in storage 
for use in dry years. In the current drought, most 
reservoirs have very low storage due to the prolonged 
nature of the shortage. The “bathtub rings,” or high-
water marks more than 100 ft above current reservoir 
water surfaces, are evident in reservoirs throughout 

the southwestern United States and indicate vast 
volumes of unused storage. If no other source is 
available, surface-water irrigators have to reduce 
cropped acreage to fit the available supply at a given 
time. In earlier times, this could lead to famine; now 
it tends to lead to economic hardship for commercial 
farms, some of which could go permanently out of 
production, and potential collapse of local or regional 
agricultural economies.

SURFACE-WATER-DOMINANT 
DCMI SYSTEMS

Due to the long-understood inherent vulnerability of 
surface-water supplies to drought (and now climate 
change), most DCMI providers that were previously 
solely reliant on surface water have diversified 
their water portfolios to include a groundwater 
component, although some still remain heavily 
dependent on surface water. Some examples of such 
systems are described in this section.  

The City of Farmington draws its water supply 
from Lake Farmington, which is fed by the Animas 
and San Juan rivers. Recognizing the current drought 
conditions and resulting drop in reservoir inflows, the 
City of Farmington is asking residents to voluntarily 
reduce their water use (KRQE, 2021). On June 1, 
2021, the City of Farmington enacted Drought Stage 
1, which calls for voluntary conservation measures.

The cities of Farmington, Aztec, and Bloomfield, 
along with the County of San Juan and the San Juan 
Rural Water Users Association, formed the San Juan 
Water Commission in 1986 (Joint Powers Agreement, 
1986) to facilitate the implementation of the Animas–
La Plata Project. In dealing with climate-driven 
persistence of water shortage, such organizational 
infrastructure will certainly help in implementing 
coordinated, cooperative water management among 
water users rather than the default competitive, 
zero-sum-game approach.

One of the most surface-water-intensive cities in 
the state is Las Vegas, deriving about 90% of its water 
from the Gallinas River, which has been dramatically 
affected by drought and presumably a permanent 
shift to a more arid climate. While farmers using only 
surface water can fallow fields to match their cropped 
acreage to the available supply in a shortage, as the 
old saying goes, “It’s a lot easier to fallow a field than 
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to fallow a neighborhood.” Las Vegas is implementing 
a tiered response that is the DCMI equivalent of 
staged fallowing. It uses a 10-step scale based on 
water in reservoir storage, going from routine water 
conservation measures and voluntary use reductions 
at level 1 (when 1,000 acre-ft or more are in reservoir 
storage) to emergency shutoff for non-essential 
services at level 10 (when storage drops below 
100 acre-ft; City of Las Vegas, 2021). The city has 
also taken measures to develop groundwater capacity, 
with mixed results (Martino, 2012).

The dire outlook of spending more time at 
higher response levels (lower storage) due to climate 
change suggests that Farmington, Las Vegas, and 
other surface-water-reliant DCMI providers will 
have to make significant investments to diversify 
their water portfolios. 

CONJUNCTIVE SURFACE-
WATER/GROUNDWATER 
AGRICULTURAL SYSTEMS

Where the hydrogeology and legal institutions 
allow, farmers, particularly those for whom farming 
is a primary or major source of income, invest in 
groundwater wells as a backup supply in times of 
surface-water shortage. Most surface-irrigation 
systems are established in the fertile soils deposited 
by river systems, which also provide access to divert 
water from a river or stream. Drawing groundwater 
from the alluvial aquifer underlying a river for 
irrigation may get a farmer or an irrigation district 
through a drought, but ultimately the aquifer must 
be recharged by the flow of the river. Instead of the 
aquifer producing a new source of water, it functions 
akin to a reservoir in that it stores water that can 
be withdrawn but must be recharged by future 
surface-water flows.

Farmers in the Elephant Butte Irrigation District 
(EBID), with 90,640 assessed acres, relied nearly 
completely on surface water from the Rio Grande 
Project until the severe drought of the 1950s, which 
motivated them to invest in wells to provide a backup 
supply during times of surface-water shortage. 
These farmers have been getting more water from 
groundwater than surface water in most years during 
the current drought of 2002–2021 (Chermak et al., 
2015). During the current drought, aquifer storage 
was depleted significantly, particularly in the critically 

short years of 2011–2015, when the surface-water 
allotment dipped to 3.5 acre-in. per acre in 2013, 
the lowest allotment and release from reservoir 
storage in the 105-year history of the Rio Grande 
Project and about one-tenth of the full surface-water 
allocation of 3 acre-ft per acre. While farmers pump 
groundwater to get through the drought, groundwater 
levels decline, causing increased loss of surface water 
from the river and the irrigation network into the 
groundwater system to make up for the loss. The 
lowered groundwater levels also cause a drastic 
reduction in drain flow, which once recycled surface-
water supply so it could be used again downstream 
because groundwater levels have dropped below the 
inverts of the drains. It is a positive feedback system, 
where the more groundwater the farmers pump, the 
less surface water there is, and the less surface water 
there is, the more groundwater the farmers pump. 

Aside from loss of aquifer storage and surface 
water availability, periods of heavy reliance on 
groundwater in EBID produce water quality 
problems. Groundwater salinity increases 
dramatically in certain areas of the district under 
heavy groundwater pumping, particularly in the 
Rincon Valley. Declining groundwater levels also 
reduce drain function (specifically the flow of water 
into the drain that removes the salts that enter the 
aquifer with irrigation water)—a critical aspect 
of irrigated agriculture. Source water from the 
Rio Grande contains salt that, if it is not removed 
by drain flow, will accumulate in the crop root 
zone and aquifer. If drain function is not restored, 
salt accumulation will have disastrous effects on 
agriculture and potentially DCMI groundwater users.

Like EBID, the Carlsbad Irrigation District 
(CID) is a Reclamation project with 25,055 acres of 
assessed land that started as a surface-water system. 
In response to the regional drought of the 1950s 
to the 1970s, many farmers installed supplemental 
groundwater wells (Polly, 2019). Groundwater 
salinity is a limiting factor in how much groundwater 
farmers can use, and many CID farmers have been 
leasing their supplemental groundwater rights to oil 
and gas producers (Davis, 2013). A significant portion 
of CID is fallowed each year, with about 4,600 
acres of water rights purchased by the New Mexico 
Interstate Stream Commission to fallow land and help 
ensure the delivery of water to Texas as required by 
the Pecos River Compact. Dale Ballard, the former 
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manager of CID, estimated that 16,000 to 17,000 
acres of the district are farmed in a given year, 
leaving 8,000 to 9,000 acres—or roughly a third of 
the district—out of production (Polly, 2019). This 
is an example of how progressive aridification can 
transform a formerly highly productive agricultural 
area into a marginal one.

With the comparative water-supply reliability 
provided by the development of conjunctive surface-
water and groundwater sources for irrigation, many 
farmers have invested in high-economic-return 
permanent crops such as pecans. Pecans require an 
initial investment of both capital to establish the 
trees and time, because the trees take a few years of 
growth after transplanting before they produce a 
commercially viable crop. While annual crops can 
be fallowed in response to water-supply shortages, 
permanent crops cannot. This hardens the water 
demand for those crops and could drive the farmers 
raising them into competition with DCMI users 
to acquire—on a temporary or permanent basis 
through lease or purchase—water from land growing 
more flexible crops. The worst-case scenario is that 
a combination of prolonged, severe drought that 
curtails surface-water supply with legal restrictions 
on groundwater pumping has the potential to 
reduce irrigation deliveries below the survival limit 
of pecan trees. Loss of the pecan orchards would be 
a catastrophe for the agricultural economy and the 
communities that depend on it.

CONJUNCTIVE SURFACE-WATER/
GROUNDWATER DCMI SYSTEMS

As discussed earlier, the inherent variability in surface-
water availability has motivated surface-water-
dominant DCMI suppliers to diversify and develop 
groundwater-supply sources. In addition, the effects 
of extended groundwater pumping on aquifers and 
surface-water supplies have motivated groundwater-
dominant DCMI providers to develop a surface-water 
component. However a DCMI provider arrived at 
conjunctive surface-water/groundwater use, the very 
likely reaction to a climate-induced surface-water 
shortage will be heavier reliance on groundwater.

The City of Santa Fe is a conjunctive system, 
deriving about 78% of its water supply from 
surface water (the Santa Fe River and imported 

San Juan–Chama water) and 22% from groundwater 
sources. Effects of the current drought illustrate 
the vulnerability of the Santa Fe River to shortage. 
In January 2021, the Rio Grande Compact 
commissioner for Texas requested that New Mexico 
release all water it could into the Rio Grande 
(Wylander, 2021)—a provision provided in the 
compact when New Mexico is in deficit status on its 
downstream delivery to Texas. While the immediate 
concern was flooding caused by the rapid release, 
this illustrates how downstream demand and 
delivery obligations exacerbated by aridification can 
drastically reduce available surface-water supply. 
For a given level of demand, even one reduced by 
aggressive conservation measures, any reduction in 
surface-water availability and use must be made up 
for with groundwater.

The Albuquerque Bernalillo County Water Utility 
Authority added surface-water treatment to its water 
portfolio in 2008 to treat imported San Juan–Chama 
water for DCMI use within the agency’s service 
area. The short surface-water supply conditions of 
2020 and 2021 are reducing the duration for which 
the surface-water treatment plant can be operated, 
shifting demand back to the groundwater supply.

In the late 1990s and early 2000s, the City of Las 
Cruces planned to develop a surface-water treatment 
plant. Water users in the Lower Rio Grande developed 
the statutory basis for the Special Water Users 
Association, an organizational structure that allowed 
DCMI users to acquire EBID surface-water rights to 
provide Rio Grande Project water for surface-water 
treatment plants to be built in the future, providing 
DCMI users an alternative to groundwater. Under 
the Special Water Users Association, farmers would 
receive the same allotment per water-righted acre 
as the farmers in EBID and take delivery during the 
surface-water irrigation season. Planning and policy 
development were underway (Terracon, 2003) when 
the drought of the 2000s hit. The plant was never 
built due to the drought, the shortened season of 
surface-water availability, and reduced allocations 
to EBID. A treatment plant that looked like a logical 
diversification of water supply in the very wet 1980s 
and 1990s was no longer attractive in the arid 2000s.
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SUMMARY OF 
OVERARCHING THEMES

Surface-water supply shortages induced by climate 
change will drive both agricultural and DCMI 
water users to rely more heavily on groundwater. 
In those areas where groundwater is recharged by 
surface-water sources, recharge will be reduced by the 
reduction in surface water. This increased reliance on 
groundwater and reduction in recharge (colloquially 
termed a “double whammy”) on the groundwater 
system is a classic case of a positive feedback system, 
discussed in Chapter 1. The Lower Rio Grande 
is an in-progress example of this effect, with 
prolonged surface-water shortage leading to plunging 
groundwater levels (Chermak et al., 2015). 

One very likely outcome of this feedback loop 
is an overall decrease in water availability for both 
irrigation and DCMI uses. This decrease in water 
availability will likely trigger changes of use from 
lower-value uses to higher-value uses, and this 
generally means a migration from agricultural water 
use to DCMI use. This too is already underway. 
The Albuquerque Bernalillo County Water Utility 
Authority acquired agricultural water rights 
to offset the impact of groundwater pumping 
on the Rio Grande, and the City of Las Cruces 
acquired surface-water irrigation water rights from 
Reclamation’s Rio Grande Project for a surface-water 
treatment plant that was never built. Any large-scale 
movement of water from agriculture to DCMI use 
would certainly change the character of the state.

While policy development and implementation 
move rather slowly, the positive feedback effects 
created by climate change are happening very 
quickly. The Lower Rio Grande has been in shortage 
conditions since 2002. That shortage is now 
spreading upstream into the Middle Rio Grande, 
with shortened seasons for river diversion for both 
agricultural and DCMI users.

New Mexico has a rich and diverse history of 
water use that is central to its collective identity. The 
notion of prior appropriation, included in the state 
constitution, suggests that those who first put water 
to beneficial use can continue to do so for all time, 
protecting the status quo. The unpleasant reality of 
climate change is that the status quo is no longer an 
option. The simple, inviolable mass balance concept 
suggests that a permanent shift toward a more arid 

climate will upset the hydrologic balance that has 
weathered cyclical drought. The declining mean and 
increasing variability in the surface-water supply is 
not cyclical, and recovery periods will be fewer and 
farther between. This will necessarily require difficult 
and divisive policy and management decisions, 
undoubtedly accompanied by an increase in disputes 
and litigation. New Mexico is by no means alone in 
facing these daunting challenges.
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New Mexico’s major rivers transport both water and sediment through channels, riparian ecosystems, and hydraulic 
control structures such as dams and reservoirs. As the climate changes, the amount of sediment being delivered to 

rivers from their watersheds is increasing, impacting the amount of sediment transported by the rivers themselves. 

This increased sediment load is changing the river channels, and the pace of change will accelerate as the climate 

continues to warm. Over the next 50 years, flow volume in the major rivers (San Juan, Chama, Rio Grande, 

Pecos,  and Gila) is projected to decline by 16% to 28%, and the frequency of extreme precipitation events, 

coupled with fire-driven disruption of vegetation in watersheds, is projected to at least double the amount of 

sediment delivered to and transported by rivers. The beds of undammed rivers will be built up by the extra 

sediment, which will reduce efficiency of downstream water delivery and make it difficult to divert water into 

existing acequia systems. In river channels below dams and reservoirs, the impact of reduced flow and increased 

sediment load can be addressed by flow releases that better balance sediment supply and transport. However, 

additional channel and vegetation maintenance and management will likely be required, and the capacity of 

reservoirs will be progressively reduced due to increasing sediment. Finally, the combination of lower water flow 

and higher sediment input downstream of dams will intensify the narrowing of river channels that has resulted 

from historical management of river flows.
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V I I I .  R I V E R S
Michael D. Harvey

INTRODUCTION

precipitation events (Chapter 9); reduction in the 
average annual streamflow by 16% to 28% in the 
next 50 years; loss of vegetation (Chapter 4) and 
increased runoff and flooding; and increased sediment 
mobilization due to reductions in vegetation and 
increases in fires and resulting debris flows (Chapter 
6). The purpose of this chapter is to assess the likely 
impacts of the hydrologic and sedimentologic changes 
driven by climate change on the rivers of New Mexico 
and the ability of rivers to deliver flows in the future. 

In this chapter, I describe the past and current 
hydrology and watershed sediment yields for each 
of the major rivers that provide water supplies in 
New Mexico—the San Juan River, Rio Chama, 

T he major rivers of New Mexico are the water 
conveyance and delivery systems to irrigation 

districts, tribes, and acequias (community-operated 
irrigation systems) as well as cities and rural 
communities throughout the state (Figure 8.1). 
However, these rivers are not simply vehicles for 
water conveyance; they are complex systems, affected 
by the interactions between the water and sediment 
they convey, hydraulic control structures, and the 
riverine and riparian ecosystems they support. 
Previous chapters have identified and summarized 
the likely statewide and regional impacts of climate 
change on water resources, including: earlier and 
often shorter snowmelt runoffs (Chapters 2 and 
3); increased frequency and intensity of extreme 
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Figure 8.1. New Mexico acequias, irrigation districts, and major rivers. Modified from Buynak et al. (2013).
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Rio Grande, Pecos River, and Gila River. The 
Canadian River in the northeast part of the state 
is not considered in this chapter because I am not 
familiar with its hydrology and geomorphology, 
and there is a paucity of relevant literature. I then 
describe the effects of channel modifications on these 
rivers and their morphologies. Finally, I consider 
the likely effects of projected changes in climate on 
hydrology and sediment supply on these rivers. This 
chapter does not address the ecological implications 
of these changes, although these implications 
may be considerable.

A significant amount of valuable information 
on the hydrology, sediment loads, morphology, 
and human-made changes to the New Mexico 
rivers discussed in this chapter has been compiled 
and analyzed in a number of unpublished agency-
commissioned investigations (Table 8.1). 

CURRENT HYDROLOGY

This section describes the past and current hydrologic 
conditions in the major rivers in New Mexico. 
These hydrologic conditions generally provide 
the drivers for current geomorphic conditions in 
the rivers. On average, the rivers of New Mexico, 
including the Canadian River, convey over 2 million 
acre-ft of flow annually.

The mean, minimum, and maximum annual 
flow volumes conveyed for the period from 2006 to 
2020 at key locations on the major rivers (except 

the Canadian River) are summarized in Table 8.2. 
The highest annual flows are seen on the mainstem 
of the Rio Grande (Rio Grande at Otowi, mean 
discharge 847,441 acre-ft/yr) and its main tributary 
in New Mexico, the Rio Chama (Rio Chama at 
Chamita, mean discharge 348,844, acre-ft/yr). 
Flows on the Rio Grande below Elephant Butte 
Dam (490,102 acre-ft/yr) show the impact of losses 
and diversions in central New Mexico. Smaller but 
still significant annual flow volumes are seen on 
the Gila River just upstream of Cliff–Gila Valley 
(mean discharge 115,429 acre-ft/yr) and on the 
Pecos River below Sumner Dam (mean discharge 
104,590 acre-ft/yr). Prior to construction of Navajo 
Dam on the San Juan River in 1962, the average 
annual flow volume for the San Juan River at 
Farmington, New Mexico (USGS station 09365000) 
was in excess of 1,000,000 acre-ft (Thompson and 
Mundorff, 1982). The mean flow volume at the 
Archuleta gage located downstream of the dam in 
the Water Year 2006 to Water Year 2020 period is 
539,025 acre-ft, but 508,000 acre-ft/yr are stored 
upstream in Navajo Reservoir for direct diversion 
to the Navajo Indian Irrigation Project. Currently, 
200,000 acre-ft are diverted annually from the 
reservoir to this project to irrigate about 70,000 acres, 
and 96,200 acre-ft are diverted from the San Juan 
River headwaters upstream of Navajo Dam to the 
San Juan–Chama Project.

The timing and volume of flows in of each 
of these rivers have been impacted by human 
development, including dams, diversions, and 

Table 8.1. Sources and summaries of information for New Mexico rivers.

River Commissioning Agency Report Author
San Juan San Juan River Basin Recovery Implementation Program

U.S. Bureau of Reclamation
U.S. Army Corps of Engineers

U.S. Fish and Wildlife Service, 2006
U.S. Bureau of Reclamation, 2021a
U.S. Army Corps of Engineers, 2010

Gila U.S. Bureau of Reclamation 
New Mexico Interstate Stream Commission

U.S. Bureau of Reclamation, 2002, 2004
Mussetter Engineering, Inc. (MEI), 2006b

Chama Middle Rio Grande Endangered Species Collaborative Program
U.S. Bureau of Reclamation

Parametrix and MEI, 2011
Harvey, 2022

Middle Rio Grande U.S. Fish and Wildlife Service
New Mexico Interstate Stream Commission

Middle Rio Grande Endangered Species Collaborative Program
U.S. Bureau of Reclamation

Crawford et al., 1993
MEI, 2002

Tetra Tech et al., 2010
Makar and AuBuchon, 2012

Lower Rio Grande U.S. International Boundary and Water Commission 
U.S. Army Corps of Engineers

MEI and Riada Engineering, 2007
Tetra Tech, 2013b

Pecos U.S. Bureau of Reclamation
New Mexico Interstate Stream Commission

U.S. Fish and Wildlife Service

Tetra Tech, 2000
MEI, 2004a

Tetra Tech, 2019, 2020b
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Table 8.2. Annual flow volumes at USGS gages between Water Year 2006 and Water Year 2020.

River Basin
USGS Gage 

Number

Mean Annual 
Total Volume

(acre-ft)

Minimum Annual 
Total Volume

(acre-ft)

Maximum Annual 
Total Volume

(acre-ft)
San Juan
San Juan River near Archuleta, NM 09355500 539,025 255,510 1,185,000
Gila
Gila River near Gila, NM 09430500 115,429 47,100 213,337
Chama
Rio Chama near La Puente, NM 08284100 208,909 90,540 400,473
*Rio Chama above Abiquiu, NM 08286500 309,247 171,215 433,000
Rio Chama near Chamita, NM 08290000 348,844 227,827 524,000
Rio Grande
Rio Grande below Taos Junction Bridge, NM 08276500 440,102 229,600 744,240
Rio Grande at Otowi Bridge, NM 08313000 847,441 513,100 1,304,280
Rio Grande below Cochiti Dam, NM 08317400 758,862 400,800 1,257,000
Rio Grande at Albuquerque, NM 08330000 647,241 320,600 1,114,000
Rio Grande Floodway at San Acacia, NM 08354900 526,898 259,200 968,400
Rio Grande Floodway at San Marcial, NM 08358400 137,423 63,140 219,137
Rio Grande at Narrows in Elephant Butte Reservoir 08359500 492,348 188,800 776,970
Rio Grande below Elephant Butte Dam, NM** 08361000 490,102 168,900 789,800
Pecos
Pecos River near Anton Chico, NM 09430500 64,005 11,090 124,800
Pecos River above Santa Rosa Lake, NM 08382650 49,214 8,890 100,500
Pecos River below Sumner Dam, NM 08384500 104,590 62,010 141,700
Pecos River near Acme, NM 08395500 83,016 20,150 132,000

* 96,200 acre-ft added by San Juan–Chama Project trans-basin diversion
** Water Year 2013–Water Year 2020

inter-basin transfers, as well as legal requirements 
that determine timing and volumes of required 
flows within and between states and compliance 
with the Endangered Species Act. For example, the 
San Juan River Basin Recovery Implementation 
Program requires spring peak-flow releases from 
Navajo Reservoir of 5,000 cfs, dependent on water 
availability, and a reduction of the summer base flows 
from 500 cfs to 250 cfs to mimic historical dry season 
conditions. The peak release from Navajo Dam is 
timed to match the peak of the snowmelt runoff on 
the uncontrolled Animas River.

With the exception of the Gila River, dams 
and reservoirs have been constructed on all the 
major rivers of New Mexico and on some of their 
tributaries (Rio Jemez, Rio Galisteo, Willow Creek, 
and Santa Fe River) for the purposes of water 
storage and management, recreation, hydropower, 
and flood control and sediment management. With 
the exception of the San Juan River (Thompson 

and Mundorff, 1982), the existence of these dams 
and reservoirs has significantly altered the sediment 
regimes in the rivers downstream of these locations. 
In addition, the operations of these dams and 
reservoirs alter the timing and volumes of flows 
downstream, generally by storing peak flows in the 
spring snowmelt runoff period and distributing these 
flows during the drier summer months. The dams 
have also significantly reduced the flood peaks in all 
the rivers except the Gila and have thus reduced the 
threat of flooding to communities and infrastructure. 
However, the dams have also reduced the timing, 
magnitude, and frequency of the disturbance 
regimes that much of the native riparian ecosystem 
depends on (Stromberg, 1993; Mahoney and Rood, 
1998). The magnitude of the 10-year and 100-year 
recurrence interval peak flows pre- and post-dams 
for the San Juan River, Rio Chama, Rio Grande, and 
Pecos River are summarized in Table 8.3. Reductions 
in the magnitude of the 10-year recurrence interval 

NMED Exhibit 17 - 110



95

  C H A P T E R  V I I I .  R I V E R S

peak flows range from 87% for the Pecos River 
downstream of Santa Rosa Dam and Sumner Dam 
to about 33% for the Rio Grande at Albuquerque. 
For the 100-year recurrence peak flows, the reduction 
in magnitude ranges from 89% for the Pecos River 
downstream of Santa Rosa Dam and Sumner Dam to 
37% for the Rio Chama below El Vado Dam.

However, more complex hydrologic alterations 
(operational hydrology) have also been made. For 
example, the bulk of the flow volume released from 
Sumner Dam for downstream delivery to Brantley 
Reservoir on the Pecos River occurs as a number 
of block releases (1 to 4 per year) of about 1,400 
cfs for a duration of 5 to 7 days (14,000 to 20,000 
acre-ft/release; Tetra Tech, 2020). The U.S. Bureau of 
Reclamation’s (henceforth Reclamation) San Juan–
Chama Project delivers a firm yield of 96,200 acre-ft 
annually of trans-basin water from the Colorado 
River Basin (upper San Juan Basin) to the Upper 
Rio Chama. This imported water increases the annual 
flow volume of the Rio Chama by about 30%. These 
flows are released into the Rio Chama according 
to a complex schedule determined by downstream 

water demands as well as episodic releases such as for 
weekend rafting in the Wild and Scenic reach.

Eight interstate compacts dictate the 
apportionment of flows between states and thus 
ensure that a minimum volume of water above the 
diversion entitlements is conveyed within various 
reaches of the rivers (Table 8.4). 

For example, when the Rio Grande inflow at 
Otowi gage exceeds about 1 million acre-ft in a 
year, New Mexico must deliver all flows in excess 
of 405,000 acre-ft via the Middle Rio Grande to 
Elephant Butte Reservoir for subsequent downstream 
delivery via the Lower Rio Grande to Texas. At 
inflows less than 1 million acre-ft, the flows are 
apportioned between New Mexico and Texas 
according to the curve shown in Figure 8.2. 

WATERSHED SEDIMENT YIELDS

In this section, we explore the past and current 
sediment yields of New Mexico’s watersheds. These 
yields provide a basis for projecting future sediment 
yields from these watersheds. We provide some 

Table 8.3. 10-year and 100-year return period peak flows for pre- and post-dam conditions. RI = recurrence interval.

River Basin

Pre-Dam
10-yr RI

(cfs)

Post-Dam
10-yr RI

(cfs)

Pre-Dam
100-yr RI

(cfs)

Post-Dam
100-yr RI

(cfs) Data Source
San Juan
San Juan River near Archuleta, NM - 6,200 - 9,000 USACE, 2010
San Juan River at Farmington, NM 30,628 12,916 71,687 17,281 Tetra Tech, 2022
San Juan River at Shiprock, NM 35,725 12,992 83,730 15,816 Tetra Tech, 2022
Gila
Gila River near Gila, NM 10,000 - 40,000 - MEI, 2006b
Rio Chama
Rio Chama below El Vado Dam, NM 7,727 4,710 13,941 8,790 Harvey, 2022
Rio Chama near Chamita, NM 10,300 5,300 17,700 9,400 USACE, 2006
Rio Grande
Rio Grande Below Cochiti Dam, NM 14,900 8,350 28,700 12,800 MEI, 2002
Rio Grande at Albuquerque, NM 13,400 8,940 22,200 12,600 MEI, 2002
Rio Grande at San Marcial, NM 17,300 7,610 41,500 11,300 MEI, 2002
Rio Grande at El Paso, TX N/A 7,000 N/A 10,000 MEI and Riada 

Engineering, 2007
Pecos
Pecos River below Santa Rosa Dam 22,600 14,300 46,500 38,600 Tetra Tech, 2000
Pecos River below Sumner Dam, NM 21,400 1,390** 43,100 1,620** Tetra Tech, 2000
Pecos River near Artesia, NM 30,000 3,830** 73,700 8,060** Tetra Tech, 2000

** Post-Santa Rosa Dam and post-Sumner Dam
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Figure 8.2. Rio Grande interstate compact flow apportionment curve (provided by Bruce Thomson, 
University of New Mexico). KAF = thousands of acre-feet.
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Table 8.4. Interstate compacts for New Mexico river basins. 
(https://www.ose.state.nm.us/ISC/isc_compacts.php)

River Basin States Year Signed
Canadian NM, OK, TX 1950
Colorado CA, NV, AZ, NM, UT, CO, WY 1922
Pecos NM, TX 1948
Rio Grande NM, TX 1928
Animas–La Plata CO, NM 1968
Upper Colorado AZ, NM, UT, CO, WY 1948
Costilla Creek CO, NM 1944
La Plata River CO, NM 1922

summary information and general relationships and 
then explore the sediment yields in the San Juan 
River, Rio Chama, Rio Grande, and Pecos River 
individually. We do not have sufficient data on the 
Gila River watershed sediment yields to include 
them in this analysis.

Periodic reservoir sedimentation resurveys 
provide valuable information on both the resulting 
loss of reservoir storage capacity and upstream 
watershed sediment yields. Table 8.5 summarizes 
the available sedimentation data from reservoir 
resurveys and other sources. 

From these unit sediment yield values, we can see 
that generally sediment yields are higher in the lower-
elevation, more arid regions and that historical land 
use practices resulted in significantly higher sediment 
yields than occur at the present time. In addition, 
the data clearly show the effects of the reservoirs 
on downstream sediment delivery and the loss of 
reservoir storage capacity. 
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San Juan River Sedimentation

Sedimentation in Navajo Reservoir between 1962 
and 2019 resulted in the loss of 56,470 acre-ft of 
reservoir storage, which represents about 3.3% of the 
total storage capacity of the reservoir and an annual 
unit watershed sediment yield of 0.3 acre-ft/mi2/yr 
(Table 8.5). In the post-reservoir period (1963–1983), 
the annual unit watershed sediment yield downstream 
of the dam at Farmington was estimated by the 
U.S. Army Corps of Engineers (USACE; 1983) to be 
between 0.14 and 0.44 acre-ft/mi2/yr, and the USGS 
estimated that the annual unit watershed sediment 
yield at Bluff, Utah, between 1963 and 1980 was 
0.45 acre-ft/mi2/yr. The USACE and USGS data 
indicate that the contributing drainage area below 
the dam provides sufficient sediment to the San Juan 
River to compensate for the reservoir trapping of 
sediment from the upper watershed. The relatively 
high values are consistent with the generally lower 
elevation of the contributing watershed and present-
day land use and vegetation types (Figure 8.3) and 

indicate that the San Juan River below Navajo Dam 
probably has a similar sediment regime currently as it 
had in the pre-dam era.

Rio Chama Sedimentation

Sedimentation in El Vado reservoir on the Rio Chama 
between 1935 and 1984 resulted in the loss of 
approximately 11,300 acre-ft of reservoir storage 
(Table 8.5). A resurvey of the reservoir in 2007 
indicated that there had been a net loss of sediment 
from the reservoir, as the reservoir pool had filled to 
the elevation of the low-level outlets through which 
most of the flow is discharged (Reclamation, 2008). A 
subsequent resurvey in 2018 indicated that there had 
been no change in storage since 2007 (Reclamation, 
2020) and that the annual sediment inflow was being 
passed through the dam (Huang and Greimann, 
2019). The annual unit watershed sediment yield in 
the 1935 to 1984 period was on the order of 0.43 
acre-ft/mi2/yr. That value reflected the erosional effects 
of extensive logging and grazing in the contributing 

Table 8.5. Sedimentation data from New Mexico reservoirs and other sources.

River Basin

Contributing 
Drainage Area

(mi2) Period of Record

Sediment 
Volume
(acre-ft)

Annual Unit 
Sediment Yield
(acre-ft/mi2/yr) Source of Data

San Juan River
Navajo Dam to Farmington 4,030 1963–1983 - 0.14–0.44 USACE, 1995b
At Bluff, UT 23,000 1963–1980 - 0.45 Thompson and Mundorff, 1982
Navajo Reservoir 2,919 1962–2019 56,470 0.31 Reclamation, 2021a
Rio Chama
El Vado Reservoir 602 1935–1984 11,281 0.43 Reclamation, 2008
Abiquiu Reservoir 1544 1963–2012 20,493 0.27 USACE, unpublished
Rio Grande
Cochiti Reservoir 11,695 1973–2017 41,166 0.1 USACE, 2022
Jemez Reservoir 1,034 1953–1998 19,800 0.43 MEI, 2002
McClure Reservoir  
(Santa Fe River)

17.4 1946–2011 44 0.03 Lewis, 2012

Calabacillas Arroyo 77 estimated annual 40.9 0.53 MEI, 1996
North Diversion Channel 50 estimated annual 11.5–35 0.23–0.7 USACE, 1995a
East-side tributaries 
below San Acacia

2.6–47.3 estimated annual 0.5–2.8 0.06–0.22 MEI, 2004b
MEI, 2004c

Elephant Butte Reservoir 26,551
25,923

1915–1947
1947–2017

437,200
186,700

0.51
0.1

Happ, 1948
Reclamation, 2019

Lower Rio Grande tributaries 600 estimated annual 264 0.44 MEI and Riada Engineering, 2007
Pecos River
Santa Rosa Reservoir 2,434 1979–2015 14,985 0.17 USACE, 2015
Lake Sumner Reservoir 3,749 1936–1989

1989–2013
62,003
1,296

0.31
0.01

Reclamation, 2014b

Brantley Reservoir 12,223 2001–2013 751 0.01 Reclamation, 2013
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Figure 8.3. Annual sediment yield as a function of effective mean annual precipitation and associated vegetation types (replotted from original by 
Langbein and Schumm, 1958). 

watershed in the 1930s and 1940s (Swanson, 2012; 
Swanson et al., 2012). Based on the present sediment 
outflow from the dam, the annual unit watershed 
sediment yield is about 0.1 acre-ft/mi2/yr, which is 
consistent with present-day watershed elevation, land 
use, and vegetation type (Figure 8.3). 

Unpublished USACE data indicate that between 
construction in 1963 and 2012, Abiquiu Reservoir 
has lost about 20,500 acre-ft of storage capacity as a 
result of sedimentation. This translates to an annual 
unit watershed sediment yield of approximately 
0.27 acre-ft/mi2/yr (Table 8.5), which is also 
consistent with the generally lower elevation of the 
contributing watershed and present-day land use and 
vegetation types (Figure 8.3).

Rio Grande Sedimentation

On the Rio Grande, Cochiti Reservoir lost about 
41,146 acre-ft of storage capacity between 
construction in 1973 and 2017 (USACE, 2022), 
which translates into an annual unit watershed 
sediment yield of approximately 0.1 acre-ft/mi2/yr 
(Table 8.5) and a loss of designated reservoir sediment 
storage capacity of about 21%. The unit sediment 
yield upstream of Abiquiu Dam is relatively low, as 
is that of the Rio Grande upstream of the confluence. 
Over 40 arroyos that are tributary to the Rio Chama 
downstream of Abiquiu Dam provide the bulk of the 
sediment in the vicinity of Otowi gage (Graf, 1994). 

Jemez Canyon Dam in the lower reaches of the 
Jemez River, a major tributary to the Rio Grande 
downstream of Cochiti Dam, trapped about 19,800 
acre-ft of sediment between 1953 and 1998 (MEI, 
2002), which translates into an annual unit watershed 
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sediment yield of 0.43 acre-ft/mi2/yr (Table 8.5). The 
sediment yield is high but consistent with a relatively 
lower-elevation watershed that has experienced a 
significant number of fires (Touchan and Swetnam, 
1995) and overgrazing (Crawford et al., 1993). 
Rittenhouse (1944) and Happ (1948) estimated 
that the Jemez River contributed about 12% of the 
sediment to the Middle Rio Grande historically. 

McClure Reservoir, located on the flanks of the 
Sangre de Cristo Mountains in the upper Santa Fe 
River watershed, has trapped 44 acre-ft of sediment 
between 1946 and 2011 (Table 8.5), with an annual 
unit watershed sediment yield from the high-elevation 
forested catchment of 0.03 acre-ft/mi2/yr (Lewis, 
2012). Historically, before construction of Cochiti 
Dam, the Santa Fe River produced about 1% of the 
annual sediment load of the Middle Rio Grande 
(Rittenhouse, 1944; Happ, 1948).

Urbanization in the Albuquerque–Rio Rancho 
area that significantly increases the runoff to the steep 
(~4%), sand-bed, tributary arroyos to the Rio Grande 
historically has produced high sediment yields to the 
Rio Grande. Prior to the construction of flood control 
dams and stabilization of the receiving channels by 
the USACE, Albuquerque Metropolitan Arroyo Flood 
Control Authority, and Southern Sandoval County 
Arroyo Flood Control Authority, estimated annual 
unit watershed sediment yields ranged from 0.23 to 
0.7 acre-ft/mi2/yr (Table 8.5). 

Numerical modelling of 10 east-side tributaries 
to the Rio Grande downstream of San Acacia with 
contributing drainage areas ranging from 2.6 to 47.3 
mi2 resulted in annual unit watershed sediment yields 
ranging from 0.06 to 0.22 acre-ft/mi2/yr, depending 
on the degree of connection to the Rio Grande 
(Table 8.5). Historically, Rittenhouse (1944) and 
Happ (1948) considered that the east-side tributaries 
produced about 17% of the annual sediment 
load of the Rio Grande.

Between 1915 and 1947, Elephant Butte 
Reservoir trapped 437,200 acre-ft of sediment, which 
translates to an annual unit watershed sediment yield 
of 0.51 acre-ft/mi2/yr (Table 8.5). However, within 
that period, the incision and erosion of the Rio 
Puerco provided about 35% of the sediment and the 
Rio Salado provided about 13% (Rittenhouse, 1944; 
Happ, 1948). More recent analysis indicates that the 
Rio Puerco contributed about 60% of the sediment 

deposited in Elephant Butte Reservoir (Gorbach 
et al., 1996). Upstream dams and the geomorphic 
evolution of the Rio Puerco (Elliott, 1979; Gellis et 
al., 1991) significantly reduced the sediment delivery 
to the reservoir between 1947 and 2017 (186,700 
acre-ft) and lowered the annual unit watershed 
sediment yield to 0.1 acre-ft/mi2/yr (Table 8.5). 
Sedimentation between 1915 and 2017 (623,900 
acre-ft) has eliminated about 24% of the 2.6 million 
acre-ft reservoir capacity.

The Rio Grande Canalization Project, which 
includes the 105-mile-long reach of the Lower 
Rio Grande from Percha Dam to American Dam, 
required excavation from the channel of about 
120 acre-ft of sediment between 1994 and 2006 
to maintain its design conveyance capacity (MEI 
and Riada Engineering, 2007). Construction by 
the Natural Resources Conservation Service in the 
1970s of four flood/sediment detention dams on the 
larger tributaries that control about 300 mi2 of the 
contributing drainage area of 900 mi2 reduced the 
frequency of sediment removal (U.S. International 
Boundary and Water Commission, 2004). Thirty-three 
small-scale flood control reservoirs on tributary 
arroyos have filled with sediment (Weiser, 2011). 
Estimation of annual sediment yield from 40 
uncontrolled tributary arroyos varying in size from 
1 to 126 mi2 indicated that the annual watershed 
sediment yields ranged from 0.28 to 0.88 acre-ft/mi2/
yr (Tetra Tech, 2004; MEI and Riada Engineering, 
2007). Assuming an average yield of 0.44 acre-ft/
mi2/yr (Table 8.5), the annual yield of the 600 mi2 
uncontrolled watershed downstream of Percha Dam 
is approximately 264 acre-ft, the bulk of which 
will be deposited on the alluvial fans in the lower 
reaches of the tributaries within the Rio Grande 
channel and floodway, especially upstream of the 
Rincon Siphon and within the pools of the Leasburg, 
Mesilla, and American dams.

Pecos River Sedimentation

Between 1979 and 2015, Santa Rosa Reservoir on 
the Pecos River trapped 14,985 acre-ft of sediment, 
which translates into an annual unit watershed 
sediment yield of 0.17 acre-ft/mi2/yr (Table 8.5). 
Sediment accumulation in the reservoir over the 
36-year period has reduced the reservoir storage 
allocated for sediment management (80,000 acre-ft; 
Risser, 1987) by nearly 20%. Construction of Santa 
Rosa Dam significantly reduced the delivery of 
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sediment to Sumner Reservoir. Between 1936 and 
1989, 62,000 acre-ft of sediment was deposited in 
Sumner Reservoir, which translates to an annual 
unit watershed sediment yield of 0.31 acre-ft/mi2/yr. 
Between 1936 and 1974, prior to the construction 
of Santa Rosa Dam, USACE (2018) estimated that 
the reservoir capacity had been reduced by 35% 
due to sediment accumulation. Between 1989 and 
2013, only 1,296 acre-ft of sediment was deposited 
in the reservoir, which translates to an annual 
unit watershed sediment yield of 0.01 acre-ft/mi2/
yr (Table 8.5). Brantley Reservoir was constructed 
between 1984 and 1989 to replace the McMillan 
Dam and Reservoir on the Pecos River, which 
had filled with sediment. Sedimentation data from 
Brantley Reservoir are unreliable because of survey 
datum issues and poor-resolution photogrammetry 
in the original reservoir survey (Reclamation, 2013). 
However, between surveys in 2001 and 2013, there 
had been an apparent reduction in reservoir storage 
capacity of about 751 acre-ft, but not all of this could 
be definitely attributed to sedimentation. Assuming 
that all the loss of capacity was due to sedimentation 
suggests that the annual unit watershed yield from the 
12,223 mi2 contributing watershed is on the order of 
0.01 acre-ft/mi2/yr.

EFFECTS OF CHANNEL 
MODIFICATIONS

Reaches of all the rivers have been channelized, 
leveed, and stabilized for the purposes of flood and 
erosion control, as well as for improved efficiency 
of water delivery. These channel modifications have 
altered the morphology and dynamics of the rivers. 
For example, levees, channelization, and bank 
stabilization associated with the Middle Rio Grande 
Project implemented by the USACE, Reclamation, 
and Middle Rio Grande Conservancy District 
reduced the width of the Middle Rio Grande by a 
factor of 2 to 3 between 1917 and 1992 (Woodson 
and Martin, 1963; MEI, 2002). Irrigation diversion 
structures of varying levels of sophistication (e.g., 
earthen berms in the Gila River, rock structures in 
the Rio Chama, concrete weirs on the San Juan River, 
gated low-head concrete dams in the Rio Grande, 
and inflatable diversion in the Rio Grande at 
Albuquerque) have been constructed on all the rivers, 
thereby modifying channel gradients, downstream 
hydrology, and sediment transport dynamics. 

Additional major human-made changes to river 
morphology are unlikely to be made in the future 
given the extensive changes that have already been 
made. Currently, modifications to enable fish passage 
are being incorporated into the Isleta and San Acacia 
diversion dams on the Middle Rio Grande and to 
diversions in the San Juan River, and levee upgrades 
are being evaluated in the Bernalillo to Belen reach of 
the Middle Rio Grande.

Overall, human modifications to the San Juan 
River, Rio Chama, Rio Grande, and Pecos River 
have increased the efficiency of downstream 
water delivery by straightening, channelizing, 
and reducing the widths of the rivers. Increased 
baseflows and elimination of flood disturbance due 
to upstream reservoir storage has tended to favor 
the establishment of non-native vegetation species 
along the riparian corridors that in turn is causing 
further channel narrowing (MEI, 2006a; Makar and 
AuBuchon, 2012), increased hydraulic roughness, 
and potentially reduced flood and sediment 
conveyance within the levees. 

CLIMATE CHANGE IMPACTS ON 
THE RIVERS

The current morphology and dynamics of the 
alluvial reaches of the New Mexico rivers discussed 
in this chapter are to a great extent the result of 
human interventions over time and not the result 
of the spatially and temporarily varied interactions 
among hydrology and sediment loads that define 
natural rivers (Leopold et al., 1964; Schumm, 1977). 
Consequently, predictions of the impacts of climate 
change on the rivers of New Mexico have to take 
into account human interventions as well as climate-
change-driven alterations to hydrology and sediment 
supply. Because of the degree of human intervention, 
the river responses to changes in hydrology and 
sediment supply are likely to be reach-specific and are 
unlikely to be predicted by general geomorphic theory 
(e.g. Lane, 1957; Schumm, 1977).

Climate change projections suggest that runoff 
volumes will be reduced by 16% to 28% in the next 
50 years, and therefore there will be a commensurate 
reduction in the volume of flow being conveyed 
within the rivers. However, with the exception of the 
Gila River, reservoir releases and diversions currently 
tend to dominate the in-river flows and will likely 
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do so in the future. Relatively short-duration but 
large-magnitude peak flows could be generated in 
uncontrolled tributaries downstream of the reservoirs, 
and these are likely to be sources of both flows and 
sediment to the mainstem rivers.

Increases in annual temperatures with no 
change in precipitation (Chapter 2), reduced runoff, 
and changes in vegetation resulting from climate 
change are likely to increase sediment yields from 
the watersheds (Chapters 4 and 5), with the highest 
increases projected in the semiarid regions (Eekhout 
and de Vente, 2022). The Langbein and Schumm 
(1958) relationship between sediment yield and 
effective mean annual precipitation (normalized to 
50°F; Figure 8.3) can be used to estimate the likely 
magnitude of increases in sediment yield resulting 
from a climate-change-induced reduction in effective 
precipitation and its effect on watershed vegetation 
cover; it can also be used to provide a check on 
reservoir-sedimentation-based data. Conversion 
of existing forests to grassland could significantly 
increase the unit watershed sediment yield, and 
conversion of existing grasslands to desert shrub 
could lead to a maximization of sediment yield. 
Conversely, in the currently arid regions of the Lower 
Rio Grande, it is conceivable that the unit watershed 
sediment yields could decline with a decline in 
effective precipitation. The sedimentation data for 
Navajo, Abiquiu, El Vado (present day), and Santa 
Rosa reservoirs fit the Langbein-Schumm relationship 
reasonably well. Earlier data for the Jemez Canyon 
and El Vado reservoirs reflect poor land use in 
the watersheds. Unaccounted for in the Langbein-
Schumm relationship are the effects of fire and 
resulting debris flows on watershed sediment yields. 
Given the projection of increased fire frequency and 
debris flows from the currently forested watersheds 
resulting from climate change (Chapter 6), it is 
highly likely that sediment yields could be very high 
(Gallaher and Koch, 2004; Cannon et al., 2010; 
Tillery et al., 2011). New Mexico postfire debris 
flow data all indicate very high yields. The 2012 
Whitewater–Baldy fire in the Gila basin resulted in 
debris flow yields of up to 2.13 acre-ft/mi2 (Tillery 
et al., 2019), and debris flow yields from individual 
basins in the 2011 Las Conchas fire in the Santa 
Clara Creek drainage basin ranged from 6.4 to 
17.3 acre-ft/mi2 in the first 2 years following the fire 
(Tetra Tech, 2013a). 

San Juan River

Between Navajo Dam and Shiprock, New Mexico, 
the San Juan River occupies a relatively wide valley 
with an extensive floodplain. The channel planform 
varies from single- to multi-channel in that reach, 
and the non-damaging channel capacity between 
the dam and Farmington is about 5,000 cfs; from 
Farmington to Shiprock, downstream of the Animas 
River confluence, it is about 12,000 cfs (Gronewold 
and McFadden, 2017). Downstream of Navajo Dam 
and within the state of New Mexico, there are seven 
major diversion structures that divert about 855,000 
acre-ft/yr of water for industrial, agricultural, and 
municipal purposes. The river is intermittently 
confined by local levees and berms, but there is no 
formal federally funded or maintained levee system. 
The flow regime in the river since 1991 has been 
dictated by the federal Endangered Species Recovery 
Implementation Program and includes annual peak-
flow releases in the spring from Navajo Dam of 5,000 
cfs for 1 to 3 weeks per year and minimum releases 
for the remainder of the year of 250 cfs. Both peak 
flows and baseflows increase below the confluence 
with the Animas River. However, even though a peak 
flow regime still exists, the high sediment supply to 
the river downstream of the dam, coupled with the 
effects of primarily non-native vegetation species 
becoming established, has required mechanical 
intervention to maintain the habitat complexity 
required by the native fish species. Reductions in 
flow volume of 16% to 28% resulting from climate 
change are unlikely on their own to have any 
significant impact on channel morphology. However, 
the combined effects of reduced flows and potentially 
increased sediment loads are likely to result in 
channel aggradation (Webb et al., 2001) that could 
adversely affect both the ability to divert flows at the 
diversions and the ability to maintain the channel 
complexity required by the native fishes.

Gila River

Under existing conditions, in common with other 
undammed dryland rivers, the primary determinant 
of the channel morphology in the alluvial reaches of 
the Gila River downstream of the Gila Wilderness 
Area is the occurrence of infrequent, large-magnitude, 
monsoon season floods that cause lateral erosion 
and widening of the braided channel that is followed 
by channel narrowing in the period between floods 
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(Graf, 1983, 1988a, 1988b; Soles, 2003; Reclamation, 
2004; MEI, 2006b). Within the Cliff–Gila Valley, 
three of the four diversion structures (Upper 
Gila, Fort West, and Gila Farms) are formed and 
maintained by berming local alluvial materials in 
the riverbed following floods. Levees that were 
constructed on the floodplain in the 1950s have on 
the whole been damaged by floods and have not been 
repaired following the floods of 1983 and 1984. From 
the perspective of river morphology and dynamics, 
climate-change-driven increase in the frequency and 
magnitude of extreme, primarily monsoon-driven 
precipitation events and increased sediment loads 
from vegetation changes and fire are likely to increase 
the frequency of disturbance events and reduce the 
between-event recovery periods, thereby making it 
more difficult to divert flows from the river. However, 
the basic dynamics of the flood-driven river are 
unlikely to be fundamentally changed. Based on the 
2006 to 2020 period of record, the average annual 
runoff volume is 115,249 acre-ft (Table 8.2). A 
reduction of 16% to 28% in annual average runoff 
resulting from climate change would mean that the 
average annual runoff could be reduced to between 
96,000 and 83,000 acre-ft. Currently, a total of 
about 50 cfs is diverted from the river at the three 
diversions, and this results in drying of the river for 
about a mile below the diversions during the lowest 
flow periods (Soles, 2003). Because there are no 
upstream reservoirs to buffer the effects of reduced 
annual flows, there is likely to be more river drying 
and reduced diversion capacity. 

Rio Chama

For the purposes of assessing the likely impacts of 
climate change, the Rio Chama from its headwaters 
upstream of the town of Chama to the confluence 
with the Rio Grande on Ohkay Owingeh Pueblo can 
be broadly subdivided into three subreaches, one of 
which (Upper Rio Chama) is above any reservoir 
and two of which (Wild and Scenic reach and Lower 
Rio Chama) are below reservoirs.

Upper Rio Chama—The Upper Rio Chama flows 
approximately 21 miles through the Chama Valley 
between the town of Chama and the USGS gaging 
station at La Puente. The river in this reach is 
currently a mainly single-thread river, and there 
are approximately 18 simple diversion structures 
primarily composed of rock (Bauer et al., 2021) that 
in 2020 diverted about 21,451 acre-ft of water to 

irrigate about 9,000 acres (New Mexico Office of the 
State Engineer, 2020). Significantly increased sediment 
delivery to the river as occurred in the 1930s and 
1940s due to extensive logging and grazing (0.43 
acre-ft/mi2/yr, Table 8.5) also resulted in the formation 
of a braided channel in much of the reach at that time 
(Swanson, 2012; Swanson et al., 2012). Increased 
sediment yields resulting from vegetation changes and 
increased frequency of fires associated with climate 
change are likely to cause channel aggradation 
and a reversion to a braided channel and therefore 
greater channel instability and increased difficulty 
in maintaining diversions. Reduction in the runoff 
volume is also likely to adversely affect the volume of 
flow available for diversion. In addition, changes in 
runoff timing may affect the amount of water diverted 
at individual acequias since the water rights in the 
Upper Rio Chama are junior to those downstream 
of Abiquiu Reservoir and are cut off when flow at 
La Puente gage is below 50 cfs. Increased watershed 
sediment yields in this reach above the current levels 
(0.1 acre-ft/mi2/yr; Table 8.5) are also likely to result 
in reservoir sedimentation and associated loss of 
capacity at El Vado Reservoir. If watershed sediment 
yields increase to the magnitude of the 1930s and 
1940s (0.43 acre-ft/mi2/yr), El Vado reservoir could 
lose between 10% and 15% of its total capacity 
of 196,500 acre-ft in the next 50 years, thereby 
impacting Middle Rio Grande Conservancy District’s 
and Reclamation’s ability to store irrigation water 
and Native American Prior and Paramount water.

Wild and Scenic Reach—Flow releases from El 
Vado Dam into the 32-mile-long Wild and Scenic 
reach of the Rio Chama between El Vado and 
Abiquiu reservoirs, within which there is virtually 
no consumption or diversion of flows, have 
primarily been determined by downstream flow 
requirements since El Vado Dam was constructed in 
1935. The addition of 96,200 acre-ft of water from 
Reclamation’s San Juan–Chama project since 1978 
has increased the average annual flow volume in the 
river by about 30% (309,247 acre-ft; Table 8.2). 
El Vado Dam has been very effective at trapping 
coarser sediments and therefore has eliminated 100% 
of the upper basin contribution of geomorphically 
significant sediment load to the reach below the dam. 
The river channel has adjusted physically, primarily 
by narrowing by between 20% and 30% (Swanson, 
2012; Swanson et al., 2012). This altered river system 
has become a novel ecosystem (Morse et al., 2014), 
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different from the system that existed in this reach 
before El Vado Dam was constructed but functioning 
both geomorphically and ecologically nonetheless 
(Harvey, 2022). The river channel in this novel 
system is heavily dependent on below-dam tributary 
sediment supply dominated by monsoon-season 
debris flows, which currently have a recurrence 
interval of about 3 years. 

Climate-change-induced changes to runoff 
volumes are unlikely to significantly change the 
seasonal distribution of flows since these are 
primarily determined by dam releases to meet 
downstream water needs. However, the historical 
suppression of fire in the watershed downstream of 
El Vado Dam (U.S. Forest Service, 2016) has altered 
vegetation density and age structure, causing a very 
high probability of high-intensity wildfires in the 
watershed. These fires are likely to produce larger 
and more frequent debris flows from contributing 
drainages and significantly increase the intensity of 
local runoff (Cannon and Reneau, 2000), which in 
turn will adversely affect water quality in the river 
and in Abiquiu Reservoir downstream (Dahm et al., 
2015). An increased frequency of debris flows is likely 
to cause channel aggradation and to accelerate lateral 
channel migration and erosion of Holocene-age 
terraces, especially in the most downstream 9 miles of 
the reach, in which the river is less confined than in 
the canyon. Conceivably, segments of the reach most 
affected by aggradation could return to a braided 
planform. This erosion of terraces is likely to increase 
sediment delivery to Abiquiu Reservoir.

Currently, up to 200,000 acre-ft of San Juan–
Chama water can be stored in Abiquiu Reservoir 
below an elevation of 6,220 ft. Between 1963 and 
2012 (49 years), about 20,493 acre-ft of storage 
were lost to sedimentation (Table 8.5). Doubling 
the annual sediment yield to match the historical 
sediment delivery to El Vado Reservoir (0.43 acre-ft/
mi2/yr) over the next 50 years would potentially 
reduce the reservoir storage volume by about 75,000 
acre-ft. Since Abiquiu’s total reservoir storage 
volume is approximately 1,369,000 acre-ft, this 
reduction should not significantly affect the flood 
control operation of the reservoir. However, the 
additional loss of storage over the next 50 years 
would reduce the amount of San Juan–Chama water 
that could be stored in Abiquiu Reservoir below the 
elevation of 6,220 ft.

Lower Rio Chama—Downstream of Abiquiu Dam, 
the approximately 24-mile-long Lower Rio Chama 
meanders through a relatively wide alluvial valley and 
is flanked by approximately 10,000 acres of irrigable 
lands. About 87,300 acre-ft/yr are diverted from the 
river at 12 diversion structures to service 18 member 
acequias of the Rio Chama Acequia Association. 
These acequias have very senior water rights but no 
upstream storage rights, so they can exercise their 
rights only when the water is available as flow in the 
river. Approximately 63,100 acre-ft are returned from 
the Rio Chama Acequia Association to the river for a 
net diversion of about 24,200 acre-ft/yr (New Mexico 
Office of the State Engineer, 2006). Most of the 
diversions are rock structures, but some of the 
historical rock structure diversions have been replaced 
by or combined into engineered structures (e.g., the 
Salazar, Chamita, and Hernandez diversions). 

Abiquiu Dam has a 98% sediment trap efficiency, 
which means that very little sediment is released to 
the downstream river. However, 47 uncontrolled 
arroyo tributaries to the reach deliver large volumes 
of primarily sand-sized sediment to the river 
between Abiquiu Dam and the confluence with the 
Rio Grande. The estimated annual sediment yield that 
reaches the Rio Grande confluence is about 1,300 
acre-ft (1.3 acre-ft/mi2/yr; MEI, 2008). 

After construction of Abiquiu Dam in 1963, the 
channel capacity downstream of the dam was 3,500 
cfs (Parametrix and MEI, 2011). Flow releases from 
Abiquiu Dam to the Rio Chama were subsequently 
limited to prevent damage to rock diversion structures 
and limit streamside flooding between the dam 
and the Chamita diversion. These limits on flow 
releases to the river below the dam have resulted in 
a progressive reduction due to aggradation in the 
channel capacity, which is now about 1,800 cfs. 
Downstream of the Chamita diversion, the channel 
capacity remains about 3,500 cfs because of historical 
downstream incision in the Rio Grande. 

Because of the relatively large volume of flow 
that passes through this reach on an annual basis 
(348,844 acre-ft; Table 8.2) and the way that it is 
released as fairly continuous lower flows, even a 16% 
to 28% reduction in annual average flow volume 
would not significantly affect the channel conditions 
in the reach if the sediment supply remained the same. 
However, significant increases in watershed sediment 
yield can be expected as a result of climate change, 
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and therefore further loss of channel capacity and 
more local flooding, including flooding of homes 
and acequia infrastructure, can be expected in the 
reach above the village of Chamita. This loss of 
channel capacity will negatively affect the efficiency 
of downstream delivery unless the peak flows are 
increased so the volume of sediment transported 
downstream is also increased.

Middle Rio Grande

For the purposes of assessing the likely impacts of 
climate change, the Middle Rio Grande extending 
from Velarde to Elephant Butte Reservoir can be 
subdivided into four subreaches: Velarde to Otowi 
Bridge, Cochiti Dam to Isleta Diversion Dam, Isleta 
Diversion Dam to San Acacia Diversion Dam, 
and San Acacia Diversion Dam to Elephant Butte 
Reservoir. The potential impacts of climate change on 
the river channel in these four reaches is explored in 
the following subsections.

Velarde to Otowi Bridge—The reach between 
Velarde and Otowi Bridge was straightened, 
channelized, and leveed in the 1950s. It includes 
the confluence with the Rio Chama, so the lower 
15.5 miles of this reach convey the flows from the 
mainstem of the Rio Grande, the Rio Chama, and the 
San Juan–Chama Project. 

From Velarde to the north boundary of 
Ohkay Owingeh Pueblo, eight diversions (six rock 
structures and two concrete structures constructed by 
Reclamation following the channelization of the river) 
are maintained by the Velarde Community Ditch 
Association and divert flows to acequias within the 
reach. The diversion structures maintain the vertical 
stability of the straightened and therefore steeper 
reach. On an average annual basis, about 440,000 
acre-ft of water is conveyed through this portion of 
the reach (Table 8.2), and the annual sediment load 
is about 380 acre-ft (Graf, 1994). Under existing 
conditions, sediment transport modeling has indicated 
the subreach would be slightly degradational (MEI, 
2008; Tetra Tech, 2015). Projected reductions in 
flow volume of 16% to 28% over the next 50 years 
are unlikely to have a significant impact on the 
forced morphology of the channel. Any increases in 
sediment loads are likely to be transported through 
the subreach because of the relatively high transport 
capacity of the straightened and leveed channel. 

Downstream of the Rio Chama confluence, the 
Rio Grande within the Española urban reach has 
experienced some degradation due to in-channel 
sand and gravel mining. Sediment transport 
modeling indicated that in 2008 the subreach was in 
equilibrium to slightly aggradational (MEI, 2008). 
On an average annual basis, about 847,000 acre-ft 
of water from the mainstem of the Rio Grande, the 
Rio Chama, and Reclamation’s San Juan–Chama 
Project is conveyed through the subreach. The 
combined annual sediment load is about 1,600 
acre-ft, the bulk of which (1,300 acre-ft) is derived 
from the Rio Chama downstream of Abiquiu Dam. 
Climate-change-caused reductions in annual flow 
volume are unlikely to have a significant impact on 
the forced morphology of the river in this subreach. 
However, as has been observed since the 2011 
Las Conchas fire, increased peak flows and debris 
flows have significantly increased the sediment 
delivery from Santa Clara Creek to the Rio Grande 
(Tetra Tech, 2013a), and this is reflected in local 
aggradation of the Rio Grande downstream of the 
confluence. Postfire debris flows in Peralta Canyon 
in 2011 downstream of Cochiti Dam resulted in 
blockage of the Rio Grande and severely interrupted 
downstream flow delivery until the plug could be 
excavated (USACE, 2014). Consequently, increased 
sediment delivery to this subreach resulting from 
climate change could result in aggradation of the 
river and probably lead to increased overbank 
flows and reduced downstream flow conveyance. 
The annual sediment delivery to Cochiti Reservoir 
downstream of Otowi Bridge is about 1,100 acre-ft 
(Table 8.5). Since Cochiti Dam was constructed in 
1973, approximately 41,166 acre-ft of sediment 
have been deposited in the reservoir pool (mostly in 
the bottom end of White Rock Canyon, upstream 
of the recreation pool), which represents about 
7.5% of the flood/sediment control capacity of the 
reservoir (545,000 acre-ft). If climate-change-driven 
watershed sediment yields increased from the current 
0.1 acre-ft/mi2/yr to 0.3 acre-ft/mi2/yr, sediment 
delivery to the reservoir over the next 50 years would 
reduce the flood/sediment control capacity of the 
reservoir by about 40%. Due to the presence of the 
permanent recreation pool (50,000 acre-ft) that is 
maintained by about 5,000 acre-ft annually from 
the San Juan–Chama project, much of this sediment 
is likely to deposit in the channel leading into the 
reservoir, and therefore it may not significantly affect 
the reservoir storage capacity.
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Cochiti Dam to Isleta Diversion Dam—From the 
early 1930s and during the 1950s to the 1970s, the 
approximately 63-mile-long reach of the Rio Grande 
downstream of Cochiti Dam was channelized, leveed, 
and laterally stabilized as part of early flood control 
efforts by the Middle Rio Grande Conservancy 
District and subsequent Federal Middle Rio Grande 
Project. As a result, the channel planform has changed 
from braided to single channel, the river has narrowed 
and incised, and the bed material has coarsened 
(Crawford et al., 1993; MEI, 2002; Makar and 
AuBuchon, 2012). The Angostura and Isleta diversion 
structures provide grade control within the reach, as 
does the more recent Albuquerque Bernalillo County 
Water Utility Authority inflatable diversion located 
downstream of the Alameda Boulevard bridge. 

Currently, the average annual flow volume 
released at Cochiti Dam is 758,862 acre-ft 
(Table 8.2). A total of approximately 111,621 
acre-ft/yr is diverted by the Middle Rio Grande 
Conservancy District at Cochiti Dam and at the 
Angostura Diversion (350 cfs diversion capacity 
to the Albuquerque Main Canal) as well as by 
the Albuquerque Bernalillo County Water Utility 
Authority for the Albuquerque drinking water project 
(48,200 acre-ft). The average annual flow volume 
that reaches the Albuquerque (Central Avenue) gage 
is 647,241 acre-ft. Approximately 62,000 acre-ft of 
treated wastewater is returned to the Rio Grande 
downstream of the Albuquerque gage, and therefore 
the average annual flow volume at the downstream 
end of the reach is about 709,241 acre-ft. 

Peak flows through the reach have been 
significantly reduced (2-year flow reduced by 25% 
and 100-year flow reduced by 43%) by the upstream 
reservoirs, and the suspended sediment and bed 
material loads in the river at the Albuquerque gage 
have been reduced by at least an order of magnitude 
in the post-Cochiti Dam period. As a result, the mean 
bed elevation of the river has been reduced by 2 to 4 
ft between Cochiti Dam and the Isleta Diversion Dam 
(MEI, 2002). Channel incision had adversely affected 
infrastructure in the river environment, including the 
piles of the U.S. Highway 550 bridge and the Corrales 
Siphon. Virtually no sediment is released from Cochiti 
Dam into the head of the reach, so all the sediment 
is recruited from major tributaries upstream of 
Albuquerque (Galisteo Creek, Jemez River, San Felipe 
Arroyo, and Tonque Arroyo) as well as from the 

urban arroyos in the Albuquerque–Bernalillo reach 
(Calabacillas Arroyo, Montoyas Arroyo, and the 
North and South diversion channels). Downstream 
coarsening of the bed material has been observed 
since closure of Cochiti Dam (MEI, 2002; Makar 
and AuBuchon, 2012).

Because of the extensive human modifications 
to the reach, reductions in flow volume of 16% to 
28% resulting from climate change are unlikely on 
their own to have any significant impact on channel 
morphology. However, significant increase in sediment 
delivery to the river over the next 50 years, if it is 
similar in magnitude to those of the late nineteenth 
and early twentieth centuries (Scurlock, 1998), could 
result in extensive channel aggradation, especially 
in the sand-bed portion of the reach downstream 
of Bernalillo, that in turn could threaten the project 
levees and reduce the efficiency of downstream water 
delivery. More recent data from 2002 to 2012 (Tetra 
Tech, 2020a) indicate that the bed of the river has 
aggraded by about 1 ft between the Albuquerque gage 
and the Isleta Diversion, which could partially be the 
result of the delivery of sediment that was previously 
stored in Jemez Canyon Reservoir and is now being 
eroded and released as the structure has reverted 
to run-of-the-river status since 2003. Regardless of 
future changes in flows and sediment supply to the 
river, remaining sections of the spoil-bank levees in 
the Los Lunas area (Albuquerque to Belen reach) 
were severely damaged by long-duration saturation 
in 2019 but did not fail. However, the vulnerability of 
portions of the levees along the river were highlighted 
by the 2019 event. Reevaluation of the level of flood 
protection afforded by the levees between Bernalillo 
and Belen is currently underway (USACE, 2017).

Isleta Diversion Dam to San Acacia Diversion 
Dam—The majority of the 53-mile-long reach 
between the Isleta and San Acacia diversions was 
channelized and leveed as part of the Middle 
Rio Grande Project between 1953 and 1974. While 
upstream reaches experienced reduction of mean bed 
elevation of between 2 and 4 ft after Cochiti Dam was 
built, degradation between the Isleta Diversion and 
Abo Arroyo was less than 2 ft (MEI, 2002). However, 
downstream of there, channelization through the 
Rio Puerco sediment plug caused degradation of up 
to 5 ft. More recent data and sediment transport 
modeling (Huang, 2016) indicates that the reach from 
Isleta Diversion Dam to San Acacia Diversion Dam 
is now aggradational. 
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The Isleta Diversion Dam has a diversion capacity 
of 1,070 cfs. It diverts water to the Peralta and 
Belen canals, which supply irrigation on the east and 
west sides of the river. On an average annual basis, 
about 709,241 acre-ft of flow is delivered to the 
Isleta Diversion Dam. In wet years, about 58% of 
the upstream water supply is diverted there (about 
680,000 acre-ft), and in dry years, about 91% of the 
upstream supply (about 346,000 acre-ft) is diverted. 
As a result of this diversion, the Rio Grande is net 
aggradational downstream, and the river dries for 
portions of most summers. Planned improvements 
to the Isleta diversion will pass more sediment 
downstream (Tetra Tech, 2020a). 

Because of the extensive human modifications 
to this reach, reductions in flow volume of 16% to 
28% resulting from climate change are unlikely to 
have any significant impact on channel morphology. 
However, increased sediment delivery to the reach 
from upstream and potentially from the Rio Puerco 
and Rio Salado could result in additional channel 
aggradation, increased overbank flooding, and 
reduced efficiency of downstream delivery of flows as 
well as threats to the spoil-bank levees in the reach.

San Acacia Diversion Dam to Elephant Butte 
Reservoir—The majority of the approximately 
50-mile-long reach between San Acacia Diversion and 
the delta of Elephant Butte Reservoir downstream 
of San Marcial was channelized and leveed as part 
of the Middle Rio Grande Project between 1953 
and 1974. The San Acacia Diversion has a 283-cfs 
diversion capacity to the Socorro Main Canal. In 
addition, between 1958 and 1985, because of the 
extensive sediment deposition in the delta that 
formed downstream of San Marcial, non-flood flows 
were diverted at San Acacia and conveyed in the 
constructed Low Flow Conveyance Channel to the 
Elephant Butte Narrows. Since 1985, all surface flows 
that are not diverted into the Middle Rio Grande 
Conservancy District canal at San Acacia have been 
conveyed into the river channel. 

Channelization and reduced supply of sediment 
from upstream since Cochiti Dam was built 
has resulted in over 6 ft of channel degradation 
immediately downstream of the diversion, although 
the amount of degradation decreases in a downstream 
direction and is about 0.5 ft at the U.S. Highway 380 
crossing in San Antonio (MEI, 2002). Downstream 
of San Antonio there has been persistent channel 

aggradation, especially within the boundaries of the 
Bosque del Apache National Wildlife Refuge (Tetra 
Tech, 2010), where channel plugs formed in 1991, 
1995, 2005, 2008, 2017, and 2019. This aggradation 
has increased losses of surface flow to groundwater 
and reduced the efficiency of flow delivery to 
Elephant Butte (Tetra Tech et al., 2010). Channel 
aggradation downstream of San Antonio leads to an 
average seepage loss of 5.5 cfs/mi, but approximately 
3 cfs/mi of that is gained by the Low Flow 
Conveyance Channel (Tetra Tech et al., 2010). The 
average annual flow volume at San Acacia is 526,898 
acre-ft, but between San Acacia and San Marcial, on 
an average annual basis there is a loss of 389,476 
acre-ft of surface flow, much of which resurfaces at 
the Narrows (492,348 acre-ft; Table 8.2). 

Because of extensive human modifications to 
this reach, reductions in flow volume of 16% to 
28% resulting from climate change are unlikely to 
have any significant impact on channel morphology. 
However, increased sediment delivery from the Rio 
Puerco and Rio Salado to the reach upstream of 
San Acacia Diversion along with increases from the 
east-side tributaries (Table 8.5) are likely to result in 
further aggradation of this reach, increased sediment 
plug formation potential, and further self-reinforcing 
loss of surface flows to seepage, all of which will 
further impair flow conveyance to Elephant Butte. In 
addition, to date (1915 to 2017) about 24% of the 
reservoir capacity has been lost to sedimentation. The 
current rate of sediment delivery (1947 to 2017) is 
about 2,700 acre-ft/yr, so even if the watershed yield 
is unchanged as a result of climate change, there is 
likely to be a cumulative loss of reservoir capacity 
of about 30% in the next 50 years. More likely, the 
watershed sediment yield will increase. If the annual 
sediment yield were to double to 0.2 acre-ft/mi2/yr, 
the cumulative loss of reservoir capacity in the next 
50 years could be closer to 35%.

Lower Rio Grande

Between 1938 and 1943, the Lower Rio Grande 
between Percha Diversion Dam and American 
Dam at El Paso was channelized as part of the 
105-mile-long Rio Grande Canalization Project. The 
primary objectives of the canalization project were 
downstream water delivery and flood control. The 
constructed channel has a bankfull capacity in the 
upstream Rincon Valley section of about 3,000 cfs 
and in the lower Mesilla Valley on the order of 2,000 
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cfs. Levees along about 66% of the reach that are not 
canyon-confined are designed to provide 100-year 
flood protection (MEI and Riada Engineering, 2007). 
Typical irrigation season flows (March to September) 
range from about 1,200 cfs in the upstream reaches to 
650 cfs in the downstream reaches (U.S. International 
Boundary and Water Commission, 2004), although in 
recent years these flows have only been released from 
Caballo Reservoir for 1 to 2 months a year. The rest 
of the year, the river channel is dry. On an average 
annual basis, 490,102 acre-ft of flow is released 
from Caballo Reservoir into the Lower Rio Grande 
(Table 8.2). Of this, 94,800 acre-ft is diverted at 
Percha Diversion, 153,000 acre-ft is diverted at 
Leasburg Diversion, and 72,000 acre-ft is diverted 
at Mesilla Diversion (MEI and Riada Engineering, 
2007). Annual delivery of 60,000 acre-ft to Mexico 
is required by international treaty. In addition to the 
surface-water supplies to this reach, a large amount 
of groundwater is pumped to support irrigated 
agriculture. This groundwater pumping has increased 
infiltration from the river to the shallow alluvial 
aquifer and decreased the ability of the river channel 
to convey surface flows. 

Historically, 70% of the sediment that has been 
removed in the reach has been trapped behind the 
three diversion dams. Even though about a third of 
the contributing watershed is controlled by Natural 
Resources Conservation Service flood/sediment 
control structures, there is still a possibility of about 
264 acre-ft of sediment being delivered annually 
to the lower reaches of the tributary arroyos and 
the Rio Grande channel and floodway (Table 8.5). 
Conceivably, the effects of climate change could 
lead to a reduction in unit watershed sediment yield 
(Figure 8.3), but this could be offset by the increased 
likelihood of extreme precipitation events.

Because of the extensive human modifications 
to the reach, reductions in flow volume of 16% to 
28% resulting from climate change are unlikely to 
have any significant impact on channel morphology. 
However, more extreme precipitation events during 
the monsoon season when sediment is delivered 
to the river could increase the annual contributing 
watershed sediment yield that is currently on the 
order of 264 acre-ft (Table 8.5). Increased sediment 
delivery to the channel coupled with reduced 
irrigation season flows is likely to result in the need 
for more channel maintenance and increased dredging 
upstream of the diversions. 

Pecos River

For the purposes of this chapter, the Pecos River 
can be subdivided into two subreaches: above Santa 
Rosa Reservoir and below Sumner Reservoir. The 
above Santa Rosa Reservoir subreach includes the 
headwaters of the Pecos River within the Sangre 
de Cristo Mountains and the Rio Gallinas. Within 
this subreach, there are approximately 50 acequias 
(Figure 8.1). The below Sumner Reservoir reach 
includes the diversion to the Fort Sumner Irrigation 
District. Undiverted flows in this reach are delivered 
to Brantley Reservoir for diversion by the Carlsbad 
Irrigation District. 

Above Santa Rosa Reservoir—Upstream of Santa 
Rosa Reservoir, the majority of the 130 miles of the 
Pecos River located between the town of Pecos and 
Santa Rosa Reservoir is confined within narrow 
valleys and canyons. Most of the acequia diversion 
structures are small-scale, and in general there 
have been minor local modifications to the river 
within the intermittent wider valley reaches where 
irrigation is practiced. On average, the annual flow 
volume at Anton Chico is 64,005 acre-ft, and this 
reduces to 49,124 acre-ft upstream of Santa Rosa 
Reservoir (Table 8.2), at least partially due to flow 
loss into the underlying karst aquifers formed by 
solution of the Permian-age limestone and gypsum 
beds of the San Andres Limestone and Artesia 
Group (Sweeting, 1972). 

Reductions in flow volume of 16% to 28% 
are unlikely to significantly affect the channel 
morphology. However, the potential for increased 
watershed sediment yields resulting from climate 
change is high. Annual unit watershed sediment yield 
from the primarily non-forested catchment area 
downstream of Pecos is about 0.17 acre-ft/mi2/yr, but 
unit sediment yields from the forested headwaters 
are likely to be much lower (0.03 acre-ft/mi2/yr; 
Table 8.5). Fires and subsequent debris flows in the 
forested headwaters as well as reduced vegetation 
cover in the lower elevations of the watershed 
could lead to a significant increase in sediment 
yields. Annual unit watershed sediment yields could 
reasonably increase to 0.4 acre-ft/mi2/yr, which would 
adversely affect local diversions and increase the 
annual sediment delivery to Santa Rosa Reservoir. 
Within the next 50 years, this could result in the 
loss of over 80% of the reservoir storage volume 
(80,000 acre-ft) allocated to sedimentation. However, 
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sediment storage in Santa Rosa Reservoir significantly 
reduces sediment delivery to Sumner Reservoir, 
thereby preserving storage capacity at Sumner 
Reservoir. (Note: Storage in Sumner Reservoir had 
already been reduced by 35% prior to construction of 
Santa Rosa Reservoir).

Below Sumner Reservoir—While most of the 
approximately 220-mile-long reach between Sumner 
Reservoir and Brantley Reservoir has not been 
formally channelized, meander cutoffs and local levee 
construction occurred in the Bitter Lakes National 
Wildlife Refuge between 1941 and 1957, with 
some of the cutoffs subsequently being successfully 
reconnected to the river. However, the predominantly 
sand-bed river has adjusted its morphology in 
response to reservoir block releases from Sumner 
Reservoir. Between 2005 and 2018, on average 53% 
(range = 25% to 88%) of the average annual flow 
volume (104,590 acre-ft) released from Sumner 
Dam for downstream delivery to Brantley Reservoir 
occurred as a number of block releases (one to 
four per year) of about 1,400 cfs for a duration of 
5 to 7 days (14,000–20,000 acre-ft/release). While 
downstream tributaries do contribute relatively high-
magnitude, short-duration flows during the monsoon 
season, the river channel downstream of the Fort 
Sumner Irrigation District diversion has narrowed in 
response to the reservoir-caused peak flow reductions 
(a 2-year reduction from 9,150 cfs to 1,580 cfs). The 
narrowed channel has further adjusted to convey 
the block flow releases of about 1,400 cfs, which 
are now the geomorphically effective discharges 
(Tetra Tech, 2019). Stage-discharge relations at the 
five USGS gages within this reach show stable rating 
curves that indicate neither systematic aggradation 
nor aggradation occurred in the reach between 1997 
and 2019. Virtually no sediment is discharged into 
the head of the reach from Sumner Reservoir, and 
therefore all the sediment conveyed through the 
reach into Brantley Reservoir must be derived from 
the 50 identified tributaries within the reach. Most 
of the tributaries are ephemeral and only discharge 
water and sediment to the river during short-duration 
monsoon events. Limited sedimentation data at 
Brantley Reservoir indicate that the unit watershed 
sediment yield is about 0.01 acre-ft/mi2/yr (Table 8.5). 

Climate change reductions of average annual flow 
volumes of 16% to 28% are unlikely to significantly 
change the morphology of the channel since it has 

adjusted to the block flow releases, and it is more 
than likely that flows will continue to be conveyed 
in this manner in the future, even if there are fewer 
block releases. Increased magnitude and frequency of 
extreme events when coupled with reduced watershed 
vegetation cover are likely to increase sediment 
delivery to the Pecos River. The morphological effects 
of increased sediment supply will depend on whether 
the block releases are able to transport the increased 
sediment load. If the sediment inflow exceeds the 
transport capacity of the flows, channel aggradation 
and overbank flows are likely to occur in the vicinity 
of the tributary confluences, thereby reducing the 
conveyance efficiency of the block releases. Regardless 
of whether there are channel adjustments, there is 
likely to be increased sediment delivery to Brantley 
Reservoir and therefore loss of reservoir capacity. It 
is conceivable that climate-change-driven reductions 
in vegetation cover and increased soil erosion could 
increase the unit watershed sediment yield to around 
0.3 acre-ft/mi2/yr—the pre-Santa Rosa Reservoir 
value for Sumner Reservoir (Table 8.5)—which would 
translate into annual sediment delivery to Brantley 
Reservoir on the order of 1,800 acre-ft/yr, as opposed 
to the current value of 65 acre-ft/yr.

CONCLUSIONS

In broad terms, climate change in the next 50 years 
is projected to reduce the volume of flow conveyed 
in the rivers of New Mexico by 16% to 28% and 
increase the frequency of extreme hydrologic events. 
It could realistically at least double the amount of 
sediment delivered from the watersheds to the river 
systems as a result of reductions in vegetation cover 
and increased frequency of fires and debris flows. 

The most likely responses of the undammed 
Gila River and the upper reaches of the Rio Chama 
(upstream of El Vado Reservoir) and Pecos River 
(upstream of Santa Rosa Reservoir), where there 
are no upstream reservoirs to moderate the effects 
of climate change (flows and sediment loads), are 
channel aggradation and the development of multi-
channel braided planforms in the locally wider valley 
reaches where flows are diverted and irrigation is 
practiced. These changes in turn will reduce the 
efficiency of downstream water delivery and increase 
the difficulty of diverting flows to the acequias; 
this will likely result in reduced volumes of flow 
available for diversion. 
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Downstream of the reservoirs, while the total 
volume of flow is likely to be reduced by climate 
change, the ability to control the flow releases will 
tend to mitigate the effects of reduced volume on 
river morphology. It is unlikely that the current 
morphology of most river reaches on the Middle 
and Lower Rio Grande, all of which have been 
highly modified for flood and erosion control and 
water delivery, will be affected by the reduced flows. 
Similarly, on the Pecos River downstream of Sumner 
Reservoir where the channel morphology has adjusted 
to the block flow releases, it is likely that flows will 
continue to be released in a similar fashion, even if 
the number of block releases is reduced. Aggradation 
resulting from increased sediment delivery to the 
rivers downstream of the reservoirs could adversely 
affect channel capacity and the ability to convey 
flows efficiently. Additionally, aggradation could 
eliminate multi-channel habitat for listed fish species 
in the San Juan River and increase seepage losses, as 
have been seen in the Bosque del Apache National 
Wildlife Refuge reach of the Rio Grande. The reduced 
conveyance capacity of the Rio Chama downstream 
of Abiquiu Reservoir (3,000 cfs to 1,800 cfs) resulting 
from a combination of limited non-damaging flow 
releases (1,800 cfs) and high tributary sediment 
delivery provides a template for what could happen 
to other reaches below reservoirs. Conversely, the 
adjustment of the Pecos River to the block flow 
releases that balance sediment supply and transport 
capacity provides a potential solution for dealing with 
below-reservoir sedimentation issues resulting from 
climate change. Increased sediment delivery to the 
channels downstream of the reservoirs may therefore 
require changes to the reservoir flow releases such 
that sediment transport capacity and sediment 
supply from below the reservoirs are better balanced. 
Alternatively, maintenance of channel capacity and 
conveyance may require vegetation management 
and channel dredging, as have been practiced in 
the Lower Rio Grande.

Increased sediment delivery from upstream 
watersheds as a result of climate change also has the 
ability to adversely affect reservoir storage capacity. 
Some of the reservoirs have already lost 20% to 30% 
of either their allocated sediment storage volume 
(Santa Rosa Reservoir) or their total storage volume 
(Elephant Butte Reservoir). Reasonable estimated 
increases in watershed sediment yield over the next 
50 years could result in many of the reservoirs losing 

authorized storage capacity (e.g., San Juan–Chama 
Project storage in Abiquiu Reservoir) as well as 
total storage capacity that could limit operational 
flexibility. Comparison of the current operations of 
El Vado and Cochiti reservoirs provides a potential 
solution to prevent future loss of reservoir capacity. 
On an annual basis, El Vado Reservoir is essentially 
emptied, and since 2007 the inflowing fine sediment 
load is passed through the dam, resulting in a loss of 
reservoir capacity over the last 85 years of only about 
7%. In contrast, Cochiti Reservoir that has a 50,000 
acre-ft permanent recreation pool has lost about 37% 
of its allocated sediment storage volume (110,000 
acre-ft) since 1973. The bulk of the sediment has 
been deposited on the delta which extends upstream 
into White Rock Canyon, where downstream flow 
conveyance to the reservoir has been adversely 
affected. Occasional lowering of the permanent 
pool would allow sediment to be distributed 
further into the reservoir and would not adversely 
affect the total reservoir storage capacity that is in 
excess of 600,000 acre-ft.

Finally, historical management of the flow releases 
on the regulated river reaches has increased baseflows 
and effectively eliminated flood flows in many of the 
river reaches. The net result has been encroachment 
of riparian vegetation, dominated by non-native 
species such as tamarisk and Russian olive, into the 
channels, which has led to further narrowing of the 
channels in the last 20 years (Chaulagain, 2022); 
increased bank, bar, and island accretion by trapping 
sediments (MEI, 2006a); increased evapotranspiration 
losses; and reduced efficiency of downstream 
transport of flows. Projected climate change effects 
on water volume and sediment delivery will tend to 
exacerbate this trend and further reduce the ability to 
convey flows downstream.
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A warming climate could increase the magnitude of future storms, leading to extreme precipitation events and increased 
flooding in New Mexico. Warmer air can hold more water vapor, approximately 7% more moisture for each 1°C 

(1.8°F) increase in temperature. Global climate models used to predict future conditions are not detailed enough 

to simulate individual storms. Three major types of storms occur in New Mexico: short-duration, high-intensity 

local storms in summer (usually monsoonal); long-duration general storms (caused by winter weather fronts); and 

occasionally the remnants of tropical storms. The principal risk from extreme precipitation events will be flooding 

in small watersheds from high-intensity local storms, precisely the storms that are hardest to simulate in climate 

models. Large-scale regional studies have corroborated the hypothesized increase in extreme precipitation with 

warming temperature, but few such studies exist on the impact on local storms in the Four Corners states. A study 

of extreme precipitation events in Colorado and New Mexico was recently completed and has updated estimates 

of the magnitude of severe storms possible in our state. Data and modeling studies suggest that while the risk of the 

most severe storms might not increase beyond current estimated values, less severe (but still high-intensity) storms 

may occur more frequently than at present, which could impact existing stormwater management infrastructure.
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I X .  P R E C I P I T A T I O N  A N D  S T O R M W A T E R
Bruce M. Thomson and David S. Gutzler

storms: a warmer atmosphere can hold more water 
vapor (see Appendix C), a warmer atmosphere 
may produce stronger storms, and the type of 
storm events may change as a result of changing 
weather circulation patterns. The objective of this 
chapter is to review the current state of knowledge 
of extreme precipitation events in New Mexico in 
order to determine how such events may change, 
discuss possible impacts on the state’s stormwater 
management infrastructure, and identify areas where 
new information is needed to improve stormwater 
management. Understanding how future extreme 
precipitation may change is critical to planning for 
future storm events. This section focuses on the 
frequency, occurrence, and characteristics of extreme 
precipitation events and stormwater management. 
Note that whether a particular storm results in 

INTRODUCTION

K nowledge of the characteristics and magnitude 
of future extreme precipitation events and their 

frequency of occurrence is vitally important to 
stormwater management agencies. The major risk 
posed by runoff from extreme precipitation events 
is the threat to human safety and infrastructure, 
particularly in urban locations. Furthermore, about 
16% of the dams in New Mexico store hazardous 
mine tailings or wastewater, and their failure would 
pose a serious environmental risk to downstream 
watersheds. However, extreme precipitation events 
also present a threat to undeveloped watersheds, 
especially those damaged by catastrophic 
wildfires (see Chapter 6).

Several phenomena associated with a warming 
climate may affect the intensity and magnitude of 
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flooding depends on the hydrologic conditions of the 
watershed (especially its topography, land cover, and 
antecedent conditions), as well as the characteristics, 
duration, and track of the storm. Because these 
characteristics and conditions are location and storm 
specific, it is not possible to predict the magnitude and 
consequences of individual future storms.

EXTREME PRECIPITATION IN 
NEW MEXICO

Extreme precipitation events in New Mexico 
that pose the greatest risk of flood damage to 
infrastructure and the environment are often very 
intense, short-duration, local storm events that are 
difficult for dynamical models to simulate. Coarse-
resolution climate models do, however, attempt to 
simulate atmospheric conditions that will enable the 
understanding of potential changes in precipitation 
events. Those changes are discussed in this section.

Due to New Mexico’s location in the Southwest 
and its varied topography, weather patterns in the 
state are highly variable and influenced at times 
by regional weather patterns from the Pacific 
Northwest; Arctic synoptic events from northern 
Canada and Alaska; and tropical weather from the 
Gulf of Mexico, the eastern Pacific Ocean, and the 
Gulf of California. Three types of storms that may 
cause extreme precipitation events in New Mexico 
were considered in the Colorado-New Mexico 
Regional Extreme Precipitation Study (CO-NM 
REPS; Colorado Department of Natural Resources 
[CDNR], 2018): local storms, general storms, and 
remnant tropical storms. The general characteristics 
of each are (CDNR, 2018):

Local storms:

• Main rainfall accumulation 
within 6 hours or less

• Not associated with overall synoptic patterns 
leading to regional rainfall

• Generally limited in extent to 100 square miles 
or less

• High-intensity rainfall

• Occur during the appropriate season, 
April through October

General storms:

• Rainfall that lasts 24 hours or longer

• Occur with synoptic environments associated 
with frontal events or atmospheric rivers

• Extent ranges from hundreds to 
thousands of square miles

• Lower rainfall intensity 
compared to local storms

• Generally strongest from fall through spring

Tropical storms:

• Rainfall that is a direct result of a 
landfalling tropical system

• Occur during the appropriate seasons, 
June through October

Storms may exhibit characteristics of more than 
one storm type; these are classified as hybrid storms. 
In New Mexico, the storms that pose the greatest 
threat to both urban and natural watersheds are 
very-high-intensity local storms, typically associated 
with convective activity (i.e., thunderstorms). 

Extreme precipitation events are usually 
measured by three characteristics (termed IDF): 
their intensity (I), which is the depth per hour of 
precipitation produced by the storm; the duration 
(D) of the storm event measured in minutes, hours, 
or days; and the frequency (F) at which they occur, 
the inverse of the probability of occurrence over 
a specified time interval (often expressed as the 
probability of an event occurring in a single year). 
For example, the intensity from a 100-year, 6-hour 
storm is the amount of rain, reported as depth of 
rain in inches or centimeters per hour, that falls over 
a 6-hour period from a storm with a 1% probability 
of occurring in a given year (i.e., a storm that occurs 
on average once every 100 years). The total amount 
of precipitation produced by a storm, the storm’s 
magnitude, is obtained by multiplying the intensity 
by the storm’s duration. One other factor that affects 
the impact of storm events is their areal extent. This 
is particularly important for summer thunderstorms 
in New Mexico, which are frequently very intense but 
of such limited extent that they do not produce major 
flooding. Information on IDF characteristics of storms 
throughout the country is available from a variety 
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of sources but is most commonly obtained from 
NOAA Atlas 14, published by the National Weather 
Service (NWS; 2005a). 

The complexities associated with multiple storm 
types occurring in New Mexico and the state’s widely 
varying topography contribute to a high degree 
of uncertainty in identifying extreme precipitation 
events. The complicated weather patterns in 
New Mexico are illustrated in the rainfall map for the 
100-year, 6-hour storms (Figure 9.1), which shows 
large variations in rainfall depths over a distance of a 
few tens of kilometers. This variation is particularly 
notable in the Upper Rio Grande watershed where 
the influence of topography is especially important. 
For example, the rainfall magnitude from a 100-year, 
6-hour storm at the crest of the Sandia Mountains is 
2.8 in. (71 mm), which is 25% greater than that at 
the Albuquerque airport (2.23 in. or 57 mm) though 
these sites are only 15 miles apart. The difference is 
even greater for longer duration storms, for example, 
a 53% difference for a 24-hour storm.

There are two basic ways to attempt to 
estimate how climate change might affect extreme 
precipitation events. One approach is to analyze 
historical records to test for changes that may have 
occurred in the recent past. Two recent studies 
examined observational records of extreme storm 
events to test for the existence of a long-term trend 
and used very different approaches. Kappel et al. 
(2020) assessed trends in large storm events across 
the United States controlling the most extreme 
precipitation amounts, so-called probable maximum 
precipitation (PMP) events (discussed further below). 
Roughly 10 such events occur nationally each 
year. The researchers found no significant trend in 
decadal averages of these extreme storms through 
the twentieth century.

Towler et al. (2020) assessed daily summer 
precipitation amounts, spatially averaged over 
the entire Rio Grande corridor north of Elephant 
Butte Reservoir, using a modest threshold to define 
“extreme events” of just 0.2 in./day (5 mm/day), 
which includes ~10 events each summer. They found 
no significant trend over a short (40-year) record 
(Figure 9.2), although one wonders if there would 
be a trend in extreme events if the threshold were 
changed to just the top 1% of precipitation days, 
those which are more likely to cause flooding (above 

the red line in Figure 9.2). The large variation in 
precipitation for these storms illustrates the difficulty 
in assessing historical trends of extreme events 
based on the available data and considering the 
variable results obtainable using different criteria for 
unusually large storm events.

The second approach is to conduct dynamical 
modeling experiments. Computer models based 
on equations describing atmospheric physics 
can be employed to simulate changes in extreme 
precipitation, or at least changes in the large-scale 
mechanisms that promote extreme precipitation 
(Figure 9.3). The effect that is best understood is 
moisture availability, often referred to as precipitable 
water. This is the depth of liquid water in a column 
of the atmosphere, if all the water in that column 
precipitated as rain. Increasing temperature even 
modestly leads to a large increase in the capacity 
of the atmosphere to hold water vapor and hence 
moisture availability (see Appendix C). Each of 
the mechanisms listed in Figure 9.3 is discussed in 
Volume VI of the CO-NM REPS (CDNR, 2018). 
This study is discussed in more detail below. As 
shown in Figure 9.3, the mechanisms that are best 
understood should promote future increases in 
extreme precipitation through increases in moisture 
availability and convective intensity. However, 
although increased energy is associated with warmer 
air, it is actually temperature differentials (i.e., 
temperature gradients) that result in atmospheric 
instability and increased convective intensity. There 
is some evidence that climate warming may cause 
increased atmospheric stability, which may reduce 
monsoonal rainstorms (Pascale et al., 2017).

The uncertainties inherent in simulating future 
storm events described in Chapter 2 all apply to the 
assessment of extreme precipitation, although the 
future trends are much less certain. However, as a 
group, multiple global climate models suggest that 
extreme precipitation events (such as those with 
less than 1% probability of occurring each year) 
will become more frequent and more intense in 
New Mexico (Janssen et al., 2014; CDNR, 2018; 
Figure 2.5). Further, Donat et al. (2016) conclude 
that the effects of a warming climate on extreme 
precipitation events will be felt more in arid regions 
compared to wet regions. However, this conclusion 
is not quantified, nor is it supported by all storm 
research in the Rocky Mountain states.
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Figure 9.1. Map of rainfall depth produced by 100-year, 6-hour storms in New Mexico (NWS, 2005). 
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Figure 9.2. Monsoon season 
(July–September) daily precipitation 
averaged spatially across the Upper 
Rio Grande watershed in northern 
New Mexico from 1981 to 2018 
(from Towler et al., 2020). Horizontal 
lines are selected percentiles: Q91 
= 5.0 mm/day (0.20 in., blue), Q95 
= 7.0 mm/day (0.28 in., orange), 
and Q99 = 11.9 mm/day (0.47 
in., red). The most extreme daily 
precipitation amounts, in the 99th 
percentile, occur above the red line, 
with amounts greater than 11.9 mm/
day (0.47 in.). Towler et al. (2020) 
used a daily precipitation threshold 
of 5.0 mm/day (0.20 in., above the 
blue line) to define extreme events.

Emori and Brown (2005) suggested that climate 
change will affect extreme precipitation in two 
ways, simplified in Figure 9.3. Dynamical changes 
may result from a change in atmospheric circulation 
patterns, whereas thermodynamic change is due to 
increased moisture content in warmer air. Storm 
events in New Mexico will be subject to both effects, 
and both are expected to change the environment 
in such a way as to generate storms that will be 
more frequent and more intense. The topography of 
New Mexico is an important factor that influences 
the characteristics of precipitation events in 
New Mexico. The prominent mountain ranges in 
New Mexico generate orographic effects that can 
either enhance or decrease precipitation depending 
on whether they force air to rise (upslope effect) 
or descend (downslope effect). In addition, these 
mountain ranges affect the storm track and velocity 
of local, general, and tropical storms.

Nevertheless, significant uncertainties remain. 
The historical correlation between convective 
storm intensity and rainfall amount is not strong 
(Mahoney et al., 2013; CDNR, 2018). The discussion 
by Mahoney et al. (2013) of the difficulties in 
downscaling from regional climate models to those 
depicting mesoscale (i.e., local) convective storm 
events is especially relevant to storms in New Mexico. 
Thus, though New Mexico may experience more 
thunderstorms in the future, it is not clear they will 
increase the risk of flooding.

Instead of trying to predict the effects of 
the physical mechanisms shown in Figure 9.3, 
Towler et al. (2020) assessed model-simulated 

twenty-first-century changes to large-scale summer 
weather patterns in order to identify trends in 
extreme precipitation events in New Mexico. Their 
analysis suggests little change in the frequency of 
extreme events over the next few decades but predicts 
an increase in summer storm events after 2050, 
using 0.24 in./day (6 mm/day) as the threshold for 
large precipitation events. Furthermore, there were 
no increases in the probability of daily precipitation 
exceeding 1 in./day (25 mm/day), which was 
interpreted as evidence that the frequency of extreme 
daily precipitation was more likely to change in 
coming decades rather than increase the amount of 
rain produced. Towler et al. (2020) cautioned that 
their technique does not directly consider trends 
in physical mechanisms such as precipitable water, 
which might limit the scope of their conclusions 
regarding the absence of trends in extreme events. 

• Moisture availability
Very likely to increase, high confidence

Future trends less certain

• Convective intensity

• Storm efficiency     
  (horizontal convergence 
  + ascent)

• Storm duration

• Storm tracks

• Precipitation type

Figure 9.3. The principal mechanisms that may increase precipitation 
from PMP events, with summary of current confidence in future 
changes to these mechanisms (McCormick et al., 2020).
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Lu et al. (2018) investigated the effect of increased 
water vapor in the atmosphere (moisture availability) 
and changes in the jet stream affecting storm tracks 
to determine the impact of atmospheric rivers on 
future extreme precipitation events in the western 
United States, such as those that occurred in the wet 
winter of 2016–2017. Atmospheric rivers are winter 
storms often associated with El Niño events that 
generally produce heavy snowfall in the mountains 
of New Mexico and southern Colorado. Runoff from 
these storm events is not typically associated with 
regional flooding due to the presence of conservatively 
designed large federal dams on all large rivers 
and streams in northern New Mexico that protect 
downstream agricultural land and urban areas. The 
only large perennial river in New Mexico without a 
dam to protect downstream areas from flooding is 
the Gila River in southwestern New Mexico. Lu et 
al. (2018) noted that while wet winters may become 
more frequent in a warmer world, diminished winter 
snowpack will reduce the volume of spring runoff, a 
phenomenon that is already occurring in New Mexico 
(see Figure 1.5 and Chapter 2).

CRITERIA FOR FLOOD-SENSITIVE 
INFRASTRUCTURE

Most stormwater infrastructure in New Mexico 
is designed to manage runoff from 100-year 
storms for durations of 24 hours. However, critical 
infrastructure, defined as that which would cause a 

Table 9.1. Comparison of rainfall depths at selected New Mexico locations for 100-year, 6-hour storms (NWS, 2005), PMP storms predicted by 
hydrometeorological reports (Hansen et al., 1984; Hansen et al., 1988), PMP storms predicted in CO-NM REPS (CDNR, 2018), and storms occurring 
once every 10 million years (CDNR, 2018).

a – NOAA Atlas 14 (NWS, 2005), most commonly used for storm precipitation estimates in New Mexico
b – HMR 55a (Hansen et al., 1988) 
c – Calculated using HMR 55a & HMR 49 data
d – HMR 49 (Hansen et al., 1984)
e – CO-NM REPS web utility (CDNR, 2018)

major loss of life in the event of failure, is designed to 
withstand flooding from much greater storms, usually 
those that produce the PMP. PMP is the maximum 
depth of precipitation that may fall over a defined 
time for a given storm area at a particular location 
based on the most extreme atmospheric conditions 
possible at that location. These are extremely rare 
events, with probabilities of occurrence ranging 
from 0.01% (a 10,000-year storm) to 0.000001% (a 
10,000,000-year storm).

NOAA Atlas 14 (NWS, 2005a) only has IDF 
data for storms with expected return periods up to 
1,000 years, which is considered to be insufficient 
for designing critical infrastructure. In the 1970s 
and 1980s, the NWS prepared information on PMP 
storms for the entire country and published them as 
hydrometeorological reports (HMRs; Figure 9.4A). 
PMP rainfall depths for New Mexico are described in 
HMR 49 and HMR 55a (Figure 9.5). Rainfall depths 
for PMP storms predicted by HMR 55a are much 
greater than depths of 100-year storms, in many 
cases three or four times greater (see Table 9.1), so 
facilities designed to accommodate PMP storms are 
large and expensive.

Estimation of PMP storms has traditionally used 
a variety of historical information including behavior 
of nearby extreme storms, atmospheric conditions, 
and weather patterns. In recent years, numerical 
modeling of storm events is included as well. Storm 
and meteorological information and modeling 
technology used to determine PMPs have all greatly 

 Rainfall Depth for 6-Hour, 10-Square-Mile Storm (inches)

Location 100-yeara
PMP  

(HMR 55a)b
PMP  

(CO-NM REPS) Ratio PMP/100-yearc 10-Myr stormd

Albuquerque 2.60 12 11 4.6 7.14
Hobbs 7.06 25 23 3.5 21.4
Las Cruces 3.74 14.5 15 3.9 9.5
Roswell 5.22 24.5 21 4.7 22.4
Santa Fe 3.21 14 19 4.4 7.3
Taos 2.88 11.5 15 4.0 5.9
Farmingtone 2.43 10.6 8 4.4 10.7
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Figure 9.4. (A) National map showing the coverage of hydrometeorological reports describing the characteristics of extreme precipitation 
events in the United States (Hydrometeorological Design Studies Center, [https://www.weather.gov/owp/hdsc_pmp]). (B) Percent change 
between 6-hour, 10-square-mile PMP storms predicted by HMR 55a (Hansen et al., 1988) and CO-NM REPS (CDNR, 2018).

A

B
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ALBUQUERQUE

LAS CRUCES

DENVER

Figure 9.5. Probable maximum precipitation for a local storm (10 square miles) of 6-hour duration (CDNR 2018).
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improved in the last 40 years and have increasingly 
called into question the accuracy of the HMRs. 
Accordingly, the states of Colorado and New Mexico 
contracted to develop the CO-NM REPS. This study 
examined historical storms, considered meteorological 
conditions including the effects of topography, 
and evaluated the current state of the art in storm 
modeling. Both a web-based tool and a GIS-based 
tool are publicly available for predicting extreme 
precipitation events with frequencies ranging from 
100-year events to PMP events. 

The CO-NM REPS study found substantial 
differences compared to extreme storms predicted 
by the HMRs, in some cases a nearly 50% reduction 
in total precipitation (Figure 9.4B and Table 9.1). 
At some high-elevation locations, the local PMP 
storm precipitation depth increased. The analysis of 
extreme precipitation events in the CO-NM REPS 
did not consider the effects of a warming climate 
because “...no methodologies for estimating PMP 
or precipitation-frequency-analysis (PFA) under 
climate change have as yet been elevated to an 
official or preferred status” (Mahoney et al., 2018). 
However, the study did provide a separate chapter 
containing a descriptive analysis of these effects 
(Mahoney et al., 2018). 

Salas et al. (2020) recently provided a state-of-
the-art review of the impacts of climate change on 
extreme precipitation events, specifically PMP storms. 
Though this review was for worldwide PMP storms, 
its conclusion that the effects of climate change on 
extreme precipitation events may be significant is 
relevant to New Mexico, where so much of our 
flood protection infrastructure is aging, built to older 
design criteria, and in poor condition. In particular, 
Salas et al. noted that traditional methods of 
determining PMP storms should be re-evaluated, as 
recent experience has shown that changing climate 
conditions may influence the type and nature of 
storms in different ways than in the past.

In New Mexico, storms that pose the greatest risk 
of causing flooding are short-duration, high-intensity 
local storms (usually monsoonal thunderstorms) 
and, less frequently, long-duration general storms, 
especially those associated with synoptic events 
that produce atmospheric rivers and are modulated 
by Madden-Julian oscillation changes (Maloney et 
al., 2019). In some cases, notably in urban areas, 
the greatest challenge is posed by storms of high 

intensity but very short duration, often 2 hours or 
less. The infrastructure to control short-duration, 
high-intensity storms comprises the greatest number 
of stormwater management systems in New Mexico. 
Because most are designed only for 100-year storms, 
they constitute the infrastructure most vulnerable 
to storms of increasing magnitude that may result 
from a warming climate. 

Lynker Technologies (2019) discussed methods 
of modifying IDF curves for the Colorado Water 
Conservation Board to aid in developing design 
criteria for future flood-protection infrastructure. 
Three methods were discussed:

• Physically based scaling methods, in which 
the IDF curves were adjusted for the increased 
maximum moisture capacity of warmer air

• Delta method, wherein the historical climate 
record is modified by a change factor 
calculated from raw or downscaled global 
climate model results

• Nonstationary globalized extreme value 
distribution method, in which the probability 
density function of annual maximum 
precipitation events is adjusted based on 
projected changes in temperature, mean 
precipitation, or other physical parameters

Lynker Technologies (2019) used these three 
methods along with physical data and modeling 
results near Denver, Colorado, to investigate the 
impact of climate change on IDF precipitation events 
through 2050. They found that the 100-year, 24-hour 
precipitation intensity is likely to increase by 10% to 
20% across the state of Colorado by 2050. However, 
uncertainty in historical IDF curves could result 
in an up-to-30% increase at some locations. This 
uncertainty is much larger than is often recognized, 
and the study concluded that the true precipitation 
from a 100-year storm may actually be closer to that 
which is currently projected for a 500-year storm.

A conundrum occurs when considering design 
requirements for stormwater infrastructure. Flood 
insurance programs and building restrictions are 
required (or at least provide strong incentives) to 
minimize flood risks within the 100-year floodplain, 
but they ignore adjacent areas. However, adjacent 
areas are vulnerable to flooding from less frequent but 
larger events. The question that must be considered in 
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developing long-range flood-management strategies 
is whether protection should be designed for storms 
of greater intensity, longer duration, or increased 
frequency of occurrence, all of which may result 
from a warming climate.

Requiring stormwater management systems to 
provide protection from 100-year storms creates a 
level of protection rather than a measurable reduction 
in risk. For example, a dam built to limit flooding 
from a 100-year storm in a watershed provides the 
same level of protection regardless of whether the 
downstream watershed consists of agricultural fields 
or high-density urban development with elementary 
schools and hospitals. There is increasing agreement 
within the stormwater management profession that 
infrastructure should be designed to reduce the risk 
posed to life and property rather than simply provide 
a specified level of protection. Thus, a greater amount 
of protection would be required for a developed 
urban watershed than for an undeveloped area.

REGIONAL FLOODING

The discussion in this chapter has primarily focused 
on flood protection from localized storm events 
impacting watersheds of a few hundred square 
miles or smaller. Historically, however, much 
greater floods, often resulting from spring snowmelt 
runoff that affects large areas of the state, have 
occurred. Historical records show flooding from the 
Rio Grande during the following years: 1828, 1851, 
1865, 1874, 1886, 1903, 1905, 1911, 1920, 1928, 
1929, 1935, 1941 and 1942 (U.S. Army Corps of 
Engineers, 2017). The 1941 flood was particularly 
severe, with peak flows estimated at 24,600 cubic 
feet per second (cfs). Construction of large dams 
on the Rio Chama (Heron, El Vado, and Abiquiu 
dams), Rio Grande (Cochiti Dam), and Pecos River 
(Sumner Dam) have nearly eliminated the chance of 
regional flooding from large rivers in the future. For 
example, the capacity of the channel downstream 
from Cochiti Dam is 7,000 cfs and limits controlled 
releases to that amount, which is less than one-third 
of the flow during the 1941 flood. Reduced spring 
runoff resulting from decreasing snowpack in the 
future (discussed in Chapter 2) will further limit 
the occurrence of extremely high flows from spring 
runoff. While flooding from snowmelt runoff poses a 
small risk for a few communities in New Mexico, it 
is largely unquantified, and most urban stormwater 

management facilities are designed for high-intensity 
local storms. However, there is still risk of flooding 
from unregulated tributaries. The 1929 flood that 
obliterated San Marcial in southern Socorro County 
resulted from a monsoon outburst that came 
down the unregulated Rio Salado and Rio Puerco 
(Phillips et al., 2011).

Though the risk of extremely high flows in the 
Rio Grande is reduced, many of the levees along the 
river between Cochiti Reservoir and the southern 
state line are at risk of failure from moderately high 
flows that may occur once every decade or two. 
Most of these levees are simply spoil-bank levees 
constructed by piling sand and soil excavated from 
the riverside drains next to the bosque (the gallery 
forest habitat along the Rio Grande floodplain). They 
have none of the features included in engineered 
levees such as an impervious core, erosion protection 
along the toe, or careful selection of soils and their 
proper emplacement to assure stability. As a result of 
levee failures associated with Hurricane Katrina in 
2005, the Federal Emergency Management Agency 
and the U.S. Army Corps of Engineers re-evaluated 
levees around the country and decertified most of 
the levees in New Mexico in 2009. Recent evidence 
of the vulnerability of these levees was provided in 
the summer of 2019, when 2 months of flows above 
5,000 cfs caused severe damage and near failure of a 
spoil-bank levee on the west side of the river near Los 
Lunas, New Mexico. The damage was not caused by 
erosion or scour but simply by sloughing of weak soil 
material in the levee due to the presence of standing 
water at its toe for a period of several weeks. Levee 
stability along the Lower Rio Grande has been a 
long-time concern of the U.S. International Boundary 
and Water Commission (2021).

IMPACTS OF PRECIPITATION ON 
BURNED WATERSHEDS

There is a large and growing body of literature on the 
post-wildfire impacts of large precipitation events. 
The overarching effects of storm events in a burned 
watershed are increased volume and water velocity 
of stormwater runoff. These lead to debris flows 
(high density slurries of rocks, mud, sediment, and 
burned and unburned vegetation that are transported 
by runoff at high velocities), landslides, hillside soil 
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loss and rill formation, erosion of stream channels, 
reduced infiltration, and degraded water quality. More 
details on these processes are discussed in Chapter 6. 

Wildfires increase runoff volumes and velocity 
by destroying vegetation and ground cover, which in 
turn increases the flow of water, decreases infiltration, 
and increases erosion. Increased flow and velocity 
coupled with the lack of vegetative cover to hold soils 
in place may result in debris flows from even modest 
storm events. Due to the high velocities and large 
amounts of material entrained in debris flows, which 
range from mud and silt to boulders and large trees, 
these flows can be extremely damaging to stream 
channels and any infrastructure in the channels such 
as culverts, roads, bridges, and reservoirs.

Two notable examples of the infrastructure 
damage caused by debris flows are cited here. 
Monsoon rains following the 2011 Las Conchas fire 
produced heavy debris flows that filled small ponds 
and stock tanks; damaged roads, stream crossings, 
and agricultural fields; plugged the Rio Grande 
downstream from Cochiti Reservoir; and forced 
the Albuquerque Bernalillo County Water Utility 
Authority to stop drawing water from the river for 
40 days (Tillery and Haas, 2016; USACE, 2017). 

Farther south, late summer monsoon rains 
following the June 2012 Little Bear fire in the Lincoln 
National Forest of south-central New Mexico 
resulted in large debris flows from the watershed 
(Tillery and Matherne, 2013). These completely filled 
Bonito Lake, the principal source of drinking water 
for Alamogordo, causing it to be taken out of service. 
Restoring the water supply requires removing all the 
sediment and debris as well as making repairs and 
improvements to the dam, which are not expected to 
be completed until summer 2022, 9 years after the 
fire (Maxwell, 2021). 

Concerns about the impact of postfire debris 
flows on water supplies and urban stormwater 
management systems led local agencies in Bernalillo, 
Sandoval, and Santa Fe counties to support studies 
by the USGS of potential threats posed by fires and 
subsequent debris flows on watersheds in the Jemez, 
Sandia, and Manzano mountains (Tillery et al., 2014; 
Tillery and Haas, 2016).

SUMMARY OF EXISTING 
STORMWATER MANAGEMENT 
PROGRAMS IN NEW MEXICO

There are about 400 large dams in New Mexico, 
most of which were built for stormwater management 
and flood protection. In this discussion, large dams 
are those at least 25 ft (7.6 m) tall and retaining at 
least 15 acre-ft (18,500 m3) of water or dams 6 ft 
(1.8 m) tall and retaining at least 50 acre-ft (62,000 
m3) of water. About 215 of the dams in New Mexico 
are classified as high hazard dams, which means that 
failure or improper operation will probably cause loss 
of human life. The location and ownership of large 
dams in New Mexico is presented in Figure 9.6.

The average age of large dams in New Mexico 
is about 60 years, which means they were designed 
when hydrologic conditions were not nearly as well 
defined as they are now. Furthermore, it is likely that 
these conditions have changed in the intervening 
decades and may change even more with a warming 
climate in future decades. A further complicating 
factor is that many of the dams that were built to 
protect undeveloped watersheds have experienced 
downstream suburban and urban development that 
has increased the risk to the public presented by 
possible dam failure. This is a form of “hazard creep” 
that stormwater management agencies do not have 
the resources to address. 

Stormwater management in New Mexico is 
provided by a diverse set of federal, state, and local 
organizations. At the federal level, the Bureau of 
Indian Affairs owns 27 large dams, the Army Corps 
of Engineers 7, the Bureau of Land Management 
34, the Bureau of Reclamation 15, and the Forest 
Service 5. The State of New Mexico owns 15 dams. 
Local governments, including cities, counties, 
irrigation districts, and flood control districts, own 
174 dams, and 105 state-regulated dams are privately 
owned. Thus, responsibility for managing flood 
control infrastructure falls upon a large number 
of federal, state, and local organizations as well as 
private companies and individuals.

Federal dams are not subject to state regulations. 
Instead, separate design and operations requirements 
are established for each of the agencies that 
own them. New Mexico regulations for design, 
construction, and operation of dams are contained in 
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section 19.25.12 of the New Mexico Administrative 
Code (NMAC) and are administered by the Dam 
Safety Bureau of the Office of the State Engineer. 
The State of New Mexico does not identify the 
level of protection that must be provided for a 
watershed vulnerable to flooding. The level of 
protection is generally determined by the requirement 
that mortgages from federally approved lending 
programs obtain flood insurance. Flood insurance 
is available under the National Flood Insurance 
Program in Special Flood Hazard Areas, which are 
most commonly defined as areas with a 1% annual 
chance of flooding, or in other words, a flood 
resulting from a 100-year storm (also known as the 
100-year floodplain). Most stormwater infrastructure 

is designed to minimize the 100-year floodplain. 
Thus, knowledge of how climate warming will affect 
the 100-year storm is important to stormwater 
management agencies and local governments.

New Mexico dam safety regulations require that 
all high-hazard dams, regardless of size, must have 
spillways designed to pass a flood from a PMP storm 
(NMAC 19.25.12.11.C.3.d). The extremely large 
nature of PMP storms in comparison to 100-year 
storms often creates a difficult design challenge for 
dam owners. For example, the John Robert Dam 
owned by the Albuquerque Metropolitan Arroyo 
Flood Control Authority provides protection from 
the 100-year storm in northeast Albuquerque 
(Figure 9.7). This dry dam is 65 ft (20 m) tall and 

Figure 9.6. Location and ownership of all large dams in New Mexico (data from U.S. Army Corps of Engineers, 2021).
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Figure 9.7. The emergency spillway for John Robert Dam, owned by the Albuquerque Metropolitan Arroyo Flood Control Authority. The spillway was 
designed to convey a flow of 23,600 cfs from a PMP storm. Photo by Bruce M. Thomson 

Stormwater cannot be captured for subsequent use without a water right (Thomson, 2021). Stormwater 
capture is addressed in state law, which states “the water shall not be detained in the impoundment 
in excess of 96 hours unless the state engineer has issued a waiver to the owner of the impoundment 
(NMAC 19.26.2.15.B).” This allows an entity to detain stormwater for the purposes of attenuating a 
flood wave, but all of the water must be released within 96 hours unless it is associated with a water 
right. This is known as the 96-hour rule.

The 96-hour rule brings to light a subtle but important distinction between two terms used in arid region 
stormwater management: retention and detention. Retention refers to capturing and retaining runoff 
indefinitely, whereas detention refers to capturing then releasing all stormwater within a short period. In New 
Mexico, retaining water for later use requires a water right. Detention requires releasing it within 96 hours.

An important consequence of the 96-hour rule is that nearly all flood control dams in New Mexico are 
“dry dams,” meaning they are not designed to hold water for more than a few days. Dry dams are much 
simpler and less costly than wet dams because they do not have an impervious core, they are usually not 
keyed into an underlying impervious geologic structure to prevent underflow, they do not have operable 
flood gates that can be closed to retain water, and they have little or no erosion protection on their 
upstream and downstream faces (Thomson, 2021). 

retains a 659 acre-ft (813,000 m3) reservoir on the 
Bear Canyon Arroyo that drains the western slope 
of the Sandia Mountains. Flow in the arroyo from 
a 100-year, 6-hour storm (2.3 in.) is estimated to be 
7,840 cfs (813,000 m3/s), but the spillway is designed 
for the flow from a 6-hour PMP event (17.5 in. at 
the dam and assumed to be 10.2 in. over the entire 
watershed), which produces a flow of 23,600 cfs (668 
m3/s); hence the dam must have a very large spillway. 
The dam was designed so that water from a 100-year 

storm event would not pass over the spillway. If a 
6-hour PMP storm ever occurs, the flow would be 
so large that only a small portion would be retained 
by the dam. The rest would flow over the spillway 
such that a reservoir-filling volume of water would 
pass over the dam every 20 minutes. Under these 
extreme conditions, the dam would provide virtually 
no downstream protection from flooding, illustrating 
the challenges of urban stormwater management 
considering the range of flows that could occur from 
extreme precipitation events.
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The impact of a warming climate on dam design 
criteria for the state of Colorado has recently been 
discussed by McCormick et al. (2020) based on the 
CO-NM REPS and other published research papers, 
as well as expertise from climate scientists at the 
University of Colorado and NOAA’s Physical Sciences 
Laboratory, both located in Boulder, Colorado. Based 
on this study, Rule 7.2.4 of the Colorado Rules and 
Regulations for Dam Safety and Dam Construction 
was adopted to require that future stormwater 
management projects be designed to accommodate 
a 7% increase in rainfall to account for a warming 
atmosphere and associated increase in atmospheric 
moisture over the period from 2020 to 2070 
(McCormick et al., 2020).

KNOWLEDGE GAPS

While there is an intensive, international research 
effort to model climate change and detect signals 
confirming its occurrence, there is considerably 
less research into predicting the frequency of 
occurrence and magnitude of individual storm events. 
Furthermore, little of the research on this topic is 
focused on storms in New Mexico and its neighboring 
Rocky Mountain states. As discussed in this chapter, 
New Mexico storms result from distinctly different 
types of weather, and the characteristics of these 
storms are influenced by factors that are somewhat 
unique to this state. The storms that present the 
greatest challenge to stormwater managers are 
short-duration, high-intensity local storms, which 
are especially difficult to predict and model. 
Accordingly, we suggest the following to address 
current knowledge gaps:

• Data analysis and/or modeling results are 
needed to determine if the intensity of low-
probability (i.e., 100-year) storms is changing 
or will change in the future, as these are the 
storms that most stormwater infrastructure 
is designed to manage.

• Improvements in storm models are needed 
to better predict the intensity, duration, 
and track of local storms (i.e., monsoonal 
thunderstorms) to assist the development of 
infrastructure design criteria and provide real-
time data to assist in storm warning systems.

• Improved downscaling from global climate 
models to regional climate models to 
mesoscale weather models is needed to develop 
better estimates of the frequency of occurrence 
and intensity of extreme storm events resulting 
from a warmer climate.

• There is an inconsistent understanding of 
the risk to the public posed by current flood 
protection systems. While infrastructure in 
large urban areas is generally well designed 
and maintained, public knowledge of the 
status of stormwater management systems 
elsewhere is less complete.

• The stormwater management community and 
regulators should establish a dialogue with 
elected officials and the public to determine 
what level of risk might be acceptable for 
different watersheds that are subject to 
flooding from storm events.

CONCLUSIONS

As the climate warms, the atmosphere can contain 
more moisture, and warmer air has more energy if the 
thermal contrast also increases. Together these factors 
lead to the concern that future rainfall events may 
be more intense and drop more water, thus leading 
to more frequent and larger flood events. Storm 
events are characterized by their rainfall intensity, the 
duration of the storm, and the frequency at which 
they occur (IDF). The magnitude of a given storm 
is the factor that affects flooding and is the product 
of precipitation intensity and duration. Quantitative 
metrics of extreme precipitation vary depending on 
choices made regarding IDF. Assessments of historical 
trends in extreme precipitation are limited by the 
length and quality of observed data, particularly for 
defining trends in the most extreme and therefore 
rarest event. Furthermore, simulation of extreme 
events in dynamical models presents a very difficult 
challenge for climate models that have insufficient 
spatial resolution and time increments that are too 
long to capture the physics of individual local storms. 
This is further complicated by incomplete physical 
representation of key atmospheric processes and 
topographic influences in current models.

These analysis challenges mean that assessments 
of past or future trends in extreme precipitation are 
inherently subject to large quantitative uncertainties. 
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The most recent National Climate Assessment used 
climate models to project that extreme storms with 
a 20-year return period would become significantly 
more intense across the United States as climate 
warms this century. Other studies discussed in this 
chapter used different techniques for defining and 
projecting trends in extreme storms or extreme 
precipitation. Recent studies reach inconsistent 
conclusions, with some projecting an increase and 
others projecting no detectable change in extreme 
precipitation, based on huge variations in the 
definition of “extreme” from study to study. 

The characteristics of future large-precipitation 
events have recently been the subject of a 
collaborative study funded by the states of Colorado 
and New Mexico (CDNR, 2018). This study 
identified three storm types that affect New Mexico: 
short duration (<6 hours) local storms, long 
duration (>24 hours) general storms, and tropical 
storms. Hybrid storms involve more than one 
of these characteristics. Storms that present the 
greatest threat of flooding are intense local storms, 
sometimes combined with tropical weather patterns, 
and most stormwater management infrastructure is 
built to provide protection from these events. Most 
infrastructure is designed to manage the 100-year 
storm, which has a probability of occurring once 
every 100 years. Critical infrastructure is designed 
to withstand more rare events up to the probable 
maximum precipitation (PMP) event, defined as 
an event that produces the maximum amount of 
precipitation that is meteorologically possible; such 
events by definition are expected to occur much less 
frequently than the 100-year storm. 

By updating the methodology and data used to 
define PMP storms, the CO-NM REPS found that for 
current climatic conditions the maximum possible 
rainfall from PMP storms in most of the state is 
similar to but slightly less than that predicted by older 
studies (see Table 9.1). Perhaps more importantly, 
this study allows estimation of the magnitude of 
storms with average recurrence intervals of between 
100 and 10,000,000 years, a feature that will 
facilitate development of risk-based stormwater 
management strategies.

As the climate warms and wildfires increase in 
burn area and severity, the frequency of debris flows 
will increase. These are high-density slurries of rocks, 

mud, and vegetation resulting from destruction of 
vegetation and soil litter that retain runoff, and 
decreased infiltration from a burned watershed, which 
increases the runoff volume and velocity of surface 
flow. Debris flows are extremely destructive due to 
their high velocities, the abrasive nature of the bed 
and sediment loads, and the amount of debris they 
transport. Following a wildfire, debris flows result 
from short-duration intense storms that are common 
during the monsoon season; they do not require 
extreme precipitation events. Thus, they are likely 
to follow most large fires in New Mexico. Given 
that wildfires are projected to increase with global 
warming (Chapter 6), increased numbers of debris 
flows can be expected.

Most large dams in New Mexico are designed for 
flood control and therefore do not retain a permanent 
pool of water. The average age of these dams is 
about 60 years; hence they were designed to different 
standards and for different hydrologic conditions 
than are likely in the future. It will be important 
to review the design, performance, operation, and 
maintenance of these dams and other stormwater 
management infrastructure to ensure they will serve 
their intended purpose of protecting the safety and 
welfare of the state as the structures age under 
conditions of potentially enhanced flood risk. In 
particular, state regulators may consider establishing 
dam safety regulations that are based on risks posed 
to downstream communities, infrastructure, and the 
environment rather than simply requiring protection 
against a 100-year storm.

The high level of scientific uncertainty about 
future extreme precipitation events leaves policy 
makers and water managers without clear, 
quantitative guidance regarding future trends in 
extreme precipitation, or even what the current risk 
of these events might be. From a risk-management 
perspective, a conservative policy approach would 
accommodate the possibility of increased extreme 
precipitation events in a warmer climate. This is the 
approach taken recently by the State of Colorado 
(McCormick et al., 2020). A similar approach should 
be considered by the State of New Mexico. Progress 
in narrowing the uncertainties in quantifying likely 
extreme precipitation and estimating future trends in 
extreme precipitation and flooding events represents a 
first-order need for continuing future research. 
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A warming climate may affect the quality of both surface and groundwater resources in New Mexico. The most likely 

effects may include increased temperature along with concentrations of nutrients, dissolved oxygen, and pathogenic 

organisms. Although the quality of groundwater may be affected, it is likely to be limited to locations with shallow 

groundwater depth and where surface water recharges an aquifer. The New Mexico Environment Department 

publishes an assessment of the quality of the state’s surface waters every 2 years. This recent assessment finds 

the major causes of impairment of streams and rivers are temperature, nutrients (nitrogen and phosphorous 

compounds), E. coli bacteria, turbidity, and dissolved aluminum. The parameters most likely to be affected by 

a warming climate are temperature, nutrients, and E. coli concentrations. Studies suggest that loss of riparian 

vegetation is the biggest factor affecting water temperature. Modeling studies of the effects of climate warming 

on nutrient concentrations are somewhat inconclusive. Recent investigations suggest E. coli concentrations may 

increase as a result of microbial regrowth in warming stream sediments in slow-moving stream reaches. A future 

threat to water quality is runoff following wildfire events. Postfire runoff can cause depletion of dissolved oxygen 

far downstream from the burned watershed.
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environments. However, these impacts have not 
been studied nearly as much as the impacts on the 
magnitude of the resource. 

Surface water in New Mexico occurs in streams 
and rivers; ponds, reservoirs, and lakes; and 
wetlands. Table 10.1 gives the length of perennial 
and non-perennial streams and the surface area 
of lakes, reservoirs, and freshwater wetlands. This 
information is from a biannual report prepared by 
the New Mexico Environment Department (NMED) 
and submitted to the U.S. Environmental Protection 
Agency (EPA) to satisfy the requirements of sections 
303(d) and 305(b) of regulations under the federal 
Clean Water Act; hence this report is known as the 
Clean Water Act 303(d)/305(b) Integrated Report 
(NMED, 2021a). This comprehensive report forms 

INTRODUCTION

T otal water withdrawals in New Mexico in 2015, 
the latest year for which data are available, 

constituted 3.1 million acre-ft (Magnuson et al., 
2019). Surface-water sources made up 52% of this 
amount, while 48% was groundwater. Surface-water 
resources are especially vulnerable to the effects of 
a warming climate, as both the quantity and quality 
of the resource may be negatively impacted by a 
warming climate. The quantity of surface-water 
resources is likely to be diminished principally by 
increasing amounts lost to the atmosphere through 
evapotranspiration and diverted for agricultural, 
municipal and industrial uses, as discussed in 
Chapters 3 and 7 of this bulletin. The impacts 
of a warming climate on water quality are likely 
to be important to water supply in the state and 
especially to the quality of aquatic and riparian 
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the underpinnings of this chapter, the purpose of 
which is to discuss how surface-water quality may be 
affected by a warming climate.

While the magnitude of groundwater resources 
will be impacted by reduced recharge and increased 
diversions in a warming climate scenario (Chapters 3 
and 7), it is not clear how the quality of these 
resources will change, as there have been no studies 
of possible impacts in the Southwest. One possible 
impact may be increased concentration of total 
dissolved solids (TDS) in aquifer-recharge water 
due to salinity increases caused by evaporation and 
evapotranspiration, but this effect is expected to 
be localized to shallow groundwater in a limited 
number of recharge zones. A second impact may 
result from enhanced microbial activity in warmer 
soil that could increase the concentration of CO2 

in groundwater, resulting in a decrease in pH and 
release of metals such as manganese (Riedel, 2019). 
Currently, however, it is not known if this might 
affect groundwater quality in New Mexico. Finally, 
although there is a formal process for periodic review 
of the state’s surface waters, there is no comparable 
monitoring program for its groundwater resources. 
Thus, the focus of this chapter is the quality of 
surface-water resources.

SUMMARY OF SURFACE-WATER 
QUALITY IN NEW MEXICO

Water-quality requirements for surface waters are 
based on their designated use as identified in 20.6.4 
of the New Mexico Administrative Code (NMAC), 
Standards for Interstate and Intrastate Surface Waters. 
The designated uses include supporting: aquatic life, 
fish culture, primary and secondary contact recreation 
(including cultural, religious, or ceremonial purposes), 
public water supply, industrial water supply, domestic 
water supply, irrigation, livestock watering, and 
wildlife habitat. In addition to state standards, 10 

New Mexico tribes and pueblos have developed their 
own EPA-approved stream standards to protect the 
quality of their surface-water resources (EPA, 2021a). 
Other water-quality standards that may be applicable 
include groundwater standards in 20.6.2 NMAC, 
Ground and Surface Water Protection, and federal 
Safe Drinking Water Act standards (EPA, 2021d). 
State drinking water standards adopt the federal 
standards by reference as established in 20.7.10 
NMAC, Drinking Water. As noted, this section focuses 
on whether surface-water quality complies with state 
stream standards. The stream standards constitute a 
convenient and accepted set of criteria by which to 
measure surface-water quality.

New Mexico surface-water quality standards 
consist of both descriptive criteria and numeric values 
that have been developed to support the designated 
use for each lake or reach of stream in the state. The 
Surface Water Quality Bureau of the NMED conducts 
an assessment of a fraction of the state’s streams each 
year with the objective of evaluating all lakes and 
streams every 7 years. This assessment is published 
every 2 years and identifies whether each lake or 
stream reach has sufficient water quality to support 
its designated use (NMED, 2021a). The assessment 
results are characterized by assigning each reach a 
numerical category, as summarized in Table 10.2.

Possible recent trends in stream and lake water 
quality can be determined by plotting the percent of 
each assessed unit in the five assessment categories 
from data in the biannual 303(d)/305(b) reports 
(NMED, 2021a). The plots (Figure 10.1) suggest little 
change in the number of impaired streams or lakes, 
which are those in assessment category 5. The number 
of stream reaches that have incomplete assessments 
has declined (category 2), while those reaches that 
support their designated use (category 1) and those 
that do not support their designated uses (categories 
3 and 4) have increased commensurately. Sixty-five 

Resource Value (U.S. units) Value (SI units)
Total length of perennial non-tribal rivers & streams 6,677 mi 10,750 km
Total length of non-perennial non-tribal rivers & streams 190,225 mi 306,100 km
Number of significant public lakes & reservoirs 170 170
Area of significant public lakes & reservoirs 85,455 acres 34,580 ha
Area of freshwater wetlands 845,213 acres 342,500 ha

Table 10.1. Summary of New Mexico surface-water resources (NMED, 2021a).
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percent of the lakes in New Mexico are impaired, 
meaning their water quality does not support the 
lakes’ designated use. Figure 10.1 shows there has 
been virtually no change in the fraction of lakes that 
are impaired since 2008.

The principal causes of impairment of streams 
and rivers are shown in Figure 10.2, and the 
causes of impairments of lakes and reservoirs are 
shown in Figure 10.3 (NMED, 2021a). The three 
primary causes of stream impairment are excessive 
temperatures, high concentrations of nutrients 
and eutrophication, and high concentrations of 
E. coli bacteria. All are likely to be affected by a 
warming climate, especially temperature. Excessive 
temperature has caused impairment of over one-
third of the state’s streams. Temperature limits are 
primarily established to protect fish and related 
aquatic life. The maximum temperature limits to 
support each type of aquatic life are summarized 
in Table 10.3 (20.6.4.900 NMAC). Temperature 
is an especially important parameter because it 

affects the type of organisms that can survive in the 
stream. In addition, the solubility of oxygen in water 
is inversely dependent on temperature; as temperature 
rises, the maximum dissolved oxygen (DO) content of 
water decreases. Elevated water temperatures therefore 
contribute to impairment caused by low DO.

The principal causes of impairment of New Mexico 
lakes and reservoirs are mercury and polychlorinated 
byphenyls (PCBs) in fish tissue and temperature. 
Sources of mercury in New Mexico waters may 
include atmospheric deposition from coal-fired electric 
power plants, legacy impacts of gold and mercury 
mining, and natural leaching of mercury-containing 
minerals (Wentz et al., 2014). Deposition of mercury 
in Caballo Reservoir from a distant forest fire was 
documented by Caldwell et al. (2000). PCBs can occur 
in aquatic systems from releases of hazardous wastes 
or atmospheric deposition (EPA, 2021b). Except for 
increasing forest fires, it is not clear that the occurrence 
of either mercury or PCBs will change in response 
to a warming climate. 

Category Description
1 All designated uses are supported.
2 Available data and/or information indicates that some designated uses are supported.
3 There is insufficient data and/or information to determine if the designated uses are supported (3 subcategories).
4 Available data and/or information indicate that at least one designated use is not supported and a TMDL* is either in place or may not 

be needed (3 subcategories).
5 Available data and/or information indicate that at least one designated use is not supported and a TMDL* may be needed 

(4 subcategories).

Table 10.2. Summary of New Mexico’s 303(d)/305(b) Integrated Report Categories for streams and rivers (NMED, 2021a).

* TMDL is the total maximum daily load of a constituent, which is “the maximum amount of a pollutant allowed to enter a water body so that the water body will meet 
and continue to meet water-quality standards for that particular pollutant” (NMED, 2021a).

(1) The average temperature limits for cold-water and marginal cold-water aquatic life are based on temperature for 4 (4T3) or 6 (6T3) consecutive hours in a 24-hour 
period on more than 3 consecutive days. 

Designated Use
Maximum  

Temperature
Average 

Temperature Criteria for Average1
Minimum Dissolved 

Oxygen Conc. (mg/L)
Cold-water aquatic life 23°C (73°F) 20°C (68°F) 4T3 6.0
Marginal cold-water aquatic life 29°C (84°F) 25°C (76°F) 6T3 6.0
Cool-water aquatic life 29°C (84°F) - - 5.0
Marginal warm-water aquatic life 32.2°C (90°F) - - 5.0
Warm-water aquatic life 32.2°C (90°F) - - 5.0

Table 10.3. Maximum temperature limits and minimum dissolved oxygen concentrations to support aquatic life in New Mexico streams, rivers, lakes, 
and reservoirs (20.6.4.900 NMAC).
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Figure 10.1. Summary of the impairment categories of assessed streams and lakes in New Mexico 
(NMED, 2021a). A description of the assessment categories is provided in Table 10.2.
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Stream miles impaired
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Figure 10.2. Principal causes of surface-water impairment of streams and 
rivers (NMED, 2021a).

Figure 10.3. Principal causes of surface-water impairment of lakes and reservoirs in 
New Mexico (NMED, 2021a). **Based on current fish consumption advisories and 
0.3 mg/kg methylmercury in fish tissue criterion.
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The sources of impairment for surface waters 
include point-source discharges, non-point-source 
discharges, stormwater runoff, impacts caused 
by poor management of the watershed and/or 
the riparian environment, and runoff following 
catastrophic fire events. The sources of impairment of 
streams and rivers in New Mexico identified in total 
maximum daily load (TMDL) reports by NMED 
(2021a) are summarized in Figure 10.4. Most of 
these sources are not directly affected by a warming 
climate, and only 8% of the probable sources of 
impairment are due to drought-related impacts. 
However, degradation of watersheds as a result 
of increasing aridity, overgrazing, and increasing 
frequency of range and forest fires is likely.

IMPACTS OF CLIMATE WARMING 
ON WATER QUALITY PARAMETERS

The 303(d)/305(b) list (NMED, 2021a, p. 52) has a 
brief section on the impacts of drought and climate 
warming on water quality. These impacts may 
include increased pollutant concentrations due to 
reduced flows caused by evaporation, warmer water 
temperatures, enhanced algal production, and lower 
DO levels; however, the degree to which these impacts 
may increase was not discussed. 

Nearly all the causes of impairment of streams, 
rivers, and lakes identified in Figure 10.2 and 
Figure 10.3 are due to non-point-source pollution. 
The one exception is nutrients from wastewater 
discharges, although most wastewater treatment 
plants have discharge permits requiring them to 
control nutrient releases, and most reliably comply 
with these requirements. Non-point-source pollution 
is the primary cause of impairment for streams, 
rivers, and lakes in the United States (EPA, 2021c). 
Constituents that affect stream water quality include: 
dissolved solids, which increase salinity; inorganic 
contaminants including metals and non-metals; 
nutrients, principally compounds containing 
nitrogen and phosphorous; and organic constituents, 
both natural organic matter and anthropogenic 
compounds. Based on the assessments in the 
303(d)/305(b) Integrated Report (NMED, 2021a), 
the principal contaminants of concern that may be 
affected by a warming climate are nutrients, metals 
(principally aluminum), and salinity (Figures 10.2 
and 10.3). Impairments caused by mercury, PCBs, 
and DDT in fish tissue are not directly influenced by a 
warming climate and are not discussed here.

The EPA (2017) published the results of a 
national assessment of the impacts of climate change 
on a variety of economic and social issues including 
health, infrastructure, electricity generation, water 
resources (both water supply and water quality), 
agriculture, and ecosystems. The study used the 
results of a suite of global climate models as input 
into models that predict the effects of climate 
warming on each system. Two water-quality models 
were used: Hydrologic and Water Quality System 
(HAWQS) and US Basins (Fant et al., 2017). The 
largest impacts predicted in the Southwest are loss of 
habitat for cold-water fish and damage to watersheds 
by wildfire (EPA, 2017; Fant et al., 2017).

Figure 10.4. Probable sources of surface-water impairment 
in streams and rivers of New Mexico, as reported in approved 
TMDLs (NMED, 2021a).
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The modeling effort by EPA (2017) shows a large 
increase in water temperature and moderate decrease 
in DO in New Mexico (Figure 10.5). Modeling details 
were discussed by Fant et al. (2017). The source of 
nitrogen and phosphorus in the models was primarily 
runoff from non-point sources. The total load of 
each nutrient was not projected to increase much 
in the Southwest through 2090. However, nutrient 
concentrations were projected to increase because 
their load was transported by a smaller volume of 
water. The HAWQS model predicts a large increase 
in nitrogen concentrations by 2090, whereas the 
US Basins model predicts a decrease in nitrogen 
concentration. The difference between the two models 
is explained by the differences in flow predicted by 
the two water models. The HAWQS model predicts 
a greater reduction in river flow by 2090 than the 
US Basins model; thus, similar nitrogen loading will 
result in a higher concentration (Fant et al., 2017). 
Both models predict an increase in the concentration 
of phosphorus in New Mexico streams primarily 
as a result of reduced flow. Note that the scale of 
this modeling effort was limited to watersheds with 
8-digit hydrologic unit codes (HUC), which was quite 
coarse. Thus, the conclusions of this study should 
be considered possible consequences rather than 
definitive predictions.

A recent paper by Coffey et al. (2019) consists of 
a review of studies of impacts of a warming climate 
on water quality in watersheds throughout the United 
States. The parameters considered were nutrients, 
sediments, pathogens, and algal blooms. This paper 
confirmed that nutrient loads are primarily from 
non-point sources and cited mechanisms that might 
increase these loads (more agricultural activity due 
to a longer growing season and greater runoff from 
more intense storms) or decrease these loads (more 
nutrient uptake by plants and increased denitrification 
as a result of warmer temperatures). Coffey et al. 
reported that the effects of future changes in land use 
and climate on nutrient loads are uncertain.

Aqueous nutrient concentrations (nitrogen [N] 
and phosphorous [P]) and sediment concentrations 
were generally predicted to increase east of the 100th 
meridian and decrease in Western states. Only a few 
studies were identified in the summary paper by 
Coffey et al. (2019) in the Four Corners states, and 
only one was done in New Mexico. All four studies 
predicted decreases in N and P sediment loads. The 

N and P loadings published by Fant et al. (2017) 
varied depending on the global climate model used. 
Water-quality modeling using one set of models 
predicted an increased loading for both constituents 
while another set predicted a decrease. The difference 
was primarily attributable to non-point-source runoff, 
the quality of which is difficult to reliably predict. The 
overall conclusion from these studies is that the future 
effects of climate warming on nutrient loads and 
concentrations are uncertain. 

The likely effect of a warming climate on 
temperature and E. coli is briefly discussed below, as 
are the water quality impacts of forest fires.

Temperature and Dissolved Oxygen—Figure 10.2 
and Figure 10.3 show that temperature is the 
principal cause of impairments to New Mexico 
streams and the third most frequent cause of 
impairments of lakes. Although there is wide 
agreement that the climate of New Mexico is 
warming (see Chapter 2), the influence of air 
temperature on water temperature is difficult to 
predict. The nationwide studies by EPA (2017) and 
Fant et al. (2017) regarding the impacts of climate 
warming on water quality predict 2° to 5°C (3.6° 
to 9°F) increases in the temperature of New Mexico 
streams; however, the coarse nature of this study 
introduces uncertainty regarding how well the 
projections may apply to any particular locality.

Increased water temperature affects DO, as 
the saturated solubility of DO in water is inversely 
dependent on water temperature. In addition, 
saturated DO concentration decreases with elevation, 
a factor that is often overlooked but is especially 
important in high-altitude New Mexico streams. The 
relationship among maximum DO concentration, 
temperature, and elevation is summarized in 
Figure 10.6. Thus, although temperature is a frequent 
cause of impairment of streams, rivers, and lakes, high 
water temperatures are also an important contributor 
to low DO concentrations.

The temperature of a stream is influenced by three 
principal factors: air temperature, flow, and riparian 
vegetation. Two different approaches have been used 
to characterize the relationship between climate and 
stream-water temperature. The first uses historical 
data to correlate water temperatures to changes in air 
temperature. This method compiles historical records 
of water and air temperature, streamflow, watershed 
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US BasinsHAWQS

2050 2090 2050 2090

Temperature change in ºF

<      1        2        3       4       5        6      7        8       9       >

% change Dissolved Oxygen

  <    -16    -12     -8       -4       0        4       8       12      16     >

% change Nitrogen

  <    -16    -12     -8       -4       0        4       8       12      16     >

% change Phosphorus

  <    -64    -48      -32     -16     0        16     32      48      64    >

Figure 10.5. The effects of climate change in water-quality parameters under RCP 8.5 in 2050 (2040–2059) and 2090 (2080–2099) relative to 
the reference period (1986–2005). Results for each 8-digit HUC represent the average values across the five global climate models and are 
aggregated to the Level-III Ecoregions (EPA, 2017).
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characteristics, and other relevant information, then 
uses statistical methods such as multiple regression 
to determine the effect that each parameter has on 
temperature. Isaak et al. (2012) used this method 
to analyze data from 1980 to 2009 to estimate the 
effects that a warming climate will have on cold-water 
streams in the Pacific Northwest. The limitations of 
this approach are mainly due to the large natural 
variations in water temperature that make detecting 
a long-term trend difficult. The limitations have been 
discussed by Arismendi et al. (2014). The second 
method is a mechanistic approach in which all the 
heat fluxes into and out of the water are calculated 
and used to predict water temperature changes 
(Sinokrot et al., 1995). The challenge with this 
approach is determining values for the large numbers 
of site-specific input parameters needed to accurately 
model the temperature in a particular stream.

Paul et al. (2019) published a recent review of 
the impacts of a warming climate on flow, water 
temperature, and salt-water intrusion. Nearly all 
studies of watersheds throughout the United States 
were expecting to experience increased water 
temperature. No studies were found for New Mexico 

streams. Wondzell et al. (2019) provided a recent 
review of studies of the effects of climate warming 
on northwestern U.S. cold-water streams, then used 
a mechanistic heat budget model to determine the 
effects of each factor under varying conditions of 
climate warming. The study area was the Middle 
Fork of the John Day River in northeastern Oregon, 
a region of the country and a stream with many 
characteristics similar to perennial streams in 
northern New Mexico. Air temperature increases 
of 2°C (3.6°F) and 4°C (7.2°F) were modeled, and 
flow changes of ±30% were considered (as described 
in the paper and Chapter 3). The effects on water 
temperature of riparian shade, a 4°C (7.2°F) increase 
in air temperature, and ±30% change in flow for 
7 days, all compared to a 2002 baseline, are shown 
in Figure 10.7. The effect of shade was modeled 
by considering the loss of riparian vegetation due 
to a catastrophic wildfire, followed by regrowth of 
a young open forest.

Wondzell et al. (2019) found that “shade was 
by far the biggest single factor influencing future 
stream temperatures,” as has been found in previous 
studies. It affects temperature in two ways. First, 
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Figure 10.6. Dependence of the saturated dissolved oxygen concentration (mg/L) in equilibrium with the 
atmosphere on temperature and altitude.
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Figure 10.7. Hourly stream temperature time series at RKM 14.05 for the 7-day period over which 
the heat budget is summarized (from Wondzell et al., 2019, Figure 3). (A) Four riparian vegetation 
scenarios with 2002 base-case conditions for air temperature (Tair) and discharge (Q). (B) Two air 
temperature scenarios with 2002 base-case conditions for riparian vegetation and Q. (C) Three 
discharge scenarios with 2002 base-case conditions for riparian vegetation and Tair.
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loss of vegetation allows direct exposure to sunlight, 
which increases water temperature and reduces heat 
loss by long-wave radiation. Secondly, heat loss due 
to increased evaporation results in large diurnal 
swings, as is shown in Figure 10.7A. These large daily 
variations resulting from loss of riparian vegetation 
may have an effect on aquatic cold-water organisms 
both as a result of afternoon high temperatures and 
because increasing the water temperature by roughly 
10°C (18°F), for example from 20° to 30°C (from 
68° to 86°F), would result in the saturated DO 
concentration dropping from 7.6 mg/L to 6.3 mg/L 
at 5,000-ft elevation.

The study by Wondzell et al. (2019) considered 
loss of riparian vegetation as a result of wildfire. 
However, in New Mexico a much more frequent 
cause is destruction by grazing animals, including 
cattle, sheep, and wildlife (Thibault et al., 1999; Clary 

and Kruse, 2003; Lucas et al., 2004; Lucas et al., 
2009). The NMED non-point-source management 
program supervises an extensive watershed 
improvement program using federal funds under 
Section 319 of the Clean Water Act (NMED, 2021b). 
Much of the effort is devoted to restoring a healthy 
riparian environment through construction of grazing 
animal exclusion zones (i.e., fencing; Nusslé et al., 
2015; Swanson et al., 2015). The benefit of these 
programs is illustrated in Figure 10.8, which shows 
the effect of different range management strategies 
on riparian vegetation on the Sapello River north of 
Las Vegas, New Mexico. The ranch in the right side 
of the photo allows animals to graze and wander into 
the stream, whereas that on the left side limits access 
of cattle and other ungulates to the river. Limiting 
grazing access to the river on this ranch has resulted 
in growth of a rich and diverse riparian forest that 

Figure 10.8. The boundary between two ranches on the Sapello River, showing the effects of different management strategies on riparian 
vegetation. Photo by Bruce M. Thomson (2021)
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helps control water temperature and improves the 
habitat for fish, birds, and aquatic mammals (i.e., 
beaver and muskrat; Thomson and Ali, 2008). 

E. coli Concentrations—High concentration of 
E. coli bacteria is the third leading cause of stream 
impairments in New Mexico, especially in lower-
elevation, slower-flowing warm streams (Figure 10.2). 
E. coli is an enteric bacteria that lives in the gut 
of warm-blooded animals and is regulated as an 
indicator of fecal contamination. This organism and 
other enteric bacteria are often referred to as fecal 
indicator bacteria (FIB). Since human waste may 
contain pathogenic microorganisms, the presence 
of FIB in water is a suggestion that the water may 
be a threat to human health. Sources of E. coli may 
include discharges from improperly functioning 
wastewater treatment plants, stormwater discharges, 
runoff from agricultural activities, leakage from 
on-site wastewater treatment systems (i.e., septic 
tank systems), and illicit discharges (EPA, 2010). 
Wastewater treatment plants have very stringent 
discharge limits for E. coli as well as frequent 
monitoring requirements and are therefore not 
considered a major source of this constituent. 
High concentrations of E. coli and other FIB 
organisms in natural waters is assumed to be due 
to the presence of fecal contamination from warm-
blooded animals. Besides humans, this may include 
domesticated animals (cats and dogs), livestock, 
terrestrial and aquatic mammalian wildlife, and birds, 
especially waterfowl.

The Middle Rio Grande flowing through 
Albuquerque is a reach of stream that persistently 
is impaired as a result of high concentrations of E. 
coli that have been attributed to stormwater and 
non-point-source runoff. An EPA-approved TMDL 
determination was completed for this reach of the 
river in 2010 (EPA, 2010); however, water-quality 
data continue to document exceedances of stream 
standards in spite of aggressive implementation of 
control strategies (Albuquerque Metropolitan Arroyo 
Flood Control Authority, 2018). This experience 
illustrates the difficulty of meeting stream standards 
for this constituent.

However, there is a growing body of literature 
that shows that E. coli can grow in warm, organic-
rich sediments in streams, rivers, and lakes. A 
comprehensive review of growth of E. coli in natural 

environments has been provided by Fluke et al. 
(2019) to support their recent study that found strong 
evidence of natural regrowth of E. coli occurring 
in sediments of the Middle Rio Grande. This study 
sampled river water and bottom sediments at six 
locations along the river from north of the town of 
Bernalillo to south of the discharge of the Southside 
Water Reclamation Plant, a 3.33 m3/s (76 Mgal/
day) advanced wastewater treatment plant near the 
southern boundary of the city. 

The results are summarized in Figure 10.9 
and show a strong correlation between E. coli in 
suspension and E. coli in stream-bed sediments. The 
highest concentrations of both were in the summer 
and fall when water temperatures were highest. 
Furthermore, the concentrations increased at the 
southern sampling sites that corresponded to the 
flattest slope, slowest river velocities, and deepest and 
finest sediment accumulations.

High concentrations of FIB such as E. coli are 
often present in urban stormwater runoff (Thomson, 
2021), and watershed management measures need 
to be implemented to control this type of pollution. 
However, the contribution of urban runoff to most 
New Mexico streams and rivers is small. The results 
of Fluke et al. (2019) and studies cited by them 
suggest that E. coli concentrations will increase as 
future water temperatures increase, especially in 
low-energy streams with fine-grained, organic-rich 
bottom deposits. Exceedances of stream standards for 
this parameter will therefore cause increased surface-
water impairments in New Mexico.

Impacts of Forest Fires—As the climate warms, the 
number and size of forest and range fires is expected 
to increase, as discussed in Chapter 6 of this bulletin. 
This has three major effects on watersheds, primarily 
resulting from the increased volume and velocity 
of runoff from burned land. These effects are: 
catastrophic erosion of land, stream channels, and 
conveyance structures by debris flows; accumulation 
of rock, mud, and burned vegetation in reservoirs 
and stream channels; and water-quality degradation 
by suspended sediment and dissolved constituents 
leached from the burned watershed. A discussion 
of the mechanisms and controls affecting debris 
flows on burned and unburned hillslopes for two 
forests in New Mexico has been provided by Tillery 
and Rengers (2020) and Tillery and Haas (2016). 
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Figure 10.9. (A) Correlation between E. coli water and sediment concentrations and (B) E. coli water loads and mean E. coli sediment concentrations 
in stream bottom sediments in the Middle Rio Grande. Sites are numbered from the upstream extent of the watershed (site S1) to the downstream 
extent (site S6; Fluke et al., 2019).
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Figure 10.10. Summary of impacts of Las Conchas fire on dissolved oxygen concentrations in the Rio Grande (Ball et al., 2021).
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The discussion in this section focuses on the effects of 
post-wildfire runoff on surface-water quality. Other 
impacts are discussed in Chapters 4 and 6.

The impacts of post-wildfire runoff on water 
quality may include high concentrations of 
sediments, nutrients, organic compounds, and 
metals. High concentrations of these constituents 
contribute to impairment of receiving waters. For 
example, nutrients and/or metals may leach from 
sediments transported to the stream by runoff, while 
biodegradation of organics in sediments and in 
solution can cause sufficiently low DO concentrations 
to result in widespread fish kills. Postfire impacts on 
water quality contribute to at least 10 of the top 20 
causes of impairments listed by the EPA (2017).

While there is a growing body of literature on 
postfire impacts on water quality, perhaps the most 
relevant is a recent paper by Ball et al. (2021), which 
looked at spatial and temporal increases in stream 
impacts between 1984 and 2014 on Western streams 
and rivers. They found that wildfires directly impact 
~6% of total stream and river miles in the western 
United States and that the length of impacted streams 
is growing at a rate of 342 km/yr. 

The effects of the 2011 Las Conchas fire in the 
Jemez Mountains on Rio Grande water quality 
received special attention (Ball et al., 2021) and 
built upon previous work by Reale et al. (2015). The 
analysis showed that monsoonal rainstorms after 
the fire resulted in DO concentrations dropping 
below the New Mexico stream standard. Data 
from water-quality monitoring instruments were 
used to calibrate a numerical model to estimate 
that DO sags of >0.5 mg/L extended at least 388 
km downstream from the headwaters of one of the 
streams in the burned area (Figure 10.10). Transient 
extreme DO depletions could jeopardize aquatic life, 
especially cold-water game fish that require high DO 
concentrations to survive. The researchers noted that 
effects of other parameters, including ash, nutrients, 
and metals, likely extended farther downstream 
than those affecting DO.

A broader analysis of the water-quality impacts of 
post-wildfire runoff was conducted by Gallaher and 
Koch (2004) following the 2000 Cerro Grande fire in 
the Jemez Mountains. This fire burned approximately 
3,000 ha (7,400 acres) of property owned by Los 
Alamos National Laboratory and about 4,000 ha 

(10,000 acres) of watershed above the lab that drains 
through lab property. The report describes 4 years of 
extensive monitoring of the hydrologic and water-
quality impacts of the fire. Knowledge gained about 
the impacts of a large fire on a forested watershed 
in New Mexico is especially valuable because the 
watershed was well instrumented and intensively 
studied both before and after the fire, which allowed 
a thorough understanding of the nature and extent 
of degradation of the watershed and streams and 
the impacts on water quality. Continued reported 
monitoring also provided information about the 
recovery of the watershed in the 4 years after the fire.

Wildfire impacts on this watershed were unusual 
because of the presence of the national laboratory 
and the nature of the contaminants. Portions of the 
property owned by Los Alamos National Laboratory 
have high concentrations of radionuclides from legacy 
laboratory activities; therefore, special attention was 
paid to their concentration in runoff.

The concentrations of major constituents 
(total suspended solids, major cations and anions, 
nutrients, and cyanide) increased immediately after 
the fire but dropped to near-background levels, 
generally within 2 to 3 years. The one exception 
was suspended solids, which remained high over the 
4-year duration of the study due to soil loss from the 
watershed. Concentrations of radionuclides in runoff 
immediately following the fire increased from 10 to 
50 times those in pre-fire samples, depending on the 
constituent. These radionuclides included radioactive 
isotopes of americium (Am), cesium (Cs), strontium 
(Sr), plutonium (Pu), and uranium (U). Ninety-
five percent or more of these contaminants were 
associated with suspended solids mobilized by the fire. 
Dissolved concentrations of radionuclides and minor 
constituents generally met federal drinking water 
standards. Twenty-five metals were analyzed in runoff 
from the watershed. All the constituents detected at 
concentrations greater than surface or groundwater 
standards were attributed to natural sources, not 
laboratory activities. Most metals were associated 
with suspended solids; consequently, their soluble 
(i.e., filtered) concentrations generally met applicable 
water-quality standards. A broad suite of organic 
compounds including explosive compounds and 
PCBs were analyzed in runoff. Ninety percent of the 
samples had concentrations of organic compounds 
that were below applicable standards.
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In addition to the effects of postfire runoff on 
the aquatic environment, poor water quality may 
affect utilities that rely on surface water as their 
source of supply. In addition to mobilizing suspended 
solids, ash, and metals, as was reported by Gallaher 
and Koch (2004), runoff from burned watersheds 
may include pyrogenic-dissolved organic matter 
(i.e., dissolved combustion products) that cause 
color, taste, and odor problems that are difficult to 
remove by conventional water treatment (Chow et 
al., 2021). Furthermore, if the fire burns a developed 
rural community, subsequent runoff may contain 
hazardous and/or toxic compounds from combustion 
of cars, houses, and commercial buildings. Fire in 
such a community also destroys water infrastructure 
such as pump houses, water tanks, and above-ground 
components in water distribution systems.

Concern about poor water quality following 
the Las Conchas fire and its impact on the water 
treatment system caused the Albuquerque Bernalillo 
County Water Utility to discontinue withdrawing 
surface water from the river for 2 months. This utility 
was able to take this action because it has sufficient 
capacity of groundwater to meet its needs in the event 
its surface-water supply is disrupted. Utilities that 
rely on surface water without an alternate source of 
water may face drinking-water-quality challenges that 
cannot be met by their water treatment systems.

SUMMARY AND RESEARCH GAPS

New Mexico and many of the pueblos and tribal 
nations in the state have developed scientifically-based 
water-quality standards for the streams, rivers, and 
lakes that have been approved by the EPA (2021a). 
These standards have been developed to protect 
the designated uses of these streams, including 
anthropogenic uses such as drinking-water supply 
and agricultural use, as well as to protect the quality 
of the aquatic environment. The NMED publishes 
an assessment of the quality of surface waters in 
the state every 2 years which identifies whether the 
quality is sufficient to support the designated use 

for each identified stream segment (NMED, 2021a). 
The four major causes of impairment of streams and 
rivers include (in descending order) temperature, 
nutrients and/or eutrophication, the presence of 
E. coli bacteria, and turbidity (Figure 10.2). High 
water temperatures are especially problematic 
and result in impairments of roughly one-third of 
the total length of perennial streams in the state. 
The four major causes of impairment of lakes are 
mercury and PCBs in fish tissue, temperature, and 
nutrients and/or eutrophication (Figure 10.3). The 
water-quality issues that are likely to be of increasing 
concern due to climate warming are temperature and 
E. coli concentrations. Future changes in nutrient 
concentrations and eutrophication are uncertain but 
not predicted to be problematic; however, they have 
not been the subject of much investigation.

The impact of wildfires on water quality is also 
of concern and may result in high concentrations 
of sediments, nutrients, organic compounds, and 
metals. A recent study by Ball et al. (2021) found 
that the length of streams impaired by post-wildfire 
runoff is increasing in the western United States. 
Further, this study found that DO sags extended up 
to 388 km downstream from the burn area of the 
2011 Las Conchas fire during summer monsoon 
rains. Because of water quality concerns from this 
watershed following the fire, the Albuquerque 
Bernalillo County Water Utility Authority curtailed 
withdrawals of Rio Grande water for its public water 
supply for 2 months. This experience demonstrates 
that post-wildfire runoff may have effects on public 
water supplies as well as impacts on the aquatic 
environment. Intensive monitoring of a watershed 
on and above Los Alamos National Laboratory 
following the 2000 Cerro Grande fire found elevated 
concentrations of major constituents (total suspended 
solids, major cations and anions, and nutrients), 
metals, and radionuclides (Gallaher and Koch, 2004); 
however, these constituents were primarily associated 
with high suspended sediment concentrations. The 
dissolved concentrations of these constituents nearly 
all met applicable water-quality standards.
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KNOWLEDGE GAPS

The NMED has an effective surface-water quality 
monitoring and assessment program that provides a 
considerable amount of quantitative and descriptive 
information on the status of lakes and perennial 
streams in New Mexico. However, as this chapter 
has shown, there has been little research to describe 
and quantify possible impacts of a warming climate 
on these bodies of water. Information and/or studies 
that might be implemented to address this deficiency 
are summarized below.

• The wealth of existing NMED surface-water 
quality data has not been comprehensively 
examined to determine if climate warming, 
change in watershed characteristics (e.g., 
urbanization or changing agricultural 
practices), or other factors have impacted 
watershed characteristics.

• Long term water-quality monitoring stations at 
key locations might be correlated to a warming 
climate or other factors.

• Modeling studies that could identify impacts 
of a warming climate have not been done on 
New Mexico water bodies.

• It is not clear if there is an agency or 
organization that has responsibility for 
compiling, analyzing, and reporting changes 
in water quality with time. Such an agency or 
organization might also serve to coordinate 
cooperative investigations into future impacts.
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All regions of New Mexico will be affected by climate change, but the topographic complexity of the state will 
generate distinct impacts by location. The average temperature will warm across the state, probably between 5° 

and 7°F, whereas average precipitation is likely to remain constant, even if more variable from year to year, with 

the possibility of more extreme precipitation events. Snowpack, runoff, and recharge will decline, stressing both 

surface and groundwater resources. Surface-water quality will decline. Plant communities will be stressed by 

higher temperatures and greater aridity, leading to more extreme wildfires and increased erosion. Damage to soils 

related to a number of factors will create greater atmospheric dustiness and lower water infiltration to aquifers. 

Although latitude plays a role in the effects of climate change, the bigger impact in New Mexico is related to local 

topography and elevation. For the purposes of this bulletin, we are dividing New Mexico into four physiographic 

regions based on projected climate change impacts and associated effects on hydrology. These four regions, which 

are defined by a combination of latitude and topography, are: the High Mountains (northern mountains, Gila/

Mogollon–Datil, and Sacramento Mountains); the Northwestern High Desert (Colorado Plateau, San Juan Basin, 

and Zuni Mountains region); the Rio Grande Valley and Southwestern Basins; and the Eastern Plains.
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Nelia W. Dunbar, Fred M. Phillips and David S. Gutzler

This is especially true during extreme rainfall events, 
which may become more common and more intense 
as temperature increases. At an even more granular 
level, in areas of moderate to steep topography, north- 
or south-facing hillslopes will respond differently, 
largely because of the relatively higher temperatures 
and lower soil moisture of south-facing hillslopes and 
consequent higher stress on vegetation. 

The previous chapters of this bulletin examine 
the anticipated impacts of climate change on water 
resources in New Mexico. These chapters rely on 
examination of effects of past climate variations on 
natural systems in New Mexico to provide valuable 
clues for understanding future climate variations and 
their likely consequences for our state. Although not 
addressed in great detail in this bulletin, we need 
to recognize that a range of potential changes may 

C hanges in New Mexico’s climate and consequent 
impacts on water resources over the next 50 years 

will affect all parts of our state. Many effects will 
be felt statewide and also across all of southwestern 
North America. However, as outlined in Chapters 
2–10 of this bulletin, numerous factors influence 
how the impacts will be felt in different parts of 
New Mexico. Furthermore, simply dividing the state 
into regions based on a map view does not capture 
the variability in impact that will be experienced. The 
elevation and presence of mountainous topography 
strongly influences the types of impacts that will 
result from climate change. Local climate varies as 
a function of elevation and influences the types of 
vegetation present in any given place. Changes in 
vegetation through wildfire or climatic warming and 
drying strongly influence how rainfall infiltrates into 
aquifers or causes sediments to mobilize on hillslopes. 
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result from different projections of greenhouse gas 
increases. There may also be tipping points, feedback 
mechanisms, and compounding events that would be 
difficult to anticipate or predict.

This chapter provides a summary of climate 
variations and associated hydrological impacts that 
will affect the entire state. Following this general 
summary, we highlight what may be the dominant 
impacts in different physiographic regions of the 
state (Figure 6.1), recognizing that even within a 
given physiographic region, there may be elevation- 
and topography-related variations. This summary 
directly incorporates the detailed information 
presented in earlier parts of the bulletin so readers 
seeking more detail and references can consult 
the relevant chapters. 

In some parts of the world, particularly in higher 
latitudes, aspects of climate change may result in 
effects that could be considered positive. For instance, 
atmospheric warming can result in longer growing 
seasons or more precipitation as storm tracks shift 
poleward. Increased CO2 in the atmosphere is 
generally beneficial for plant growth. However, in the 
semiarid climate of New Mexico, where availability 
of water is critical for the health of the environment, 
analysis of the literature suggests the impacts of 
climate change are overwhelmingly negative. A reader 
may have the impression that only negative effects 
were considered in this analysis. This is not the case. 
Unfortunately, the instances of positive impact of 
projected warming and aridification on New Mexico’s 
water resources appear to be vanishingly few. 

OVERALL SUMMARY OF IMPACTS 
OF CLIMATE CHANGE AND 
HYDROLOGICAL IMPACTS IN 
NEW MEXICO

All evidence suggests the average temperature for 
all parts of New Mexico will increase over the next 
50 years. Models indicate the amount of temperature 
increase will depend on the amount of greenhouse 
gases added to the atmosphere in the future. In a 
higher-side greenhouse gas emission scenario, the 
average projected temperature increase across the 
state is a staggeringly high 7°F over the 70-year 
period between 2000 and 2070. In lower-emission 
scenarios, temperature will continue to climb at a 

rate closer to what has been observed during the 
past 30 years, leading to a more modest average 
temperature increase of about 5°F. But, in all 
currently envisioned cases, temperatures statewide 
and around all of the southwestern United States will 
rise significantly. 

There is little consensus among model projections 
on how total annual precipitation might change 
over the next 50 years, although the seasonality 
of precipitation may be slightly different than it is 
today. Also, over the next 50 years we are likely to 
experience more variability in precipitation from year 
to year, including anomalously wet years interspersed 
with periods of more extreme drought. Because the 
temperature will be rising, episodic droughts will 
be hotter than in the past and will therefore have a 
more detrimental effect on vegetation. The impacts 
of a warming climate on frequency and intensity of 
extreme precipitation events in the Southwest is an 
area of current research and considerable uncertainty. 
Our knowledge of atmospheric processes, as well 
as some models, suggest that extreme precipitation 
events will happen more frequently and be more 
intense in New Mexico going forward. However, this 
projection is difficult to quantify and is supported by 
limited and inconsistent evidence. 

Another robustly projected impact of warming 
temperatures over the next 50 years is that the 
average snowpack in the mountains on April 1, 
typically the time of maximum snowpack, will 
steadily decrease. This effect will likely be exacerbated 
by increased dustiness in parts of the state, which 
also promotes early melting of snow. This decreased 
snowpack will in turn impact the timing and quantity 
of runoff, reducing flow in the Rio Grande and 
other major snow-fed rivers. Furthermore, increased 
evaporation and sublimation of snowpack and 
subsequent runoff in a warmer climate further reduce 
the amount of snowmelt water that reaches rivers. 

Although average annual precipitation across 
New Mexico is unlikely to change significantly over 
the next 50 years, and the incidence of extreme 
precipitation events may go up, we have more 
confidence in projecting that the aridity of the state 
will increase because of rising temperatures. This 
is because a warmer atmosphere can absorb more 
moisture than cooler air, so at warmer temperatures, 
evaporation of available water from soil and plants 
increases, leading to more loss of surface moisture 
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into the atmosphere. Despite inherent uncertainties 
in modeled trends and trends projected from 
past observations, most studies suggest that soil 
drying and reduction in runoff and recharge will 
result from future temperature increases. Most 
hydrological model outputs suggest declines in runoff 
and recharge of around 3–5% per decade for the 
next 50 years, leading to total 50-year declines of 
between 16% and 28%. 

Aridification over the next 50 years will impact 
vegetation throughout New Mexico. The specific 
impacts on vegetation vary by region of the state, 
but in the longer term vegetation communities will 
tend to migrate northward to higher elevations or 
from south- to north-facing slopes. Plants that cannot 
tolerate hotter and drier conditions, including species 
that now grow at high elevation or in northerly parts 
of the state, may disappear altogether. Although 
vegetation and therefore soils will be most affected 
on south-facing slopes, those on other aspects will 
be impacted as well. 

This transformation of vegetation communities 
is already occurring. In the short term, generalized 
warming and aridification have stressed vegetation 
communities. Within a given region, growth and 
productivity of plants will decline. Although higher 
atmospheric CO2 has been shown to promote plant 
growth, in our region this effect is offset by rising 
temperature and aridity. Furthermore, hotter periods 
of droughts are likely to lead to forest die-offs, which 
have already been occurring in some parts of the 
state. Forest die-offs have been exacerbated by high-
intensity fires and disease, and similar die-off events 
have also been observed in grasslands and shrublands. 
The warmer temperatures and increased aridity lead 
to more wildfires of higher intensity, impacting a wide 
range of plant communities, some of which may not 
be able to regenerate once burned. In terms of impact 
on water resources, loss of plant communities leads 
to destabilization of the landscape, including loss of 
soil cover, which reduces infiltration and recharge of 
surface water into aquifers. And, as outlined below, 
loss of vegetation also may promote increased runoff 
and flooding with associated destructive effects. 

Landscapes and soils are impacted by and change 
in response to changes in climate. As New Mexico’s 
climate warms, landscapes, soils, and water resources 
will be impacted. These effects will vary throughout 
the state, as discussed in more detail below. In 

general, these impacts include reduced infiltration of 
rainfall, increased overland runoff, increased flooding, 
increased upland erosion by overland flow, increased 
downstream sediment deposition and aggradation, 
and increased atmospheric dustiness. Many of 
these changes will be exacerbated by more frequent 
intense wildfire events. 

All the factors outlined above result in reduced 
and less reliable water resources for New Mexico, 
both in terms of quality and quantity, leading to 
statewide water stress. With more intense and hotter 
droughts and associated aridity, surface-water 
supplies are most at risk. But, when surface-water 
supplies are inadequate, groundwater from aquifers 
may be tapped instead, depleting aquifers that 
generally recharge very slowly or not at all. Extreme 
precipitation events may increase, providing abundant 
surface water to geographically small regions of the 
state for brief periods of time. Putting this water 
to beneficial use will be a priority after changing 
the rules (Thomson, 2021). The associated risk of 
flooding and debris flows causing damage to natural 
systems and infrastructure is real. The flooding risk 
and associated damage will be intensified in areas that 
have experienced or are downstream of wildfires. 

The likely impacts of warming climate and 
associated environmental effects on water quality 
are less well understood than the impacts on water 
quantity. Declines in water quality will impact water 
supply for human uses as well as the water in riparian 
settings. The largest impact on water quality will 
arise from increased surface-water temperature, 
which will occur statewide and to the detriment 
of aquatic ecosystems. Surface-water temperatures 
generally rise in response to higher atmospheric 
temperature. However, the areas that will be impacted 
most dramatically are bodies of surface water not 
shaded by vegetation. In a warming climate, losses 
of streamside vegetation in response to increasing 
temperatures, degradation of soil, and increased 
incidence of wildfire can create a detrimental feedback 
loop. Other negative impacts on water quality 
associated with generalized warming include lower 
dissolved oxygen content and high concentrations of 
E. coli in surface water. Other effects on water quality 
may occur as well but have not yet been studied. 
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SYSTEMATICS OF WATER-
BALANCE CHANGE WITH 
INCREASING ARIDITY

Over the next half century, global warming is 
expected to force New Mexico’s climate to become 
more arid. Most of this increase will likely be driven 
by an increase in the potential evapotranspiration 
rate, forced in turn by increasing temperature. 
Precipitation seems more likely to decrease than 
increase, but this inference is far from certain. 
Chapter 3 addressed how this increase in aridity is 
likely to affect runoff and groundwater recharge over 
the entire state, but here we seek to specify these 
changes by region. How will increasing aridity (as 
quantified by the aridity index, which is potential 
evapotranspiration divided by precipitation) affect 
runoff and recharge in low desert areas of the state as 
compared to that in the cooler mountain tops?

This question has been addressed from a 
theoretical standpoint by Yang et al. (2018), who used 
a very simple and generalized approach known as 
the Budyko framework to evaluate the sensitivity of 
runoff and recharge to changes in the aridity index. 
Their findings are summarized in Figure 11.1. 

For high values of the aridity index, the sensitivity 
is very asymmetric, with a high sensitivity of runoff 
+ recharge (Q) to changes in precipitation (P) 
and almost no sensitivity to changes in potential 
evapotranspiration (E0). In contrast, for values of 

the aridity index less than 1, the sensitivity of Q to 
the two parameters is roughly equal. Therefore, if 
temperature (and subsequently E0) increase (which is 
almost certain), and P decreases (which is likely), then 
areas of low aridity index will show a significantly 
greater decrease in Q than areas of high aridity index. 

This graph enables us to make some region-
specific predictions for runoff and recharge in 
New Mexico over the next 50 years. Most of the 
state consists of hot, high-aridity-index desert. The 
analysis predicts that as long as the amount of 
precipitation does not change markedly, these regions 
will experience little change in runoff and recharge 
even if the aridity index increases significantly due 
to increasing temperature. However, if precipitation 
does increase or decrease, then runoff + recharge will 
change in the corresponding direction. 

At the state level, however, such changes would 
be insignificant because only a small proportion of 
the state’s runoff and recharge is generated in the 
low-elevation deserts. The areas of greatest interest 
are the relatively small areas at high elevation in the 
northern part of the state and in southern Colorado, 
where the large majority of runoff is generated. This 
analysis indicates that these areas are quite sensitive 
to both temperature and precipitation. Because we 
can have confidence that temperature will continue 
to increase but changes in precipitation are equivocal, 
it seems more likely that runoff and recharge from 
these critical areas will decline rather than increase. 

Figure 11.1. Graphical representation of how runoff + recharge respond 
to change in aridity index, showing that runoff and recharge in the 
less arid, high mountain areas of the state is very sensitive to, and will 
decline in the face of, increases in temperature, even if precipitation 
remains constant. High values of the aridity index correspond to arid 
climate and low values to humid climate. P is precipitation and E0 is 
potential evapotranspiration (both with units of mm/yr). ‘n’ is a factor 
that accounts for the effects of processes other than P and E0 on 
runoff + recharge, such as seasonality or intensity of precipitation. 
The red and blue dots are empirical data for change in Q as a function 
of change in P and E0, from 1981 to 2010, from 710 drainage basins 
worldwide. They indicate the number of mm/yr that Q changed in 
response to a 1-mm/yr change in P or E0. The distribution of the data 
points indicates that ‘n’ typically varies between 1 and 3 and averages 
about 2. From Yang et al. (2018).
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Certainly, large increases in precipitation will be 
required to offset reductions resulting from the 
temperature increases predicted by even optimistically 
modest emissions scenarios.

REGIONAL IMPACTS OF 
CLIMATE VARIABILITY AND 
HYDROLOGICAL IMPACTS

For the purposes of this bulletin, we divide 
New Mexico into four physiographic regions based 
on projected climate change and associated effects 
on hydrology (Figure 11.2). These four regions, 
which are defined by a combination of latitude 
and topography, are: 

1. the High Mountains (northern mountains, Gila/
Mogollon–Datil, and Sacramento Mountains); 

2. the Northwestern High Desert (Colorado Plateau, 
San Juan Basin, and Zuni Mountains region); 

3. the Rio Grande Valley and 
Southwestern Basins; and 

4. the Eastern Plains. 

These represent a simplification of the eight 
climate divisions defined by the National Oceanic and 
Atmospheric Administration (NOAA). Within these 
four regions, the New Mexico Office of the State 
Engineer defines 16 water planning regions.

High Mountains—The High Mountains region, 
as defined in this bulletin, combines three of 
New Mexico’s most mountainous areas. The northern 
mountains include the Sangre de Cristo Mountains, 
the Tusas Mountains, and the Sierra Nacimiento, 
which together constitute the southern end of the 
Rocky Mountains. For the purposes of this bulletin, 
we also include the Jemez Mountains. Farther south, 
the Gila/Mogollon–Datil Mountains are a rugged 
area of relatively high elevation. Finally, even farther 
south and east are the Sacramento Mountains, a 
high-standing mountain block within the Eastern 
Plains region of New Mexico. Snowpack accumulates 
over the winter in each of these mountainous areas, 
generating snowmelt runoff in the spring. The 
impact of climate change on hydrology in these 
mountains will be distinct from the surrounding 
lower-elevation areas, and these high mountain 
areas will experience the highest relative change in 
aridity as climate warms.

Mountainous regions of New Mexico will be 
particularly impacted by a warming climate, and 
these impacts will cause downstream effects in other 
regions of the state. The atmospheric temperature in 
mountainous regions will rise over the next 50 years 
at a rate similar to that in the rest of the state. The 
highest elevations are very likely to experience sharp 
declines in snowpack, which will melt earlier and 
generate less snowmelt runoff. As discussed above, 
higher temperatures will lead to higher levels of 
evapotranspiration across the state, but the relative 
increase in evapotranspiration rates over the next 
50 years will be higher in New Mexico’s mountainous 
regions. Less snowmelt and higher evapotranspiration 
lead to proportionally less water available to 
recharge aquifers and support plant growth. The 
decreased recharge in high, mountainous parts of 
the state will lead to decreased replenishment of 
downstream aquifers. This decrease in recharge will 
occur in a time when these groundwater resources 
will be stressed by increased pumping in response 
to the effects of hotter droughts. The loss of plant 
communities in mountainous terranes as a result of 
higher temperatures will also impact the stability 
of local soils, which may be completely lost from 
south-facing slopes. South-facing and even west- or 
northwest-facing mountain slopes may evolve toward 
becoming bare bedrock, which can reduce infiltration 
of rainwater into local aquifers. 

As in other parts of the state, average 
precipitation is unlikely to change substantially in 
mountain regions over the next 50 years. However, 
the seasonality of precipitation may be different 
than it is today. The northern mountains region of 
New Mexico, including the Jemez Mountains, is 
projected to receive more winter precipitation, offset 
by less precipitation in the spring, with precipitation 
amounts remaining similar in summer and autumn, 
all subject to pronounced year-to-year and decade-
scale natural variability. In contrast, the Datil–
Mogollon and Sacramento mountains are projected 
to receive less winter precipitation but relatively 
more in the summer and autumn. The location of 
precipitation in mountainous areas may also change 
because variations in atmospheric circulation patterns 
resulting from climate change may influence where 
orographically controlled precipitation falls. Changes 
in the geographical distribution of precipitation 
will impact local vegetation patterns and may also 
influence how local aquifers are recharged. 
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Figure 11.2. Regions of the state expected to experience similar impacts to water resources from a changing climate 
over the next 50 years. 
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Even with amounts of precipitation remaining 
relatively constant, rainfall on landscapes and 
soils in mountainous regions is likely to cause 
increased erosion. This is because increased wildfire, 
as observed in New Mexico in the last decade, 
dramatically increases the probability and magnitude 
of post-wildfire, rainfall-induced flooding and debris 
flows. Long-term loss of vegetation associated with 
climate change can exacerbate this effect. Wildfire-
enhanced floods tend to initiate in steep, upstream 
hillslopes and progress downstream in pulses and 
waves, carrying large amounts of sediment in the 
process. Soils, already negatively impacted by 
increasing temperatures, can be stripped off hillslopes 
in this process, leading to even more dramatic flood 
events due to unimpeded overland flow and also 
reducing infiltration of water and curtailing recharge 
to local aquifers. Sediments mobilized in these floods 
move downstream and impact lower-elevation areas, 
filling in depressions that could otherwise sequester 
floodwater and promote infiltration. These climate-
related landscape changes tend to remain active for 
years or decades, as the landscapes continue to adjust 
until they have reached their new steady state. 

Additional downstream consequences of increased 
flooding due to wildfires and warming include erosion 
of land, stream channels, and conveyance structures; 
accumulation of rock, mud, and burned vegetation 
in reservoirs and stream channels; and water-quality 
degradation due to suspended sediment and dissolved 
constituents leached from the burned watershed. 
Lastly, the loss of vegetative canopy in mountainous 
regions will cause the temperature of surface waters 
to rise and dissolved oxygen levels to decrease, 
negatively impacting local biota. 

Northwestern High Desert—The Northwestern High 
Desert includes the Colorado Plateau, the San Juan 
Basin, and the adjacent Zuni Mountains, and it also 
stretches south to the midpoint of the state. These 
areas combine relatively modest topographic relief 
with high elevation, averaging almost 7,000 ft above 
sea level. This region is projected to experience the 
highest temperature increases over the next 50 years, 
about 1°F higher than the average state increase. 

Increasing temperature in the absence of 
increased precipitation over the next 50 years will 
likely substantially influence the spatial extent 
and thickness of soils in the state’s landscapes, 

particularly in northwestern New Mexico. Much 
of this part of the state is covered with windblown 
deposits that are presently stabilized by vegetation 
and thin soil. Loss of plant communities through 
higher temperatures and drought will destabilize 
local, weakly developed soils in this region, causing 
emission of considerable quantities of windblown 
dust. The deposition of dust on snowy, downwind 
high-elevation hillslopes will increase early melting of 
mountain snowpack. Additionally, loss of stabilizing 
soil will allow reactivation of dunes, which will 
impact local communities. 

The high, generally flat topography of the 
Colorado Plateau and San Juan Basin may also be 
impacted by increased arroyo formation resulting 
from climate change. Arroyo incision leads to 
increases in delivery of sediment downstream, which 
reduce the efficiency of floodplains and also fill 
downstream floodplains that could have stored flood 
water, leading to increased flood severity. Arroyos 
can also cause draining of marshes and cienegas by 
lowering the local groundwater table and leading 
to vegetation desiccation. Increased arroyo incision 
is also likely to impact the Rio Grande Valley/
Southwestern Basins and Eastern Plains parts of 
New Mexico. Vegetation in the Northwestern High 
Desert will be impacted by increasing temperature. 
Grasslands will become less productive and will be 
gradually replaced by shrubs. Conifer forest drought 
stress will increase, particularly in the warmer and 
drier lower-elevation areas. Finally, trees in bosque 
areas associated with rivers may experience dieback 
because of shallow aquifers lowered by reduced 
water in formerly perennial streams and rivers. The 
dieback of trees along river banks will then allow 
water temperatures to become elevated and dissolved 
oxygen levels to decrease. E. coli concentrations may 
also increase, especially in low-energy streams with 
fine-grained, organic-rich bottom deposits. 

Rio Grande Valley and Southwestern Basins— 
The Rio Grande Valley is a north-south trending 
rift zone that bisects the state of New Mexico. 
The northern part of the rift is relatively narrow 
and is flanked by rugged mountains (the northern 
mountains). The valley broadens to the south. 
As many as 15,000 ft of rift sediment have 
accumulated in basins along the Rio Grande rift, 
forming important aquifers for some of the largest 
cities in our state.
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The southwestern corner of New Mexico has 
overall low elevation, is a notably arid region of the 
state, and is one of the areas that experiences the 
highest temperatures. Northerly- to northwesterly-
trending narrow, rugged, relatively low-elevation 
mountain ranges are separated by broad basins. 
Many of the streams have no outlet to the ocean, 
so water collects in the basins, forming large lakes 
and playas during wet years that dry up when 
conditions are drier. 

Major warming-related impacts on the 
Rio Grande Valley and Southwestern Basins 
region will have less effect on other parts of the 
state and include lower river flows (due to higher 
evapotranspiration) and changes in timing of 
runoff (because of earlier snowmelt). Flows in the 
Rio Grande are projected to be 25% less on average 
in the next 50 years above Elephant Butte Reservoir.

Warming temperatures will also cause 
dramatically increased evaporation of surface water 
from reservoirs and increased water demands for 
riparian vegetation, watered landscapes, and irrigated 
croplands. Open-water evaporation increases 
with temperature more strongly than on-land 
evapotranspiration. With an increase in average 
daily maximum temperature of 5°F, as is likely over 
the next 50 years, Elephant Butte Reservoir could 
experience an additional 2 ft of annual evaporative 
loss. This would constitute a stunning 30% increase 
in evaporative water loss over the present-day rate, 
reducing the available water that could be used below 
Elephant Butte Reservoir. 

This region of New Mexico will also experience 
a number of effects that have been described for the 
High Mountains and Northwestern High Desert 
portions of the state. These are listed here, and 
more details can be found by consulting earlier 
sections of this chapter. 

• Vegetation stress and transition 
from grasses to shrubs

• Bosque forest die-off due to dropping 
shallow aquifer levels

• Arroyo incision

• Sedimentation

• Loss of soils and increased dustiness

• Compromised surface-water quality (high 
temperature, low dissolved oxygen, E. coli)

Eastern Plains—The Eastern Plains province covers 
the eastern quarter of the state of New Mexico, 
stretching from the northern to southern border 
of the state. The whole area is relatively flat and is 
characterized by grasslands in the northern part, 
transitioning to Chihuahuan Desert in the south. The 
Eastern Plains include two climate divisions as defined 
by NOAA (Northeastern and Southeastern), which we 
have combined for this bulletin. 

The average temperature increase over much of 
the Eastern Plains is projected to be roughly a degree 
lower than the state average, but evapotranspiration 
is likely to experience among the greatest change 
in the state, leading to higher aridity. This is a 
consequence of projected decreases in precipitation 
during spring and summer, when evapotranspiration 
is highest (Figure 2.3). Given that the major aquifer 
in this region has already undergone serious depletion 
(Rawling and Rinehart, 2018), the lower availability 
of surface water related to aridity will present a 
major challenge. Summer precipitation is projected to 
decrease slightly over the next 50 years, but autumn 
and winter precipitation may increase slightly—with 
much uncertainty inherent in these projections. If an 
increase in extreme precipitation events does occur 
(regardless of changes to total precipitation), the 
Eastern Plains will be the most strongly impacted 
part of New Mexico by far, even more so than the 
mountainous regions. 

Given the relatively flat topography of the Eastern 
Plains, some of the most dramatic climate-related 
impacts will be related to vegetation and soils. The 
drylands of eastern New Mexico are dominated by 
soils that are especially vulnerable to wind deflation 
when subjected to extended drought-caused losses 
in vegetation and/or agricultural modification. The 
response of spatially extensive regions of eastern 
and south-central New Mexico to the next 50 years 
of climate and environmental change is most 
likely desertification, accompanied by significant 
increases in dust emission, as well as increased 
erosion on hillslopes. 
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The Eastern Plains are also likely to experience 
a number of effects that have been described in 
other parts of the state. These are listed here and 
more details can be found by consulting earlier 
sections of this chapter. 

• Vegetation stress and transition 
from grasses to shrubs

• Bosque forest die-off due to dropping 
shallow aquifer levels

• Arroyo incision

• Sedimentation

• Lower flow in rivers and increased 
evaporation from reservoirs

• Compromised surface-water quality (high 
temperature, low dissolved oxygen, E. coli)

NMED Exhibit 17 - 169



Northwest of the Rio Grande Gorge Bridge; photo by Sara Chudnoff

B U L L E T I N  1 6 4 :  C L I M A T E  C H A N G E  I N  N E W  M E X I C O  O V E R  T H E  N E X T  5 0   Y E A R S :  I M P A C T S  O N  W A T E R  R E S O U R C E S   

154

NMED Exhibit 17 - 170



The process of evaluating and projecting climate change in New Mexico over the next 50 years and examining the 
impacts on water resources illuminated a number of research topics that should receive attention from the state’s 
science community. A high-priority research target is to better understand a number of facets of precipitation that 

New Mexico might experience over the next half century. These include seasonality of precipitation, snowpack 

dynamics, and extreme precipitation. Better understanding of the latter would allow New Mexico planners to be 

able to consider how to put localized, heavy precipitation to good use and to mitigate damage associated with 

flooding. Climate, hydrology, and ecology numerical models that allow projection of conditions and behaviors of 

these natural systems in New Mexico over the next half century are also needed. Finally, a number of observational 

data gaps have been identified, most notably a thorough and geographically distributed assessment of the water 

levels in New Mexico aquifers. Other topics include impacts of climate change on soil moisture and groundwater 

quality, as well as landscape and ecological responses to climate change, in terms of both magnitude and timescales 

of response. This can be carried out in part by long-term ecological monitoring. 
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X I I .  R E C O M M E N D A T I O N S :  D A T A  G A P S  A N D 
C H A L L E N G E S

PRECIPITATION

The temperature changes that New Mexico 
can expect over the next 50 years are well 
understood. However, a number of aspects of 
how baseline and extreme precipitation patterns 
will change require additional research. These are 
summarized together below.

• Better understanding of a number of facets 
of the occurrence of extreme precipitation is 
needed. Theoretical studies suggest that more 
extreme precipitation events should occur, 
given that the atmosphere will be warmer 
and wetter. But published observations of 
precipitation over the past 20 years, during 
which warming has occurred, do not yet 

M uch remains to be learned about the interplay 
of climate change and water resources in 

New Mexico. Chapters 2–10 of this bulletin outline 
the state of knowledge, based on current literature, 
on a range of topics that will need to be considered 
when developing New Mexico’s 50-year water 
plan. Based on their career experience or as part of 
the process of developing the chapters, the authors 
have identified fruitful research areas that could be 
pursued to build a more complete understanding of 
New Mexico’s changing climate and the implications 
for water resources in our state. These research areas 
and data gaps are presented in more detail as parts 
of most chapters in this bulletin; they are presented 
here in abridged form for ease of reading. For more 
information, chapter numbers are noted.
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offer a clear signal with regard to extreme 
precipitation. With regard to New Mexico’s 
50-year water plan, capture and use of water 
from extreme precipitation events may offer 
some hope in an otherwise challenging 
situation (Chapters 2 and 9).

• Along with changes in extreme precipitation 
events, changes in seasonality and recurrence 
intervals of baseline precipitation must be 
better understood in order to robustly model 
future surface runoff and aquifer recharge. In 
general, trends in projected total precipitation 
amounts are uncertain in most seasons, with 
different global climate models generating 
significantly different projected trends. 
The newest generation of climate model 
simulations (CMIP6) needs to be examined 
closely to see if large-scale uncertainties in 
projections of total precipitation can be 
reduced (Chapters 2 and 3).

• On a related note, the risk associated with 
stormwater-associated flooding should be 
examined on a watershed-level basis, and 
information should be communicated to the 
public and to public officials (Chapter 9).

• Improved understanding of the processes that 
determine what fraction of snowpack at high 
elevations becomes river discharge would 
decrease uncertainties in projecting flows in 
major snow-fed rivers in a warming climate. 
There is general consensus that increasing 
temperature will reduce snowmelt runoff, 
but quantifying the reduction is difficult at 
present (Chapters 2 and 7).

MODELING

Numerical modeling is a critical element of projecting 
future conditions in a warming climate scenario. 
Deficits exist in several aspects of models and 
modeling techniques. Addressing the deficits outlined 
below will improve projection abilities. 

• A need exists for fine-tuning global 
climate model methodologies to have finer 
geographical resolution and also to focus on 
the most likely future climate states.

• The role of clouds and cloud-related 
processes in global climate models is not 
well understood, and improvement of this 
aspect of models would benefit not only 
New Mexico but other parts of the world 
as well (Chapter 2). 

• A calibrated hydrological model focusing 
specifically on New Mexico would 
improve our understanding of recharge 
and runoff (Chapter 3).

• A need exists to incorporate ecosystem 
disturbance processes into process-based 
vegetation models (Chapter 4).

• In a related suggestion, there is a need 
for less-complex empirical models of 
vegetation dynamics, directly based on 
observational data (Chapter 4).

OBSERVATIONAL DATA GAPS

Authors of several chapters noted the need for 
additional data on a number of water-resource-related 
topics. These are enumerated below.

• Water levels in New Mexico’s aquifers must 
be more thoroughly studied, and in particular 
water-level records from lightly pumped 
aquifers are needed to assess pumping-
independent changes in recharge. The data 
developed for water levels must be made 
publicly available using findable, accessible, 
interoperable, and reusable management 
principles; this could be done through 
the New Mexico Water Data Act (NMSA 
1978§72-4B; Chapter 3).

• As a parallel to better understanding 
water levels in aquifers, historical trends 
and future projections of abundance and 
discharge from springs as well as changes in 
lengths of perennially wet reaches of surface 
waterways are needed.

• Few data exist on soil moisture around 
New Mexico, and these data are needed 
to assess the response of soil moisture to 
increasing aridity in our state (Chapter 3). 
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• Few comprehensive studies on the impact 
of a warming climate on surface-water or 
groundwater quality in New Mexico exist. 
Although water quality may be a less pressing 
need than water quantity, both parameters are 
important for understanding New Mexico’s 
water resources (Chapter 10).

• Few comprehensive studies on the hydrological 
response to watershed vegetation changes 
exist. These studies will be particularly 
important for New Mexico’s upland forests 
(Chapters 4 and 6).

• The length of time required for landscapes to 
adjust following a major climate disruption 
can be widely variable, and understanding 
the reasons for this variability requires 
further research, as does the process of 
sediment transport from headwaters to 
downstream rivers (Chapter 6).

• Information on sediment infill rates to 
New Mexican reservoirs and connections 
between those rates and climate is needed 
for accessing impacts of increased sediment 
infill rates on water supplies and reservoir 
designs (Chapter 8).

• Additional studies are needed on soils, 
plant communities, and geomorphology 
in high-elevation mountain ranges where 
aquifer recharge and channel discharge 
occur. Data provided by these studies would 
inform numerical models to calculate the 
net soil loss from hillslopes as functions of 
topography, vegetation, and other variables 
(Chapters 4, 5, and 6).

• Further research is needed on the possibility 
of increased aquifer recharge as a side effect 
of increasing shrub dominance in desert 
landscapes (Chapter 4).

• Long-term ecological monitoring and 
research are needed to document, 
understand, and effectively address the 
response of New Mexico’s ecosystem to 
projected climate changes over the next 
50 years and the associated ecohydrological 
responses (Chapter 4).
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A P P E N D I X  A :  Modeling Changes in Land-Surface Water Budget
Fred M. Phillips

I n order to generate projections that have real 
predictive value at sufficient resolution to be 

useful, surface hydrologic models must have several 
characteristics. One is based on the observation that 
New Mexico is large and contains greatly varied 
topography and local climate. This means that global 
climate generalized models are of little value until 
their output is downscaled to finer resolution. Useful 
models must be capable of simulating the effects of 
climate change at the local scale (described below). 
A second characteristic is that models based on 
historical empirical observations are not likely to 
correctly predict future behavior when the system 
behaves differently than it does now. Rather, these 
models should be based on physical principles that 
are generally valid. A third characteristic is the degree 
of difficulty in constructing and running the model. 
Very highly resolved and complex models may be 
difficult to employ because of the computational 
demands (e.g., they run on only a supercomputer) 
and because it is very difficult to accurately supply all 
parameters needed to construct the model. 

The basis for obtaining future projections of the 
hydrologic budget under changing climate usually 
starts with the output of global climate models that 
are driven by standardized greenhouse-gas emission 
scenarios developed by the Intergovernmental Panel 
on Climate Change. The coarse-resolution global 
climate model outputs are converted to finer scales 
in a process called downscaling. The outputs for the 
historical period are statistically adjusted to match 
the statistics of the observations for the same period, 
and this adjustment is then used on the climate-model 
outputs for the future. The downscaled sequence of 
climate parameters is then used to drive the state-scale 
water balance models. Below we review several water-
balance models that have been used for estimating 
recharge and runoff in New Mexico.

Mass-Balance Accounting Models—To date, the only 
model that has been employed to empirically estimate 
the water balance for the entire state of New Mexico 
is a systems-dynamics mass-balance accounting model 
called the New Mexico Dynamic Statewide Water 
Budget Model (Peterson et al., 2019). Such models 
use relatively simple equations that conserve mass 
or volume as hydrological flows that are routed or 
transferred, for example from the soil-water reservoir 
to the atmosphere via evapotranspiration. This type 
of model is commonly termed a lumped-parameter 
or buckets model because it does not attempt to 
spatially resolve the hydrological processes but 
rather divides an area into subunits such as counties 
or water-planning regions, which are then treated 
like homogeneous “buckets” or districts. The 
hydrological transfers are often quantified using 
empirical constants that are derived from historical 
studies, for example, the fraction of snowpack 
that becomes runoff, estimated from past snow 
surveys and stream gaging. 

Although mass-balance accounting models are 
a valuable tool for understanding current water 
balance, their utility is limited for future projections 
under changing climate. This is partly because the 
models’ lack of spatial resolution does not account 
for variations of hydrological response across a varied 
landscape, but more fundamentally it is because 
the empirical formulations they often employ were 
derived by observations under constant climate and 
are likely to be inaccurate under different climate 
conditions in the future.

One-Dimensional Surface Process Models—There 
is a large family of models that use physical 
formulations (as opposed to empirical ones) to 
simulate the division of hydrological flows at the land 
surface but only as a purely vertical process. This is 
reasonable for a first approximation, noting that the 
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vertical flows in Figure 3.1 are much larger than the 
horizontal flows. For the most part, these models 
employ physics-based formulations to calculate 
flows and transformations and should thus have 
predictive power under a changing climate. They are 
computationally straightforward and can be used at 
high spatial and temporal resolution to capture effects 
of topography and vegetation variation and other 
heterogeneities. The main limitation of these models is 
that they cannot include lateral flows of water except 
on the land surface. Lateral flows are important to 
generating runoff and focusing shallow subsurface 
flow to become recharge. 

The most important of these models is the 
Variable Infiltration Capacity (VIC) model (Liang et 
al., 1994). It is commonly used in conjunction with 
global climate models to make coarse-resolution 
hydrological projections. It is also the most common 
hydrological model to be coupled with downscaled 
global climate model output for finer-resolution local 
projections. A significant limitation of VIC is that, 
at least in the original version, it does not explicitly 
quantify groundwater recharge. Rather, any excess 
water at the base of the root zone is directly routed 
to surface flow. This is a reflection of common 
hydrological conditions in humid regions. 

A code that has been explicitly employed to 
compute groundwater recharge is the WaterGAP 
Global Hydrology Model (WGHM; Döll et al., 2003; 
Döll and Fiedler, 2008). This model was incapable 
of realistically simulating groundwater recharge in 
arid and semiarid environments without arbitrary 
adjustments (Döll, 2009). 

Only one such model has been developed 
and applied specifically to calculate recharge in 
the New Mexico environment: Python Recharge 
Assessment for New Mexico Aquifers (PyRANA; 
Ketchum, 2016; Xu, 2018; Parrish, 2020). This 
model employs the dual crop coefficient method 
of calculating evapotranspiration (Allen and 
Breshears, 1998) to obtain accurate water-balance 
in New Mexico’s semiarid climate and is efficient to 
run at very high spatial and temporal resolution in 
order to meet the challenge of the state’s irregular 
topography. However, in its current configuration, it 
does not incorporate interception of precipitation by 
plant leaves, which can significantly affect the land-
surface water balance, especially in forested areas.

Three-Dimensional Hydrological System Models— 
A more complex family of models attempts to 
mimic the entire hydrological system, including 
hydrometeorological, land-surface, surface-water, and 
groundwater components, in three dimensions. This 
allows such models to account for some phenomena 
that cannot be represented in more simplified 
models but only at much greater computational 
expense, as these models generally can only be run 
on supercomputers. The most relevant of these to 
our purpose is ParFlow-CLM, developed for high-
resolution global simulations of the hydrological 
cycle under current and future conditions 
(Maxwell and Miller, 2005). 
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Figure B.1. Soil orders distribution map of the United States and territories  
(https://www.nrcs.usda.gov/sites/default/files/2022-08/Soil_Orders_Map_of_the_United_States.pdf).

A P P E N D I X  B :  Soil Diversity and CLORPT
Leslie D. McFadden

T he map of soils of the United States at the level 
of soil orders (the highest taxonomic level 

of soil classification in the U.S. Department of 
Agriculture publication Soil Taxonomy [Soil Survey 
Staff, 1999]; Figure B.1) illustrates the large range 
of very different soil types that are present in the 
landscapes of the United States. These are shown in 
detail for New Mexico in Figure B.2. At least six of 
the twelve soil orders are evident at this map scale 
(Entisols, Inceptisols, Aridisols, Mollisols, Alfisols, 
Vertisols); at least one other soil classified in another 

order (Andisols, soils with properties that reflect 
weathering of volcanic parent materials [Soil Survey 
Staff, 1999]) can be found locally in some landscapes 
in favorable circumstances. The large spatial extent 
of Aridisols (well-developed soils that form in an 
aridic soil moisture regime and an order that has six 
suborders in New Mexico; Figure B.3) reflects the 
arid climate of many areas of the state. The large 
area with Mollisols (soils typical of grassland and 
prairies with a thick, darkened surface A horizon—a 
mollic epipedon; Figure B.2) reflects the semiarid 
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Figure B.2. Detail of figure B.1 showing soil orders in New Mexico  
(https://www.nrcs.usda.gov/sites/default/files/2022-08/Soil_Orders_Map_of_the_United_States.pdf). 
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Figure B.3. Map of the suborders of Aridisols in the United States (https://www.nrcs.usda.gov/conservation-basics/natural-resource-concerns/soils/
aridisols). The large spatial extent of these suborders in New Mexico as well as other regions of the western United States reflects an arid climate 
and associated soil-forming processes favored by an aridic soil moisture regime. 
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areas of New Mexico that support shortgrass 
communities. Alfisols (high base-status soils with 
fine textured subsurface B horizons) can be found 
in areas of greater annual precipitation at typically 
higher elevations. Of course, at other levels in Soil 
Taxonomy or in Natural Resources Conservation 
Service (https://www.nrcs.usda.gov/) soil maps of 
much smaller regions, many dozens of suborders and 
much larger numbers of great groups, subgroups, 
series, and types are present. 

Substantial soil diversity in New Mexico reflects 
the highly variable topography, climate, vegetation, 
and rock types that characterize the state. To a large 
extent, this variability reflects the consequences of 
Cenozoic tectonic processes that ultimately caused, 
for example, uplift of the lofty Southern Rocky 
Mountains or the development of the lower-elevation 
dryland basin landscapes of the Rio Grande rift. 
Topography, climate, vegetation, and rock types 
constitute the most important factors that influence 
the many soil-forming processes and overall soil 
profile development. 

A soil sequence is a group of similar soils ordered 
by the effects of a single environmental factor such 
as climate (Cl); organisms, or biotic factors (O); 
local and regional relief (R; also characterized as 
topography); parent material characteristics (P); and 
age (T; Jenny, 1941). Although other factors certainly 
influence soil-forming processes, these five factors 
are generally regarded as the most critical ones to 
the extent that collectively they define the “state” 
of the soil (or a particular soil property; Birkeland, 
1999), and they have come to be generally known 
as CLORPT. This conceptual framework used in soil 
geomorphic research is often referred to as the state 
factor approach (or the CLORPT approach). Through 
careful selection of groups of soils in circumstances 
such that the influences of one factor can be isolated 
or selectively varied while the influences of the 
others are essentially held constant, different soil 
functions associated with the CLORPT factors 
can be determined (Jenny, 1941; Birkeland, 1999; 
McFadden, 2013). To identify differences among a 
group of soils that primarily reflect soil age, a soil 
chronosequence is established; a time-dependent 
change in soil morphology (or a given property) 
is called a chronofunction. Soil chronosequence 
studies usually involve selecting geomorphic surfaces 
with relatively low gradients and generally low 

relief, features that engender geomorphically stable 
conditions, which in turn favor continuous soil 
formation and morphological property development 
on time scales ranging from a few hundred to several 
hundred thousand years (Birkeland, 1999).

Other soil sequences can be established in a given 
region to emphasize topography (soil toposequences, 
sometimes referred to as a catena; Figure B.4). 
Studies of toposequences prove invaluable in the 
study of hillslope form and processes, as they are 
geomorphically unstable when compared to, for 
example, the surfaces of fluvial terraces (Birkeland, 
1999; McFadden, 2013). Similarly, studies of soil 
lithosequences can be used to assess the role played 
by different soil parent materials substrate in soil 
development (Birkeland, 1999).

DRAINAGE BASIN 
HILLSLOPES AND SOILS 

The hillslopes of drainage basins (watersheds) are 
the major areas of aquifer recharge and the primary 
source of water and sediment discharge to fluvial 
channels in most landscapes. In New Mexico and 
adjacent states, substantial runoff and recharge is 
generated from mountainous areas. These include 
the San Juan, Sangre de Cristo, Jemez, Black Range, 
Sacramento, Sandia, Zuni, and Mogollon mountains, 
all of which have relatively extensive high-elevation 
areas (greater than 10,000 ft), with elevations in a 
few cases exceeding 12,000 ft. In many drainage 
basin hillslopes of these mountains, weathering of 
exposed bedrock or bedrock beneath a cover of 
hillslope sediments produces regolith. In some studies, 
formation of regolith, either in situ or mobile, by this 
process is referred to as soil production (Heimsath 
et al., 1997; Bierman and Montgomery, 2019). 
The formation of regolith occurs mainly through 
biogeochemical weathering of bedrock. The initial 
alteration of bedrock that is essential in influencing 
subsequent chemical weathering rates and the 
eventual development of soil that enables colonization 
by vascular plants involves the development of 
secondary porosity and resultant increased water-
holding capacity (Graham et al., 2010). Some studies 
in New Mexico mountains and other high-elevation 
study areas that document chemical weathering of 
bedrock parent material include Egli et al. (2014) 
and Rea et al. (2020). On many drainage basin 
hillslopes, however, soils form in materials produced 
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Figure B.4. A cross section (no vertical or horizontal exaggeration) showing a soil toposequence on a transport-limited hillslope from a study site on 
the Colorado Plateau in northeast Arizona. Soil horizons with depths and textural data for soils located at various hillslope positions are shown in the 
different plots. See text discussion of soil toposequences. After McFadden (2013). 

mainly by physical weathering of bedrock, such as 
talus and colluvium. In higher-elevation areas subject 
to frequent freeze–thaw cycles, frost weathering is 
a key physical weathering process (Bierman and 
Montgomery, 2019). At lower, generally warmer 
elevations where frost weathering is not effective, 
other physical weathering processes are important. 
Recent studies suggest that solar insolation may 
actually play a key role in the development and 
extension of initial fractures (McFadden et al., 
2005; Eppes et al., 2010), accelerated via subcritical 
formation and extension of cracks (Eppes and 
Keanini, 2017). Increases in the spatial extent and 
thickness of talus and colluvium are commonly 
observed in the hillslopes of mountain ranges with 
high relief, given the associated higher annual 
precipitation and lower temperatures—conditions 
that tend to favor an increase in the magnitude of 
physical weathering. 

The character and spatial extent of soils on 
hillslopes are affected by several factors, such as 
relief, rock type, vegetation, climate, and local base 
level. Given variability among these factors in diverse 
geomorphological settings, hillslopes exhibit different 
forms. For example, some hillslopes are dominated 
by relatively frequent occurrences of debris flows, 
rotational slumps, and other mass movements. In 
many drainage basins where mass movements are 
rare, a very common hillslope form observed is 
characterized by a smooth, curvilinear profile and 
is associated with a continuous mantle of soil and 
vegetation (Figure B.5). Gilbert (1880) recognized the 
latter hillslope form as one that develops in effectively 
wetter and colder climate regimes. These conditions 
are conducive to weathering and slope material 
production sufficient to exceed the rate of transport 
of weathered material on the hillslope. In the nearly 
150 years since this publication, a large body of 
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