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Abstract
The Rio Grande is a vital water source for the south-

western States of Colorado, New Mexico, and Texas and for 
northern Mexico. The river serves as the primary source of 
water for irrigation in the region, has many environmental and 
recreational uses, and is used by more than 13 million people 
including those in the Cities of Albuquerque and Las Cruces, 
New Mexico; El Paso, Texas; and Ciudad Juárez, Chihuahua, 
Mexico. However, concern is growing over the increasing gap 
between water supply and demand in the Upper Rio Grande 
Basin. As populations increase and agricultural crop patterns 
change, demands for water are increasing, at the same time the 
region is undergoing a decrease in supply due to drought and 
climate change.

Quantifying the impact of projected climate change 
on Rio Grande streamflow is difficult because of numer-
ous anthropogenic influences on the hydrologic system. The 
conveyance and use of surface water in the Upper Rio Grande 
Basin are achieved through an engineered system of reser-
voirs, diversions, and irrigation canals designed to deliver 
water to agricultural, municipal, and industrial users, who 
greatly reduce the cumulative volume of water in the river. 
For example, streamflow at Fort Quitman, Tex., the south-
ernmost point of the Upper Rio Grande Basin, has undergone 
a 95-percent reduction in flow relative to the river’s native 
state, and some stretches of the river can intermittently go dry. 
Because streamflow in the basin is highly altered, disentan-
gling the impacts of climate change and changes in streamflow 
due to anthropogenic influences such as dams, diversions, and 
other forms of water use is difficult. Therefore, a model of 
naturalized flow was developed to determine to what degree 
changes in streamflow can be attributed to potential changes in 
future temperature and precipitation without quantifying future 
changes in anthropogenic influences. This study, conducted 
by the U.S. Geological Survey in cooperation with the South 
Central Climate Adaptation Science Center and the U.S. Army 
Corps of Engineers, included the development and calibration 

of a watershed model of the Upper Rio Grande Basin using the 
Precipitation-Runoff Modeling System to simulate naturalized 
streamflow conditions for historical and future time periods.

Introduction
The Rio Grande is a vital water source for the south-

western States of Colorado, New Mexico, and Texas and for 
northern Mexico. The river serves as the primary source of 
water for irrigation in the region, has many environmental 
and recreational uses, and is used by more than 13 million 
people including those in the Cities of Albuquerque and Las 
Cruces, New Mexico; El Paso, Texas; and Ciudad Juárez, 
Mexico (Gonzalez and others, 2018; fig. 1). However, con-
cern is growing over the increasing gap between water supply 
and demand in the Upper Rio Grande Basin. As populations 
increase and agricultural crop patterns change, demands for 
water are increasing, while the region is undergoing a decrease 
in supply due to drought and climate change (Gonzalez and 
others, 2018).

Nearly 75 percent of Rio Grande streamflow is derived 
from seasonal snowpack that accumulates throughout the win-
ter season in the headwaters and other high-elevation areas in 
the Upper Rio Grande Basin. The remaining percentage is pri-
marily generated by monsoonal rains (Rango, 2006). Studies 
indicate that increasing temperatures across the Western 
United States are already affecting streamflow derived from 
seasonal snowpack (Clow, 2010; Dettinger and others, 2015). 
The most recent U.S. National Climate Assessment suggests 
that temperatures in the southwest will continue to rise, result-
ing in more snow falling as rain in mid to high elevations 
and increasing the probabilities of decadal to multidecadal 
megadroughts (Gonzalez and others, 2018). Recent trends in 
Upper Rio Grande streamflow have been toward earlier peak 
flows from earlier spring snowmelt and increased influence of 
spring rains on streamflow (Chavarria and Gutzler, 2018). The 
form of precipitation (rain versus snow) that contributes to 
streamflow differs from north to south in the study area, which 
makes it important to understand how future climate will 
affect streamflow spatially and on a seasonal basis.
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Quantifying the impact of climate change on Rio Grande 
streamflow is difficult because of several anthropogenic influ-
ences on the hydrologic system. The conjunctive use of water 
in the Upper Rio Grande Basin takes place under a myriad of 
legal constraints including the Rio Grande Compact agree-
ment between the States, administration of water rights by 
individual States, an international treaty with Mexico, and 
several Federal water projects (Paddock, 2001). The con-
veyance and use of surface water in the basin are achieved 
through an engineered system of reservoirs, diversions, and 
irrigation canals designed to deliver water to agricultural, 
municipal, and industrial users who combine to greatly reduce 
the cumulative volume of water in the river. For example, 
streamflow at Fort Quitman, Tex., the southernmost point 
in the Upper Rio Grande Basin, has undergone a 95-percent 
reduction in flows relative to the river’s native state (Chavarria 
and others, 2020a), and some stretches of the river intermit-
tently go dry. The growing gap between supply and demand 
has resulted in continued conflict over water in the region and 
ongoing litigation among users and Federal, Tribal, State, and 
local agencies. Future climate, with increasing temperatures 
and potential shifts in timing and amount of precipitation, 
may exacerbate this gap. Trends in Upper Rio Grande Basin 
streamflow in the past 60 years have been toward earlier peak 
flows from earlier spring snowmelt and increased influence 
of spring rains on streamflow (Chavarria and Gutzler, 2018), 
which makes it important to understand how future climate 
will affect both snowmelt and runoff contributions to surface-
water supply.

To gain insight into the magnitude of anthropogenic influ-
ence on Rio Grande streamflow, a watershed model was devel-
oped using the Precipitation-Runoff Modeling System (PRMS) 
and calibrated for the Upper Rio Grande Basin to simulate 
naturalized streamflow conditions for the historical period 
from 1980 to 2015 (Chavarria and others, 2020a). The model 
quantifies the spatial and temporal distribution of water-budget 
components in a basin and can be used to assess the effects of 
climate and land use on water resource availability and timing 
by removing the anthropogenic influence of dams and diver-
sions on streamflow. Because streamflow in the basin is highly 
altered, disentangling the impacts of climate change and 
changes in streamflow due to anthropogenic influences such 
as dams, diversions, and other forms of water use is difficult. 
Therefore, a model of naturalized flow was developed to deter-
mine how much of a change in streamflow can be attributed to 
changes in future temperature and precipitation without having 
to quantify future changes in anthropogenic influences.

In this study, the Upper Rio Grande Basin PRMS model 
was run with projected climate data to produce a set of 
streamflow projections through the year 2099 that represent 
potential future changes in Rio Grande streamflow due to 
changes in climate. Projected temperature and precipitation 
data used as input to PRMS were derived from three general 
circulation models (GCMs), which simulate future climate 
based on three representative concentration pathways (RCPs), 
and downscaled using three different methods. To arrive at 

potential climate-induced impacts, simulated streamflow for 
the model historical period (1981–2015) was subtracted from 
three simulated future time periods, and an analysis of changes 
in streamflow volume and timing was conducted for the Rio 
Grande and its tributaries. Quantifying potential changes 
in future streamflow on the Rio Grande and its tributaries 
can help water managers formulate plans to deal with future 
imbalances in water supply and demand in the basin.

Purpose and Scope

This report documents the calibration, use, and analysis 
of a PRMS model for the Upper Rio Grande Basin (fig. 1) 
forced with an ensemble of precipitation and temperature 
data originating from three GCMs from the Coupled Model 
Intercomparison Project phase 5 (CMIP5) and three downscal-
ing methods, which represent three Intergovernmental Panel 
on Climate Change (IPCC) based RCPs: RCP 2.6, RCP 4.5, 
and RCP 8.5 (IPCC, 2019). This gave an ensemble output of 
9 scenarios per RCP scenario (total of 27). The model was 
then run at a daily time step for each ensemble member for 
each RCP scenario between 1981 and 2099. The model output 
was then parsed into four time periods: the historical period 
between 1981 and 2005, future time period 1 between 2022 
and 2047, future time period 2 between 2048 and 2073, and 
future time period 3 between 2074 and 2099. The difference 
between the historical period and each future time period was 
calculated for each ensemble member and RCP scenario. The 
mean amount of change for each data ensemble at each future 
time period and RCP was then calculated. This report presents 
the estimated amount of change in the total volume and timing 
of streamflow for the entire watershed at specific locations 
on the river and its tributaries for the three RCPs and future 
time periods.

Description of the Study Area

In the Upper Rio Grande Basin study area, the Rio 
Grande flows approximately 650 miles (mi) from the head-
waters in Colorado to Fort Quitman, Tex., draining the 
32,000-square-mile (mi2) Upper Rio Grande Basin (fig. 1). 
The Upper Rio Grande Basin spans parts of three States and 
northern Mexico and is in an arid to semiarid region where 
disputes over water shortages have existed for more than 
100 years. Basin topography varies from the forested moun-
tains of the headwaters to the riparian forests and high desert 
of central New Mexico to deserts along the boundary between 
Texas and Mexico (Llewellyn and Vaddey, 2013).

Climate in the basin varies with elevation and latitude, 
and this variation influences streamflow generation. Subbasins 
in the northern part of the Upper Rio Grande Basin produce 
most of the streamflow volume in spring and early summer 
as the snow melts. Most of the streamflow volume in subba-
sins in the southern part of the basin is driven by the sum-
mer monsoon.
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The Upper Rio Grande Basin was divided into four dis-
tinct regions for this study: the headwaters region, the Upper 
Rio Grande region, the Middle Rio Grande region, and the 
Lower Rio Grande region (fig. 1).

In the headwaters region of the basin (fig. 1), north of 
the Colorado-New Mexico State line, elevations range from 
about 7,500 feet (ft) to more than 14,000 ft (DiNatale Water 
Consultants, 2014). Mean annual temperatures in the region 
range from 24 to 53 degrees Fahrenheit (°F), and mean annual 
precipitation ranges from 17 to 40 inches (in.), with most of 
the precipitation falling as snow at high elevations (Llewellyn 
and Vaddey, 2013; Vose and others, 2014). Seasonal snowpack 
that builds throughout the winter in the San Juan and Sangre 
de Cristo Mountains contributes 60–75 percent of Rio Grande 
streamflow (Rango, 2006; Llewellyn and Vaddey, 2013).

The Upper Rio Grande region (fig. 1), as defined in this 
report, extends from the Colorado-New Mexico State line 
south to the town of Bernalillo, N. Mex. Elevations in the 
Upper Rio Grande region range from about 5,000 ft to more 
than 12,000 ft (State of New Mexico Water Quality Control 
Commission [WQCC], 2002). Mean annual temperatures in 
the region range from 45 to 55 °F, with lower temperatures 
occurring at mid to high elevations (New Mexico Office of the 
State Engineer/Interstate Stream Commission [NMOSE/ISC], 
2017). Precipitation in the region is highly variable, falling as 
snow in the winter and as rain in the summer, when it is driven 
by the monsoonal weather pattern. Mean annual precipita-
tion ranges from more than 40 in. in the mountainous regions 
to about 10 in. in the valley along the Rio Grande (NMOSE/
ISC, 2017). Most of the perennial tributaries to the Rio Grande 
in the New Mexico portion of the basin are contained within 
the Upper Rio Grande region, and major tributaries con-
tribute about 25 percent of Rio Grande flow (WQCC, 2002; 
Llewellyn and Vaddey, 2013). Collectively, about 80–85 
percent of Rio Grande flow is generated in the headwaters and 
Upper Rio Grande regions of the Upper Rio Grande Basin.

The Middle Rio Grande region, which extends within 
New Mexico from Bernalillo to Elephant Butte Reservoir, 
south of Socorro, consists of mountainous areas and broad 
plains (WQCC, 2002). Elevations range from more than 
10,000 ft east of Albuquerque, N. Mex., to about 4,000 ft 
around Socorro. Mean annual temperature in the Middle Rio 
Grande region ranges from about 50 to 55 °F, and mean annual 
precipitation ranges from 8 in. in the valley to about 30 in. at 
higher elevations (NMOSE/ISC, 2017). Rio Grande flow in 
the region is sustained primarily by flow generated upstream 
and from the Arroyo Chico (table 1; fig. 1; site ID 0340500) 
and Rio Puerco (table 1; fig. 1; site ID 08334000) Basins 
(WQCC, 2002).

The Lower Rio Grande region, which comprises areas 
south of Elephant Butte Reservoir, is an arid region in which 
flow in the Rio Grande is influenced primarily by the summer 
monsoon. Elevations in the region range from about 10,000 ft 
to about 3,800 ft in the southern part of the basin (WQCC, 
2002). Mean annual temperatures range from 50 to 75 °F, and 
summer temperatures can exceed 100 °F at lower elevations 

(NMOSE/ISC, 2017). Mean annual precipitation varies from 
about 8 to 18 in., with most precipitation falling at the higher 
elevations (NMOSE/ISC, 2017). Flow in Rio Grande tributar-
ies in the Lower Rio Grande region is predominantly ephem-
eral (WQCC, 2002).

Anthropogenic Effects

The Rio Grande is a highly managed system where the 
conjunctive use of water in the basin takes place under a 
myriad of legal constraints including the Rio Grande Compact 
agreement between the States, administration of water rights 
by individual States, an international treaty with Mexico, 
and Federal water projects (Paddock, 2001). The conveyance 
and use of surface water in the basin are achieved through an 
engineered system of reservoirs, diversions, and irrigation 
canals designed to deliver water to agricultural, municipal, and 
industrial users, all of which combine to greatly reduce the 
cumulative volume of water in the river.

The compact apportions water to Colorado, New Mexico, 
and Texas, and an international treaty annually allocates up 
to 60,000 acre-feet (acre-ft) of Rio Grande water to Mexico 
(Paddock, 2001). Surface-water sources for the Upper Rio 
Grande Basin include within-basin water, as well as approxi-
mately 96,200 acre-ft of water imported from the Colorado 
River Basin through the San Juan-Chama Project (DiNatale 
Water Consultants, 2014). San Juan-Chama Project water 
is diverted from a portion of the Colorado River Basin and 
conveyed by tunnel into the Upper Rio Grande Basin (Glaser, 
1998). San Juan-Chama Project water is allocated to many 
of the major cities and irrigation districts in the basin above 
Elephant Butte Reservoir. San Juan-Chama pipeline construc-
tion was completed in 2008, and until recently, many of the 
cities and irrigation districts have not been able to use their 
San Juan-Chama Project allotments. In addition, approxi-
mately 12,000 acre-ft of water per year is diverted from the 
San Luis Valley closed basin in Colorado to the Rio Grande 
above the Colorado-New Mexico State line, where it is used 
to help offset groundwater use and to meet obligations of the 
compact (DiNatale Water Consultants, 2014). Water opera-
tions and management in the Upper Rio Grande Basin are 
complex because of the different sources of water (within-
basin and imported), numerous reservoirs, stream-aquifer 
relations, and legal constraints emphasizing the importance of 
a model of naturalized flow to estimate the effects of potential 
future changes in climate.

Climate Projections

In this and other studies looking at the impact of climate 
change on water resources, climate projections are often used 
to drive hydrologic models and produce streamflow projec-
tions. Climate projections are developed through the use of 
GCMs. Climate scenarios used in this study were simulated 
using three GCMs, which simulate future climate based on 
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three RCPs, that were statistically downscaled for regional use 
by using three different downscaling methods. GCMs simulate 
nonstationary climatic effects on precipitation and temperature 
and provide useful projections of future climate based upon 
a specific RCP. The RCPs are greenhouse gas concentration 
trajectories that describe different potential climate futures. 
However, GCMs also simulate climate at a resolution of 
100 kilometers (km) or more, which often is unsuitable for 
local management assessments and decisions. Downscaling is 
used to translate the GCM resolution to local-scale processes 
(Gettelman and Rood, 2016).

GCMs are numerical models that use known physical 
laws and relations to simulate the general climate patterns of 
the planet. The GCMs are similar to models used in weather 
forecasting but focus on capturing changes to the climate 
over long periods of time (50–100 years or more), whereas 
weather forecasting focuses on predicting weather events 
over much shorter time scales. Although each GCM simulates 
the same fundamental equations, there are processes of the 
climate system that are not fully understood. For example, it is 
well understood that the climate system is sensitive to emis-
sions of greenhouse gases, but there is a question of exactly 
how sensitive the climate system is to the emissions. As 
such, there are numerous GCMs reflecting different levels of 
climate sensitivity along with other processes that are not fully 
understood. Each GCM can be broken into multiple compo-
nents (atmosphere, land, ocean), but all function similarly. A 
GCM works by discretizing the planet into a grid of boxes of 
some size (commonly referred to as the “model resolution”) 
and solving a series of equations at each grid point and time. 
All GCMs solve for the basic equations that describe the 
conservation of momentum, energy, and mass for precipita-
tion on Earth and water vapor in the atmosphere. GCMs also 
include vertical layers into the atmosphere and ocean, but the 
model resolution is typically greater than 100 km. The grid 
spacing and processes simulated in a GCM allow the model to 
simulate the general circulation of the atmosphere and ocean 
(Hartmann, 1994).

To project future changes to the climate, the GCMs make 
use of the RCPs (van Vuuren and others, 2011; IPCC, 2019). 
The RCPs consider specifically the radiative forcing applied to 
the climate system. Radiative forcing is defined as “a change 
in the balance between incoming solar radiation and outgo-
ing infrared (that is, thermal) radiation” (U.S. Environmental 
Protection Agency, 2020). In general, a greater amount of 
radiative forcing applied to the climate system will result in a 
greater increase in global mean temperatures by the year 2100. 
The RCPs provide time series of emissions and concentra-
tions of greenhouse gases, aerosols, and chemically active 
gases, along with land use and land cover changes (Moss 
and others, 2008, 2010; IPCC, 2020). A range of RCPs were 
produced for the Fifth Intergovernmental Panel on Climate 
Change Assessment Report (AR5) and are used as inputs to 
climate models.

While most GCMs successfully capture large-scale 
patterns and global temperature responses to greenhouse gas 
emissions, computational constraints limit the scale at which a 
GCM can operate. The resolution of GCMs is often too coarse 
(the model grid boxes are too large) to reflect local or regional 
processes that affect rivers and streamflow, particularly in 
complex topography. This limits the usefulness of GCMs to 
local or regional climate change impact assessments and deci-
sion making. The process of downscaling is used to translate 
the coarse-scale GCM output to the regional or local scale 
(Rummukainen, 2016; Tabari and others, 2016). Statistical 
downscaling is a type of downscaling that relies on using the 
GCM output during a historical period and historical observa-
tions to build statistical relations. The statistical relation built 
during the historical period is applied to the GCM output for 
the future time period to estimate the future “observations” 
at local/regional scales. As with the GCMs, there is not one 
single best approach to statistical downscaling, leading to 
multiple downscaling techniques that influence local/regional 
projections (Wootten and others, 2017). The use of multiple 
GCMs and downscaling techniques is recommended when 
representing future climate projections because of uncer-
tainty in model predictions associated with individual GCMs 
and downscaling techniques (Wootten and others, 2014). An 
ensemble of downscaled GCMs better represent a consensus 
of forcing data to assess hydrologic response at the local scale 
than the use of one specific GCM does (Sheshukov and others, 
2011; Winkler and others, 2011; Sheshukov and Douglas-
Mankin, 2017).

Previous Studies of the Impacts of Climate 
Change on Rio Grande Streamflow

Several studies have estimated the impacts of climate 
change on Rio Grande streamflow (Hurd and Coonrod, 2012; 
Llewellyn and Vaddey, 2013; Elias and others, 2015). Hurd 
and Coonrod (2012) used climate scenarios, a monthly water 
balance model, and the river basin-scale hydroeconomic 
model to assess the impacts of climate change on stream-
flow and the potential economic consequences of changes 
in the Rio Grande Basin. Precipitation and temperature data 
from three different GCMs from the IPCC’s Coupled Model 
Intercomparison Project phase 3 (CMIP3) suite of models, 
forced with a “middle-of-the-road” emissions scenario, were 
used as input to the monthly water balance model to pro-
duce simulations for two future time periods (2020–39 and 
2070–89). In this study, the data were not downscaled or bias 
corrected prior to running the hydrologic model (so sce-
narios did not account for local differences such as changes 
in topography), nor was the model calibrated to fully repre-
sent naturalized conditions. This work displayed decreases 
in basin streamflow relative to the historical baseline period 
(1971–2000). The greatest changes in streamflow occurred in 
the later simulation period showing 8–29 percent declines in 
total basin flow and shifts toward earlier annual peak flows by 
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about 1 month. The economic response to changes in water 
resources and population in the basin included increases in the 
price of water and decreases in economic production, mainly 
in the agricultural sector.

In a study on the Upper Rio Grande Basin (Elias and 
others, 2015), a snowmelt runoff model and future climate 
scenarios were used to evaluate the impacts of future climate 
on the timing and volume of runoff and changes in snow 
cover area (SCA) in snow-dominated areas of the basin. In 
that study, historical and future changes were simulated for 
24 subbasin tributaries by using 24 snowmelt runoff models. 
Models were run with temperature and precipitation data using 
the warmest climate scenarios from GCMs in CMIP3 and 
CMIP5 suite of climate models, which were downscaled using 
bias-correction constructed analogs and station-based bias cor-
rection. Model results showed a reduction in SCA for all sub-
basins in future simulations when compared to the 1990–99 
baseline period, with reductions in SCA ranging from 40 to100 
percent. The change in streamflow volume varied by subbasin, 
with changes ranging from a 30 percent decrease in volume in 
a hotter, drier climate with peak flows occurring about 14 days 
earlier to a 57 percent increase in volume in a warmer, wetter 
climate with peak flows occurring 25 days earlier than in the 
base period.

An investigation of how climate change might affect 
water operations was conducted as part of the Upper Rio 
Grande Impact Assessment by the Bureau of Reclamation 
(Gangopadhyay and others, 2011; Llewellyn and Vaddey, 
2013). An ensemble mean of statistically downscaled CMIP3 
climate projections was used as input to the variable infiltra-
tion capacity hydrologic model to produce streamflow projec-
tions through the year 2100. The variable infiltration capacity 
model used in the assessment was applied as it is used in 
forecasting for the Western United States without further 
calibration to represent streamflow (actual or naturalized) in 
the Rio Grande Basin (Gangopadhyay and others, 2011). The 
streamflow projections were bias corrected and then used as 
input to the Upper Rio Grande Simulation Model, which simu-
lates the effect of water operations (for example, dam releases, 
agricultural and municipal diversions, and return flows) on 
available water. Results of the assessment suggest an aver-
age decrease in tributary flows that contribute to Rio Grande 
flow of about 30 percent with an increase in the variability of 
monthly and annual flows. Model results displayed variable 
changes in peak flow timing, with many large headwater sub-
basins displaying earlier peak flows by approximately 1 month 
and many minor subbasins outside of the headwaters display-
ing minor to no changes.

Similar to the studies discussed above, the current 
study makes use of a hydrologic model and climate projec-
tions using selected GCMs from the CMIP5 set of models to 
simulate the potential effects of future climate on streamflow. 
The current study differs from the previous studies, however, 
by using a watershed model that has been calibrated to local 

conditions to simulate naturalized streamflow and other hydro-
logic variables at various spatial scales. This means that the 
models can produce estimates of streamflow or other hydro-
logic variables for the entire basin, for specified subbasins, 
or for individual hydrologic response units (HRUs) without 
needing to account for potential future changes in anthropo-
genic effects in the basin. In addition, this study uses GCMs 
that have been specifically selected on the basis of their perfor-
mance in the region (Bertrand and McPherson, 2019; Wootten 
and others, 2020).

PRMS Overview

PRMS is a component of the National Hydrologic Model 
(NHM) developed by the U.S. Geological Survey (USGS) 
(Leavesley and others, 1983; Markstrom and others, 2015). 
PRMS is a deterministic, process-based, distributed-parameter 
modeling system designed to analyze the effects of precipita-
tion, climate, and land use on streamflow and general basin 
hydrology on a daily time step. The national-scale framework 
of the NHM allows for subcatchment modeling using pre-
defined, spatially distributed HRUs (as described by Regan 
and others, 2018). HRUs partition the model domain into 
areas with relatively uniform hydrologic response that are 
based on basin topography, vegetation, soil, and climate. The 
model input data include precipitation, minimum temperature, 
and maximum temperature. PRMS represents the hydrologic 
cycle as 17 interconnected processes (Markstrom and oth-
ers, 2015). These hydrologic processes are simulated using 
source code modules within PRMS. In some cases, PRMS 
has several modules that provide alternative methods of 
simulating the processes. Hydrologic processes simulated in 
PRMS are temperature distribution, precipitation distribution, 
combined climate distribution, solar radiation distribution, 
transpiration period, potential evapotranspiration, canopy 
interception, snow, surface runoff, soil zone, groundwater, and 
streamflow, as well as five model administrative processes 
(basin definition, cascading flow, solar table, time-series 
data, and summary). Each module in PRMS uses parameters 
and variables to simulate hydrologic processes. Parameters 
are user-specified input values that are constant temporally 
from year to year and can vary spatially across the landscape 
(unique values per HRU) or vary by month and HRU (giving 
[HRUs × months] unique values) but do not change during the 
simulation (for example, the area of each HRU is a parameter 
that does not change during model simulation). Variables are 
hydrologic states and fluxes that may change with each time 
step during the simulation (Markstrom and others, 2015). 
Some variables may be user-input time-series variables (for 
example, daily precipitation) or internal variables (for exam-
ple, soil moisture for each HRU), which are calculated by the 
modules and may be used by other modules as input variables.
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Methods

PRMS Model Design and Calibration

PRMS, like many distributed hydrologic models, needs 
to be calibrated to be applicable to a specific study area. 
Although PRMS uses a total of 108 input parameters, 72 of 
these parameters are not typically varied from their initial val-
ues, leaving 36 as standard calibration parameters. Each cali-
bration parameter is used within a single hydrologic process 
module, but because output variables from one module can be 
used as input variables to other modules, calibration param-
eters may affect several hydrologic processes (Markstrom and 
others, 2015). PRMS has more than 200 output variables that 
represent specific hydrologic responses over time. As a result 
of both model complexity and the extensive set of parameters, 
sensitivity analyses for PRMS are both highly complex and 
essential for successful model application. During model 
sensitivity analysis, the influence of calibration parameters 
on output variables is assessed. During model calibration, 
calibration parameters are adjusted, and output variables 
are compared to observed hydrologic data to assess model 
performance.

The following general steps were taken to design a 
PRMS model that simulated near-native streamflow conditions 
for the Upper Rio Grande Basin:

1. Develop a model of the Upper Rio Grande Basin based 
on the USGS NHM infrastructure.

2. Define subbasins within the Upper Rio Grande Basin 
that have little to no water withdrawals (near-native sub-
basins; fig. 1).

3. Perform a sensitivity analysis of model parameters in 
each near-native subbasin.

4. Calibrate the model within each near-native subbasin.

5. Distribute calibrated parameter values to the remaining 
model domain.

Streamflow estimates were validated from a comparison 
of simulated values to measured values in each of the near-
native subbasins. Further details and associated data with each 
step of model calibration and validation in this report can be 
found in Chavarria and others (2020a, b).

National Hydrologic Model Infrastructure
A PRMS model based on the NHM infrastructure was 

initially extracted from the NHM-PRMS application for the 
Upper Rio Grande Basin. The NHM infrastructure is a reposi-
tory where all information, including predefined modeling 
units (HRUs and stream segments), estimated parameters 
derived from a variety of methods, climate input data, and 
hydrologic process simulation code, can be obtained to 

develop a PRMS model for a specified area (Regan and others, 
2018, 2019). The 1,021 HRUs that cover the study area basin 
were extracted from the NHM along with model parameters 
and input data.

Initial input parameter values from the NHM database 
for Upper Rio Grande Basin HRUs were adopted from the 
Geospatial Fabric of the NHM platform (Viger, 2014; Viger 
and Bock, 2014; Regan and others, 2018, 2019). Soil param-
eters were derived from the Soil Survey Geographic Database 
(Natural Resources Conservation Service, 2013). Land-cover 
parameters were derived from the 2001 National Land Cover 
Database (Homer and others, 2007). Subsurface-flow parame-
ters were derived from the map products of Gleeson and others 
(2011). Determination of values for other model spatial param-
eters and initial conditions (such as water content of various 
model storage pools) are described in Regan and others (2018, 
2019). The selected parameters (Hay, 2019), maintained in the 
NHM Parameter Database (Driscoll and others, 2017), were 
used as initial parameters for the Upper Rio Grande Basin 
PRMS model.

Model parameters in the San Luis Valley closed basin 
were not representative of a closed basin. As such, prior to 
model calibration, several NHM base parameters were altered 
to prohibit water that does not naturally drain to the Rio 
Grande either by surface drainage or groundwater discharge 
from moving out of the closed basin. See Chavarria and others 
(2020a) for further details.

Near-Native Subbasins Used for Calibration
In order to represent naturalized flow in the PRMS 

model, streamflow without anthropogenic effects needs to be 
quantified. Measured subbasin streamflow from streamgages 
in the Upper Rio Grande Basin that had at least 5 years of 
data, had a contributing area greater than 30 mi2, and had peak 
flows greater than 1,000 cubic feet per second were parsed on 
the basis of upstream water infrastructure and water withdraw-
als. Of these subbasins, those that had upstream reservoirs or 
water withdrawals where greater than 5 percent of total annual 
flow is diverted were removed. A total of nine streamgages 
were left; these represented a naturalized flow regime and had 
enough streamflow data for model calibration (see Chavarria 
and others, 2020a, table 3 therein).

Sensitivity Analysis
Basin hydrologic processes, such as infiltration, snow-

melt runoff, and overland flow, vary according to spatially and 
temporally varying combinations of land surface and clima-
tological conditions. For example, streamflow from a cold, 
mountainous basin may reflect a high dependency on snow-
melt processes, whereas streamflow from a warmer, lowland 
basin may reflect greater dependency on evapotranspiration 
processes. A national-level sensitivity analysis was performed 
to better understand interactions between PRMS calibration 
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parameters and process variables (Markstrom and others, 
2016). This analysis used a Fourier amplitude sensitivity test 
(FAST) to analyze 110,000 subregions, or HRUs, of the con-
terminous United States for an 11-year period (1990–2000). 
The FAST analysis used seven fundamental daily streamflow 
statistics, in which each statistic represented unique informa-
tion on hydrologic response (Archfield and others, 2014). This 
sensitivity analysis allowed for a better understanding of key 
hydrologic processes for an HRU and the dominant parameters 
that affect each key process to improve runoff modeling within 
a study area (Markstrom and others, 2016). The FAST results 
showed that, on average (of 110,000 HRUs in the contermi-
nous United States), 90 percent of the parameter sensitivity 
to key hydrologic processes in a given HRU usually comes 
from only 2 to 9 parameters, which is a small subset of the 36 
standard calibration parameters. Using the sensitivity analysis 
to selectively reduce the number of calibration parameters 
improves understanding of PRMS process-parameter interac-
tions and reduces potential for equifinality (that is, getting 
the right result for the wrong reasons) by reducing the num-
ber of parameters needing adjustment to make an accurate 
calibration.

As part of a prior study by Douglas-Mankin and Moeser 
(2019), a platform was created to provide a quasi-graphical 
user interface to easily query the FAST data by region, HRU, 
groupings of HRUs, specific aspects of the flow regime, and 
groupings of flow-regime aspects. This platform allows for 
quick, site-specific determination of the key parameters and 
processes and their associated influence on various aspects 
of the flow regime and permits a more informed, quicker 
calibration process in which only key processes and affiliated 
parameters are optimized for an area.

The platform from Douglas-Mankin and Moeser (2019) 
was used to develop a calibration plan unique to each of the 
nine near-native subbasins. The calibration plan was devel-
oped from a determination of which hydrologic processes 
and parameters exhibited the greatest influence in simulating 
streamflow volume, flashiness, and timing. See Chavarria and 
others (2020a) for further details.

Model Calibration
For calibration, PRMS was forced with daily precipi-

tation, minimum daily temperature, and maximum daily 
temperature input data from 1980 to 2015 from Daymet: Daily 
Surface Weather Data on a 0.62-mi (1-km) Grid for North 
America, Version 3 (Thornton and others, 2016). Daymet is a 
collection of gridded estimates of precipitation, temperature, 
and solar radiation derived by interpolation and extrapolation 
from observation data at climate stations across North America 
(Thornton and others, 2016) and a digital elevation model.

Prior to calibration of simulated streamflow in the 
near-native subbasins, solar radiation and potential evapo-
transpiration were first calibrated for all HRUs within the 
model domain by using historical data provided in the normal 
incident solar radiation atlas and the mean monthly evapora-
tion atlas (Farnsworth and others, 1982) obtained from the 
USGS Geo Data Portal (Blodgett and others, 2011). Simulated 
streamflow was then calibrated to streamgage data for each 
near-native subbasin. A stepwise, multiple-objective process 
was used, initially outlined in Markstrom and others (2015), 
that involved calibration of streamflow volume, flashiness, and 
timing from the optimization of 13 model parameters (derived 
from the FAST results) using the Luca (Let us calibrate) soft-
ware (Hay and others, 2006; Hay and Umemoto, 2006).

Parameter Distribution to Gaged and Ungaged 
Subbasins

Adjustment factors for each of the calibration parameters 
within each of the near-native subbasins were distributed 
to noncalibrated HRUs to represent near-native streamflow 
conditions at those HRUs falling outside of the near-native 
basins. An adjustment factor was defined as the difference 
between the postcalibration value and the precalibration value 
(initial NHM value). Unique regression equations were created 
for each near-native subbasin for each parameter adjustment 
factor (and for each month for parameters indexed by month) 
from user-defined characteristic(s). These characteristics were 
defined from unique HRU traits that included soil type, canopy 
type, canopy density, elevation, and slope. The equations for 
each parameter at each subbasin were then weighted and spa-
tially interpolated to all noncalibrated HRUs from an inverse 
distance squared weighting algorithm if the noncalibrated 
HRU fell within a user-defined distance from each of the sub-
basins. See Chavarria and others (2020a) for further details.

Model Runs

The calibrated PRMS model was forced with projec-
tions of daily precipitation, minimum daily temperature, and 
maximum daily temperature from 27 datasets for 1981–2099. 
These datasets include data generated from three GCMs and 
three statistical downscaling methods for three RCP scenarios: 
RCP 2.6, RCP 4.5, and RCP 8.5. Additional details on the 
datasets of climate projections used for this study are available 
in Wootten and others (2019). The projections are available 
via the USGS Geo Data Portal (Dixon and others, 2020). The 
downscaled climate projections used in this analysis are avail-
able at a 10-km resolution. Area-weighted averaging was used 
to provide projected changes in daily precipitation, minimum 
daily temperature, and maximum daily temperature for each 
individual HRU in the PRMS model.
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Representative Concentration Pathways (RCPs)
The projections used in this analysis were created using 

three RCPs:
1. RCP 2.6 (van Vuuren and others, 2006, 2007)—

Radiative forcing on the climate system peaks at 
2.6 watts per square meter (W m-2) before 2100.

2. RCP 4.5 (Smith and Wigley, 2006; Clarke and others, 
2007; Wise and others, 2009)—Radiative forcing on the 
climate system stabilizes at 4.0 W m-2 before 2100.

3. RCP 8.5 (Rao and Riahi, 2006; Riahi and others, 
2007)—Radiative forcing on the climate system reaches 
8.5 W m-2 by 2100.

The RCPs themselves were not developed with the 
intention that any one scenario is more likely than another. 
Rather, the RCPs represent a range of possible scenarios based 
on energy modeling efforts when they were developed (van 
Vuuren and others, 2011). RCP 2.6 represents a scenario for 
stabilization, RCP 4.5 is one scenario reflecting a mitigation, 
and RCP 8.5 is a high baseline scenario for emissions with 
no implemented climate policy. Because there is a range of 
options with respect to human action, these three RCPs (which 
span the range of available options for energy) are used in this 
analysis.

Global Climate Models
Each GCM uses each RCP as an input, and these results 

project the response of the climate system to the radiative 
forcing levels from each RCP. Projections were generated for 
historical (1981–2005) and future time periods (to 2099) by 
using three GCMs forced with each RCP and are available via 
the USGS Geo Data Portal (Dixon and others, 2020). While 
there are numerous GCMs to choose from in climate change 
studies, three GCMs from CMIP5 (Taylor and others, 2012) 
were used to create the projections used in this study. These 
three GCMs include the Community Climate System Model 
version 4 (CCSM4; Gent and others, 2011), the Model for 
Interdisciplinary Research on Climate version 5 (MIROC5; 
Watanabe and others, 2010), and the Max-Planck-Institute 
Earth System Model running on a low-resolution grid (MPI-
ESM-LR; Giorgetta and others, 2013). The GCMs were 
selected because they have been shown to capture historical 
temperature and precipitation across the south-central United 
States and represent a range of climate sensitivity among the 
GCMs available in CMIP5 (Bertrand and McPherson, 2019; 
Wootten and others, 2020). Simulations of precipitation and 
temperature using the selected GCMs have been shown to 
have a smaller bias in comparison to other CMIP5 models 
while capturing the general spread of models by spanning a 
range of one standard deviation above and below the ensemble 
mean (Bertrand and McPherson, 2019).

Statistical Downscaling Techniques
The process of downscaling is used to translate the 

coarse-scale GCM output to the regional or local scale 
(Rummukainen, 2016; Tabari and others, 2016). Statistical 
downscaling is a type of downscaling that relies on using the 
GCM output for a historical period and historical observations 
to build statistical relationships. The statistical relationship 
built for the historical period is applied to the GCM output for 
the future time period to estimate the future “observations” at 
local/regional scales. There is not one single best approach to 
statistical downscaling, which results in multiple downscaling 
techniques that influence local/regional projections (Wootten 
and others, 2017). As such, the climate projections used in this 
analysis were created using three different statistical down-
scaling techniques. These three techniques include a delta 
method (DeltaSD), an equidistant quantile mapping method 
(EDQM), and a piecewise asynchronous regression method 
(PARM). More details on each of these methods are avail-
able in Wootten and others (2019). Because each downscaling 
method has different performance characteristics, the use of 
the range of techniques in this study allows us to acknowledge 
that downscaling methodological choices influence the value 
added by statistically downscaled projection data products. 
While the projections in this study also used multiple obser-
vation datasets for downscaling, this study uses only those 
created with Daymet to mimic the dataset used to calibrate the 
PRMS model.

Streamflow Projections
Simulated streamflow was generated from each GCM 

and downscaling method, giving a total of 9 scenarios per each 
RCP scenario for a total of 27 simulations. All model output 
was then parsed into four time periods: historical period, 
1981–2005; future time period 1, 2022–47; future time period 
2, 2048–73; and future time period 3, 2074–99. To compute 
potential climate-induced effects, hydrologic model simula-
tions for the model historical period were subtracted from the 
model future time period. The ensemble members were aver-
aged for each time period and RCP scenario for all streamflow 
segments (528 segments) represented in the Upper Rio Grande 
Basin PRMS model.

Streamflow values were analyzed for changes in the total 
volume of water (delta cumulative streamflow) and changes 
in the timing (delta streamflow timing) of runoff for (1) the 
entire basin, (2) each near-native subbasin, and (3) the Upper 
Rio Grande Basin main-stem gages on an annual and seasonal 
(snowmelt, monsoon) basis (table 1). This was done for each 
downscaled GCM, RCP, and future time period. The annual 
period includes all data for each year in a particular period, 
the snowmelt season includes all data between the beginning 
of February and the end of June, and the monsoon season 
includes all data between the beginning of July and the end 
of October.
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Cumulative streamflow was calculated for all ensemble 
members of each RCP scenario for all years. The absolute 
and percent differences between the mean historical period 
value and each future year were then calculated to arrive at the 
change in streamflow volume (delta cumulative streamflow).

Center of mass dates were calculated for all ensemble 
members of each RCP scenario for all years. The center of 
mass date is the date in which 50 percent of the total yearly (or 
seasonal) volume of water has runoff. The absolute differences 
between the mean historical period value and each future 
year value were then calculated to arrive at delta streamflow 
timing. Center of mass dates were calculated instead of peak 
flow dates to remove the potential influence of large individual 
monsoonal storms that may skew the data.

Hydrographs of mean daily and cumulative stream-
flow were created for each near-native subbasin used in the 
calibration of the Upper Rio Grande Basin PRMS model and 
for five streamgage locations on the main stem of the Rio 
Grande in the Upper Rio Grande Basin to give an overview 
of potential streamflow change from varying RCPs and future 
time periods. Boxplots were also created to depict changes 
in the distribution and variability of streamflow by season, 
with absolute and percent differences at these sites for each 
future time period. Absolute and percent differences at these 
sites were then averaged for each future time period and are 
presented in tabular form (tables 2, 3). These data were also 
spatially plotted for the entire Upper Rio Grande Basin at each 
PRMS streamflow segment to visually represent spatial trends.

Table 1. Streamgages on the main stem of the Rio Grande and in near-native subbasins simulated by the Precipitation-Runoff 
Modeling System model for the Upper Rio Grande Basin, Colorado, New Mexico, and Texas.

[ID, identification; CO, Colorado; NM, New Mexico; TX, Texas]

Site ID Near-native subbasin gages

  08224500   Kerber Creek above Little Kerber Creek near Villa Grove, CO
  10628222   Pinos Creek near Del Norte, CO
  208236000   Alamosa River above Terrace Reservoir, CO
  08269000   Rio Pueblo de Taos near Taos, NM
  08275500   Rio Grande del Rancho near Talpa, NM
  08321500   Jemez River below East Fork near Jemez Springs, NM
  08334000   Rio Puerco above Arroyo Chico near Guadalupe, NM
  08340500   Arroyo Chico near Guadalupe, NM
  08354000   Rio Salado near San Acacia, NM

Main-stem gages

  08220000   Rio Grande near Del Norte, CO
  08252000   Rio Grande at Colorado-New Mexico State line
  08313000   Rio Grande at Otowi Bridge, NM
  08358400   Rio Grande floodway at San Marcial, NM
  08370500   Rio Grande at Fort Quitman, TX

1Former U.S. Geological Survey streamgage (08220500) added, now Colorado Division of Water Resources streamgage 0628222.
2Streamgage taken over by the Colorado Division of Water Resources.
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Table 2. Projected changes in delta streamflow timing (days) between future time periods in the Precipitation-Runoff Modeling System model and representative concentration pathways on an annual and seasonal (snowmelt, monsoon) 

basis for streamgages on the main stem of the Rio Grande and in near-native subbasins in the Upper Rio Grande Basin, Colorado, New Mexico, and Texas.

[Negative values denote earlier streamflow and can also be seen in red. Positive values denote later streamflow and can also be seen in blue. RCP, representative concentration pathway (from van Vuuren and others, 2011; Intergovernmental 
Panel on Climate Change, 2019). The future time periods are as follows: future time period 1 between 2022 and 2047, future time period 2 between 2048 and 2073, and future time period 3 between 2074 and 2099]

Snowmelt season Monsoon season Year

RCP 2.6 RCP 4.5 RCP 8.5 RCP 2.6 RCP 4.5 RCP 8.5 RCP 2.6 RCP 4.5 RCP 8.5

22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99

  Main-stem gages

  Del Norte   −8   −7   −7   −7   −13   −14   −8   −18   −30   3   0   8   6   5   6   5   11   15   −3   −14   −3   −9   −14   −14   −3   −13   −27

  Stateline   −8   −10   −8   −9   −16   −15   −11   −21   −32   −1   −5   4   2   1   2   3   9   13   1   −14   −2   −10   −15   −12   −2   −14   −27

  Otowi   −7   −10   −8   −8   −15   −15   −11   −20   −31   −1   −5   4   1   1   2   3   10   14   5   −13   0   −5   −12   −6   2   −8   −23

  Marcial   −7   −10   −8   −8   −14   −16   −11   −19   −30   0   −4   6   3   3   4   1   11   15   5   −12   1   −1   −9   −6   6   −3   −23

  Quitman   −5   −5   −8   −6   −12   −15   −10   −16   −28   2   −1   6   3   6   5   2   11   16   4   −13   1   −2   −11   −10   3   −6   −28

  Near-native subbasin gages

  Kerber   −4   −6   −5   −8   −11   −13   −9   −15   −26   3   0   4   5   3   6   3   6   6   −6   −15   −12   −16   −23   −21   −8   −17   −29

  Pinos   −5   −2   −5   −7   −11   −11   −5   −17   −30   3   −1   8   2   4   4   4   8   9   −2   −9   −3   −12   −16   −19   −8   −20   −37

  Alamosa   −7   −3   −4   −6   −12   −12   −5   −16   −31   4   1   9   6   9   9   8   15   18   −7   −10   −4   −10   −12   −13   −6   −17   −26

  Pueblo   −2   −6   −4   −2   −10   −10   −7   −15   −20   2   1   6   5   4   4   4   8   12   2   −7   −3   10   −12   −6   −4   −9   −16

  Rancho   −8   −10   −9   −7   −7   −10   −7   −12   −17   3   1   3   3   5   7   5   7   9   0   −13   −11   −4   −3   −6   4   −7   −9

  Jemez   −1   −5   −7   −8   −9   −17   −8   −9   −17   1   0   3   4   1   5   −2   3   10   22   −19   −6   19   −10   5   35   6   4

  Puerco   −9   −16   −13   −12   −10   −15   −12   −14   −22   2   1   2   −3   0   2   −2   −3   0   −5   −17   −4   −2   −17   −8   2   2   −6

  Chico   −10   −17   −12   −10   −6   −8   1   −4   −17   0   2   2   −2   −4   −2   3   1   6   −2   −13   −4   9   −4   3   5   5   5

  Salado   −25   −25   −24   −26   −14   −28   −10   −20   −33   −1   7   5   4   3   7   1   15   17   −8   −3   −2   −2   −5   −4   −5   −6   −7
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Table 3. Projected changes in delta streamflow volume (percent) between future time periods in the Precipitation-Runoff Modeling System model and representative concentration pathways on an annual and seasonal (snowmelt, monsoon) 

basis for streamgages on the main stem of the Rio Grande and in near-native subbasins in the Upper Rio Grande Basin, Colorado, New Mexico, and Texas.

[Negative values denote less streamflow and can also be seen in red. Positive values denote more streamflow and can also be seen in blue. RCP, representative concentration pathway (from van Vuuren and others, 2011; Intergovernmental 
Panel on Climate Change, 2019). The future time periods are as follows: future time period 1 between 2022 and 2047, future time period 2 between 2048 and 2073, and future time period 3 between 2074 and 2099]

Snowmelt season Monsoon season Year

RCP 2.6 RCP 4.5 RCP 8.5 RCP 2.6 RCP 4.5 RCP 8.5 RCP 2.6 RCP 4.5 RCP 8.5

22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99 22–47 48–73 74–99

  Main-stem gages

  Del Norte   17   16   20   31   51   23   24   24   52   −4   −23   −7   −9   −1   −14   −3   −9   −23   14   3   14   21   39   16   14   13   28

  Stateline   7   13   14   19   36   11   14   12   36   −2   −21   −5   −11   1   −14   −1   −7   −20   10   5   14   16   33   11   9   5   18

  Otowi   −7   3   4   6   24   −2   2   −2   20   −3   −22   −5   −16   −5   −20   −3   −6   −23   −2   −5   4   5   20   0   −1   −6   4

  Marcial   −4   5   7   8   29   4   −1   −4   18   −8   −27   −11   −14   −4   −19   −7   −10   −30   −5   −11   0   0   15   −1   −1   −7   0

  Quitman   −1   7   14   12   36   15   9   11   40   −18   −33   −20   −19   −11   −27   −15   −23   −41   −12   −17   −6   −6   8   −7   −2   −8   −2

  Near-native subbasin gages

  Kerber   12   15   29   23   47   6   14   1   35   −2   −15   −3   −9   −1   −29   −9   −25   −35   2   −1   12   6   26   −10   9   −5   16

  Pinos   10   15   13   27   40   25   21   22   60   −4   −4   4   2   7   −4   5   −5   −7   3   2   10   16   28   14   10   8   33

  Alamosa   9   11   9   17   30   16   6   8   26   −16   −26   −9   −18   −7   −16   −12   −22   −25   −1   −8   0   3   19   6   2   2   20

  Pueblo   −23   9   6   −1   9   −25   −16   −33   −27   −17   −2   1   4   7   −25   −19   −34   −37   −17   10   12   8   14   −18   −7   −29   −22

  Rancho   −5   30   42   41   38   −14   9   −24   −5   −13   4   3   5   13   −15   −9   −17   −17   −8   18   25   26   26   −13   6   −21   −7

  Jemez   9   81   80   56   90   68   63   45   74   −6   −25   −7   −10   −5   −9   −11   −8   −22   8   38   49   41   52   63   58   32   48

  Puerco   −18   −17   −13   −13   14   9   −25   −29   −23   −7   −33   2   −13   −7   −15   −11   4   −15   −7   −23   −2   −7   6   16   −6   −10   −12

  Chico   −21   −10   −20   −13   7   −23   −9   −11   −17   −1   −25   −7   −12   −1   0   −13   −2   −20   −6   −18   −10   −10   3   0   −10   −6   −17

  Salado   56   1   131   47   124   349   50   82   139   58   11   38   95   103   42   7   55   −45   20   −20   29   21   35   57   7   44   −12
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Results

Model Validation

The calibrated model performed well at all near-native 
subbasin gages. Monthly streamflow values from the initial 
NHM-PRMS model and the calibrated model were compared 
against streamgage data in the near-native subbasins, and 
summary statistics were calculated (table 4). The initial NHM-
PRMS model values demonstrated a poor fit for all near-native 
subbasins. The annual volume bias was between about −70 
and 900 percent. Calibration of the model resulted in substan-
tial improvements in monthly streamflow simulations from the 
initial NHM-PRMS parameterization. Generally, the calibrated 
model performed better in the northerly, snowmelt-dominated 
subbasins than in the central and southern monsoon-dominated 
subbasins that deliver little cumulative streamflow volume to 
the Upper Rio Grande Basin. This difference is due to dif-
ficulty associated with calibrating subbasins with periods of 
zero flow (that is, flow intermittency) and rapidly changing 
(that is, “flashy”) streamflows (table 4).

The parameter distribution method was validated by a 
stepwise removal of near-native subbasins in the parameter 
distribution function. Estimated streamflow from the near-
native subbasins was then compared to the measured stream-
flow at streamgages, and summary statistics were calculated. 
Calibrated model performance was significantly improved 
over the initial NHM and displayed satisfactory to very good 
percent bias based on guidelines provided by Moriasi and oth-
ers (2007). Full calibration and validation results are available 
in Chavarria and others (2020a). These results demonstrate 
that the PRMS model calibration and development were suc-
cessful and that the integration of local basin characteristics 
vastly improved model simulations over that of the NHM 
and is appropriate for simulation of near-native conditions 

throughout the Upper Rio Grande Basin. As shown in figure 2, 
the difference between simulated and measured streamflow is 
from anthropogenic effects such as diversions and reservoirs.

Downscaled Climate Projections

Each of the three GCMs has a wet bias in annual total 
rainfall in the region. The various downscaling techniques 
correct the bias associated with the GCMs, resulting in small 
errors in annual total precipitation across the Rio Grande 
Basin. The GCMs also have a known tendency to overestimate 
the number of days with rainfall, particularly the frequency 
of light rain events (commonly referred to as a “drizzle bias”; 
Stephens and others, 2010; Pendergrass and Hartmann, 2014). 
The drizzle bias is reflected in the GCM error with respect to 
the number of days with precipitation. This bias in the GCMs 
is also one of the aspects that the statistical downscaling 
corrects, dramatically reducing the error with respect to the 
variables in the downscaled projections. Finally, there is also 
a general known tendency for GCMs to be undervariable with 
respect to daily precipitation, resulting in a tendency to under-
estimate extremes of rainfall (Pendergrass and Hartmann, 
2014). However, for the Upper Rio Grande Basin, the GCMs 
tend to overestimate precipitation as a result of a tendency 
for the GCMs used in this study to overestimate precipitation 
extremes. This known bias of the GCMs is also corrected by 
each of the three statistical downscaling techniques used in 
this study.

It is relevant to address some of the distinct differences 
between the downscaling techniques and the potential influ-
ences on projections of precipitation. Many of these differ-
ences are discussed in depth by Wootten and others (2020) 
and are summarized here. The three downscaling techniques 
represent two different styles for incorporating the results of 
the GCMs at smaller scales. The DeltaSD applies the change 
signal from the monthly precipitation in the GCM to the 

Table 4. Monthly model validation statistics comparing the initial National Hydrologic Model and the calibrated model.

[NSE, Nash Sutcliffe efficiency; R2, coefficient of determination; bias (%), percent bias; NHM, National Hydrologic Model; cal., calibrated; CO, Colorado; NM, 
New Mexico]

Near-native subbasin

NSE R2 Bias (%)

NHM Cal. NHM Cal. NHM Cal.

  Kerber Creek above Little Kerber Creek near Villa Grove, CO   0.07   0.68   0.26   0.69   −50.0   −4.4
  Pinos Creek near Del Norte, CO   0.47   0.82   0.73   0.83   27.2   −2.8
  Alamosa River above Terrace Reservoir, CO   0.61   0.85   0.70   0.85   −34.8   −1.4
  Rio Pueblo de Taos near Taos, NM   0.06   0.81   0.38   0.81   −70.8   −0.1
  Rio Grande del Rancho near Talpa, NM   −0.36   0.78   0.18   0.79   107.2   −1.2
  Jemez River below East Fork near Jemez Springs, NM   −0.35   0.85   0.00   0.86   67.0   −6.1
  Rio Puerco above Arroyo Chico near Guadalupe, NM   −2.96   0.47   0.16   0.47   189.0   4.0
  Arroyo Chico near Guadalupe, NM   −12.48   0.60   0.23   0.63   259.4   1.3
  Rio Salado near San Acacia, NM   −18.96   0.68   0.21   0.70   909.3   30.8
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Daymet training data. As such, the DeltaSD will always have 
the best historical performance, as it reflects only the observa-
tions themselves. However, the future projections with the 
DeltaSD apply monthly projected changes in precipitation 
and temperature to the Daymet observations. Therefore, any 
GCM downscaled with DeltaSD will retain the same sequence 
of weather events that exists in Daymet, and the statistical 
distribution of precipitation will not change significantly. As 
such, it is expected that the downscaled projections created 
with Daymet will not project significant changes in precipita-
tion extremes or the frequency of rain events but will capture 
known seasonal cycles of rainfall in the region more so than 
will the projections created with the other two downscaling 
techniques.

The remaining two downscaling techniques (EDQM and 
PARM) preserve the change from the GCM at all quantiles 
of the distribution. Therefore, the GCMs downscaled with 
EDQM and PARM will preserve seasonal and annual changes 
from the GCM and reflect GCM projected changes to the 
frequency and intensity of daily temperature and precipitation 
events. However, while the DeltaSD retains the sequence of 
weather events in Daymet, the EDQM and PARM retain the 
sequence of weather events in the GCM used for downscal-
ing. These differences in turn would affect changes in the 
timing and frequency of dry and wet spells in the Upper Rio 
Grande Basin.

Therefore, the three downscaling techniques used in this 
study reflect two different ways to treat the distribution and 
the sequence of daily precipitation and temperature. These 
differences are relevant to the results of the PRMS simulations 
because the daily precipitation and temperature output of the 
projections is used by PRMS to determine future streamflow 
in the Upper Rio Grande Basin. Therefore, it is anticipated that 
the different downscaling techniques will affect the variability 
of streamflow projections from PRMS alongside the differ-
ences between GCMs and RCPs.

Projected Change in Temperature and 
Precipitation

The downscaled climate projections show consistent 
changes in temperature across the Upper Rio Grande Basin. 
The annual average high temperature is projected to increase 
by as much as 3.76 °F on average under RCP 8.5 in future 
time period 1 (2022–47), up to 6.23 °F on average under RCP 
8.5 in future time period 2 (2048–73), and up to 9.33 °F on 
average under RCP 8.5 in future time period 3 (2074–99; 
fig. 3). The annual average low temperatures are projected to 
increase by a similar amount compared to the historical period. 
These projected increases in temperatures would increase the 
rates of evapotranspiration in the region and make drought 
more likely.

The monsoon (July–October) and snowmelt (February–
June) seasons are critical times for streamflow and precipita-
tion in the Upper Rio Grande Basin for supporting ecosystems, 
agriculture, and water resources for communities. The average 
projected change in total precipitation during the monsoon 
and snowmelt seasons suggests that, in general, precipita-
tion will decrease during both seasons across the Upper Rio 
Grande Basin, with the largest decreases under RCP 8.5 in 
future time period 3 (2074–99, table 5). However, it should be 
noted that there is substantial spread in the projections across 
the model domain. During the future time period 1 in the 
monsoon season, there is a range of projected changes, from a 
decrease in rainfall to an increase in rainfall across the Upper 
Rio Grande Basin (fig. 4). However, one consistent feature is 
that rainfall near the headwaters of the Rio Grande is projected 
to increase or have almost no change in monsoon season total 
rainfall in the future time period 1 (fig. 4). During the future 
time period 2, the projected changes in monsoon rainfall range 
from increasing rainfall across the domain to a decrease in 
rainfall (fig. 4). Finally, during the future time period 3, all of 
the projections suggest that monsoon rainfall will not change 
or will slightly increase in the northwest part of the domain, 
including the Rio Grande headwaters (fig. 4).

Projected changes to snowmelt season precipitation in 
comparison to the historical period also have considerable 
spread between individual downscaled climate projections. 
During the future time period 1, many projections suggest no 
change to a slight decrease in snowmelt season rainfall, with 
some potential increases projected in the headwaters (fig. 5). 
During the future time period 2, the projections generally 
suggest that snowmelt season rainfall either will not change or 
will slightly increase in the Rio Grande headwaters and either 
will not change substantially or will decrease in the rest of the 
basin (fig. 5). Finally, for the future time period 3, there is con-
siderable spread for the projected change in snowmelt season 
rainfall by emissions scenario. Under RCP 2.6, the snowmelt 
season rainfall is projected to have no change or to increase, 
potentially with substantial increases in the Rio Grande head-
waters (fig. 5). Under the remaining scenarios, the headwaters 
are projected to have little to no change in snowmelt season 
rainfall with projected decreases in snowmelt season rainfall 
across much of the Upper Rio Grande Basin (fig. 5).

The projected changes in air temperature are an impor-
tant consideration with regards to changes in precipitation 
and thus streamflow. The projected increase in temperatures 
would occur during all seasons, which would increase the 
rate of evapotranspiration. These changes would increase the 
potential for drought conditions, thereby decreasing stream-
flow. The projected increase in temperature also would result 
in decreasing precipitation falling as snow in the Rio Grande 
headwaters.
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Figure 3. Projected changes in annual average high temperature from the ensemble mean of all general circulation models 
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figure 1. °F, degree Fahrenheit.



Results  17

Maximum = 0.45
Mean = −0.24
Minimum = −1.13

Maximum = 0.86
Mean = −0.3
Minimum = −1.7

Maximum = 0.81
Mean = −0.37
Minimum = −1.79

Maximum = 0.05
Mean = −0.36
Minimum = −1.22

Maximum = 1.22
Mean = −0.07
Minimum = −0.99 

Maximum = 1.55
Mean = −0.18
Minimum = −1.68

Maximum = 0.93
Mean = −0.06
Minimum = −1.02

Maximum = 1.16
Mean = −0.03
Minimum = −1.00

Maximum = 1.13
Mean = −0.08
Minimum = −0.99

Pe
rio

d:
 2

02
2 

to
 2

04
7

Pe
rio

d:
 2

04
8 

to
 2

07
3

Pe
rio

d:
 2

07
4 

to
 2

09
9

RCP 2.6 RCP 4.5 RCP 8.5

−2 in.

−1 in.

0 in.

1 in.

2 in.

Base modified from U.S. Geological Survey digital data
Universal Transverse Mercator projection, zone 13
North American Datum of 1983

Figure 4. Projected changes in precipitation during monsoon season (July–October) from the ensemble mean of all general 
circulation models using representative concentration pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren and others, 2011; 
Intergovernmental Panel on Climate Change, 2019) and downscaling methods. The black-outlined polygon is the exact model 
domain shown in figure 1. in., inch.



18  Streamflow Response to Potential Changes in Climate in the Upper Rio Grande Basin

Maximum = 1.29
Mean = 0.1
Minimum = −0.26

Maximum = 0.41
Mean = −0.5
Minimum = −1.76

Maximum = 1.02
Mean = −0.52
Minimum = −1.99

Maximum = 0.77
Mean = 0.01
Minimum = −0.38

Maximum = 1.26
Mean = −0.09
Minimum = −0.65

Maximum = 0.59
Mean = −0.37
Minimum = −1.6

Maximum = 0.55
Mean = −0.12
Minimum = −0.57

Maximum = 0.28
Mean = −0.35
Minimum = −1.1

Maximum = 0.2
Mean = −0.41
Minimum = −1.11

Pe
rio

d:
 2

02
2 

to
 2

04
7

Pe
rio

d:
 2

04
8 

to
 2

07
3

Pe
rio

d:
 2

07
4 

to
 2

09
9

RCP 2.6 RCP 4.5 RCP 8.5

−2 in.

−1 in.

0 in.

1 in.

2 in.

Base modified from U.S. Geological Survey digital data
Universal Transverse Mercator projection, zone 13
North American Datum of 1983

Figure 5. Projected changes in precipitation during snowmelt season (February–June) from the ensemble mean of all 
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Projected Change in Streamflow at Streamgage 
Locations in the Upper Rio Grande Basin

Simulated hydrographs of streamflow and cumulative 
streamflow volume for streamgages on the Rio Grande main 
stem (fig. 6) and outflow streamgages in near-native sub-
basins (figs. 7, 8) show changes from the historical period 
(1981–2015) in the magnitude and timing of streamflow for 
all future time periods and RCP scenarios. In general, changes 
in streamflow timing at all Rio Grande main-stem gages 
showed shifts in timing of peak flow toward earlier in the year, 
whereas changes in streamflow timing at gages in near-native 
subbasins varied by location in the basin. Mean changes in 
streamflow timing at near-native subbasins Rio Puerco, Arroyo 
Chico, and Rio Salado in the middle to southern part of the 
basin showed relatively small shifts in streamflow timing 
toward later in the year.

Changes in streamflow volume along the Rio Grande 
main stem showed a similar trend for all RCPs and time 
periods where streamflow volume increases at headwater 
gages (Del Norte and Stateline) and decreases at all other 
gages below the headwaters. The largest percent differences 
in streamflow volume between the historical period and the 
future time periods were not found in the main-stem gages but 
rather in the gages in the near-native subbasins. Streamflow 
volume in the headwater gages in the near-native subbasins 
(Kerber Creek, Pinos Creek, and Alamosa River) generally 
increased for all RCP scenarios. However, notable decreases in 
projected streamflow volume as compared to historical values 
were seen in the Upper Rio Grande in the Sangre de Cristo 
Mountains at the Rio Pueblo de Taos and Rio Grande del 
Rancho gages in the near-native subbasins. The Jemez River 
subbasin reacted differently than did other near-native subba-
sins to RCP scenarios in that streamflow volume increased in 
later future time periods under the RCP 2.6 and 4.5 scenarios 
and in earlier time periods in the RCP 8.5 scenario. This is 
contrasted by streamflow volume in near-native subbasins in 
the southern part of the basin (Rio Puerco, Arroyo Chico, Rio 
Salado), which generally decreased under all RCP scenarios.

Because the drivers of streamflow change spatially in the 
basin, it is important to look at changes in projected stream-
flow both seasonally and by region in order to determine how 
streamflow may be affected under different emission scenarios. 
The following sections describe annual and seasonal changes 
in streamflow volume and timing in the basin regionally: the 
headwaters region, the Upper Rio Grande region, and the 
combined Middle and Lower Rio Grande regions. In the fol-
lowing sections, simulated streamflows are parsed into yearly 
time series and binned into seasonal statistics for quantitative 
comparisons of changing streamflow volume and timing. At 
most sites reported herein, the greatest changes occur under 
the high radiative forcing scenario (RCP 8.5).

Headwaters Region
The headwaters region of the Upper Rio Grande Basin 

includes three near-native subbasin gages at Kerber Creek, 
Pinos Creek, and the Alamosa River and two main-stem gages 
at Del Norte and Stateline (fig. 1; table 1). Streamflow in 
this region is primarily generated by the melting of seasonal 
snowpack with peak streamflow historically occurring in June 
(figs. 6–8). Monsoons contribute a less substantial portion to 
the overall water balance of the headwaters region as com-
pared to the other regions.

Projected Changes in Streamflow Volume
Main-stem streamgages on the Rio Grande in the 

headwaters region (Del Norte and Stateline) displayed an 
overall positive mean change in annual and snowmelt season 
streamflow volume with decreases in streamflow volume in 
the monsoon season (table 3). The future change in streamflow 
volume was primarily dictated by changes during the snow-
melt season. The overall positive change in streamflow in the 
region was due to shifts in the timing of streamflow, where 
more of the cumulative volume is concentrated in the snow-
melt season, whereas historically a part of that streamflow 
would have occurred during the early part of the monsoon 
season (July). In comparison to the monsoon season, there was 
greater variability in changes in streamflow volume during the 
snowmelt season (figs. 9, 10).

Table 5. Average projected changes in total precipitation (in inches) during the monsoon and snowmelt seasons across the Upper Rio 
Grande Basin for each future time period by representative concentration pathways 2.6, 4.5, and 8.5 (from van Vuuren and others, 2011; 
Intergovernmental Panel on Climate Change, 2019) and downscaling methods.

[RCP, representative concentration pathway]

Monsoon Snowmelt

Scenario (2022–47) (2048–73) (2074–99) (2022–47) (2048–73) (2074–99)

  RCP 2.6   −0.06   −0.36   −0.24   −0.12   0.01   0.09
  RCP 4.5   −0.03   −0.07   −0.30   −0.35   −0.09   −0.50
  RCP 8.5   −0.09   −0.18   −0.37   −0.41   −0.37   −0.52
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Figure 6. Simulated hydrographs of main-stem gages from upstream to downstream using the ensemble mean of all general 
circulation models and downscaling methods using representative concentration pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren 
and others, 2011; Intergovernmental Panel on Climate Change, 2019). See table 1 for streamgage information.
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Figure 7. Simulated hydrographs of near-native gages from upstream to downstream using the ensemble mean of all general 
circulation models and downscaling methods using representative concentration pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren 
and others, 2011; Intergovernmental Panel on Climate Change, 2019). See table 1 for streamgage information.



22  Streamflow Response to Potential Changes in Climate in the Upper Rio Grande Basin

For RCP 8.5 at the latest future time period, mean stream-
flow volume during snowmelt season increased 26–60 percent 
at the near-native subbasin gages and 36–52 percent at the 
main-stem gages in the headwaters region (figs. 9, 10; table 3). 
These values were partially offset by reductions in streamflow 
volume during the monsoon season. For RCP 8.5 at the latest 
future time period, mean streamflow volume during monsoon 
season decreased 7–35 percent at the near-native subbasin 
gages and 20–23 percent at the main-stem gages (figs. 9, 10; 
table 3). This led to increases in mean yearly cumulative 

volume at all near-native subbasin and main-stem gages that 
ranged between a 16–33 percent increase at the subbasin 
gages and an 18–28 percent increase on the main-stem gages. 
However, note the large interquartile range of yearly values 
and data skew in cumulative yearly volume differences during 
the snowmelt season in figures 9 and 10. These results display 
a large data variance in cumulative volume changes for all 
future time periods and RCP scenarios that is not captured 
from the mean value alone.
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Figure 8. Simulated hydrographs of near-native gages from upstream to downstream using the ensemble 
mean of all general circulation models and downscaling methods using representative concentration 
pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren and others, 2011; Intergovernmental Panel on Climate 
Change, 2019). See table 1 for streamgage information.
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Figure 9. Differences in streamflow timing between historical observations and model projections (on the left) and percent 
differences in cumulative streamflow volume (on the right) for three future time periods based on the representative concentration 
pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren and others, 2011; Intergovernmental Panel on Climate Change, 2019) on Rio 
Grande main-stem streamgages in the Upper Rio Grande Basin. Graphs are ordered from top to bottom according to the upstream to 
downstream locations of the streamgages. See table 1 for streamgage information.
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Figure 10. Differences in streamflow timing between historical observations and model projections (on the left) and percent 
differences in cumulative streamflow volume (on the right) for three future time periods based on the representative concentration 
pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren and others, 2011; Intergovernmental Panel on Climate Change, 2019) for near-native 
streamgages in the Upper Rio Grande Basin. Graphs are ordered from top to bottom according to the upstream to downstream 
locations of the streamgages. See table 1 for streamgage information.
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Projected Changes in Streamflow Timing
Compared to the large data variance with streamflow 

volume, changes in streamflow timing had a relatively small 
interquartile range of data output for all future time periods 
and RCP scenarios for the headwaters region, denoting a 
clearer trend captured by the mean (figs. 9, 10; table 2). The 
future change in streamflow timing at all near-native subbasin 
and main-stem gages displayed substantially earlier stream-
flow timing, and like changes in streamflow volume, cumula-
tive yearly changes in streamflow timing were dictated by 
changes in snowmelt runoff timing. For all future time periods 
and all RCP scenarios, streamflow timing for the snowmelt 
season and for the water year occurred earlier in the year. For 
RCP 8.5 at the latest future time period, the main-stem gages 
at Del Norte and Stateline displayed earlier mean timing of 
up to 32 days during snowmelt season that, combined with 
slightly later monsoonal flows, resulted in a 27 day earlier 
mean timing for the water year (fig. 9; table 2). Similarly, the 
subbasin gages (for RCP 8.5 at the latest future time period) 
displayed earlier mean timing of up to 31 days during snow-
melt season and 37 days for the water year (fig. 10; table 2). In 
general, streamflow timing shifted to later in the year during 
the monsoon season for all headwater gages with the largest 
mean increase of 18 days. However, because of the low con-
tribution of rain relative to snow in the headwater subbasins, 
timing changes during monsoon season are minimal.

Upper Rio Grande Region
The Upper Rio Grande region of the basin includes the 

near-native subbasin gages Rio Pueblo de Taos, Rio Grande 
del Rancho, and Jemez River and one main-stem gage, Rio 
Grande at Otowi (fig. 1; table 1). Streamflow in the region 
is generated by seasonal snowpack falling in the Sangre de 
Cristo and Jemez Mountains and other high-elevation areas 
and by rain during the summer monsoon season (figs. 6–8). At 
the gages in the northern part of the region (Otowi, Rio Pueblo 
de Taos, Rio Grande del Rancho), peak streamflow historically 
occurs in May, whereas at the Jemez River gage, peak stream-
flow historically occurs in April.

Projected Changes in Streamflow Volume
The Otowi gage displayed a negligible annual change 

in mean streamflow volume through the RCP scenarios and 
future time periods. For RCP 8.5 at the latest future time 
period, this gage displayed a 4 percent mean increase in 
annual streamflow volume, a 20 percent increase during the 
snowmelt period, and a 23 percent decrease during the mon-
soon period (table 3). However, the Rio Pueblo de Taos and 
Rio Grande del Rancho gages, which capture flow at the base 
of the Sangre de Cristo Mountains on the eastern edge of the 
Upper Rio Grande Basin, displayed reductions in streamflow 
volume during both the snowmelt and monsoon periods. For 
RCP 8.5 at the latest future time period, the Rio Pueblo de 
Taos and Rio Grande del Rancho gages displayed reduced 

mean streamflow volume by 5–27 percent during snowmelt 
season and by 17–37 percent during monsoon season (fig. 10; 
table 3). These changes led to decreases in mean streamflow 
volume of 7–22 percent for the water year.

The Jemez River gage, on the western edge of the 
Rio Grande Basin, displayed substantial increases in mean 
streamflow volume for the water year for all RCP scenarios 
and future time periods. For RCP 8.5 at the latest future time 
period, this subbasin streamgage displayed a 48 percent 
increase in mean streamflow volume for the water year that 
was driven by increases in mean streamflow volume during 
the snowmelt season (fig. 11; table 3). However, the Jemez 
River gage displayed some of the largest annual variance and 
data skew (through all RCP scenarios and future time peri-
ods) of all analyzed gage points. The median values display 
the inverse, or a reduction in cumulative streamflow values 
for RCP 8.5 at the latest future time period. All streamgages 
displayed a large interquartile range of yearly values (interan-
nual variance) and data skew in cumulative yearly volume dif-
ferences during the snowmelt season. Despite this, all values 
within the interquartile range for the Rio Pueblo de Taos and 
Rio Grande del Rancho gages displayed reductions in annual 
streamflow volume for all future time periods at RCP 8.5.

Projected Changes in Streamflow Timing
Future changes in streamflow timing in the upper Rio 

Grande region were similar to future changes in the headwa-
ters region and displayed relatively low interannual variance 
as compared to streamflow volume trends. In general, all 
gages in the Upper Rio Grande region displayed substantially 
earlier mean annual streamflow timing, and these changes 
were primarily due to changes in timing during the snowmelt 
season. The main-stem Otowi streamgage displayed earlier 
mean streamflow timing of 23 days for the water year (31 days 
earlier for snowmelt season) at RCP 8.5 at the latest future 
time period (fig. 9). Similarly, the near-native subbasin gages 
(for RCP 8.5 at the latest future time period) displayed earlier 
timing of up to 20 days during snowmelt season and 16 days 
for the water year (fig. 10, 11; table 2). In general, there were 
changes in timing toward later in the year during the monsoon 
season for all upper Rio Grande region gages, with the largest 
increase of 14 days. However, the contribution of streamflow 
timing changes from the monsoon season for the entire water 
year were minimal. These results highlight a higher contri-
bution of precipitation during snowmelt season than mon-
soon season.

Middle and Lower Rio Grande Regions
The middle and lower regions of the watershed include 

three near-native subbasin gages, the Rio Puerco, Arroyo 
Chico, and Rio Salado, and two main-stem gages, the San 
Marcial and Fort Quitman (fig. 1; table 1). Streamflow in these 
regions is primarily generated by precipitation during the mon-
soon season (fig. 8). Streamflow at the Rio Puerco subbasin 
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Figure 11. Differences in streamflow timing between historical observations and model projections (on the left) and 
percent differences in cumulative streamflow volume (on the right) for three future time periods based on the representative 
concentration pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren and others, 2011; Intergovernmental Panel on Climate Change, 
2019) for near-native streamgages in the Upper Rio Grande Basin. Graphs are ordered from top to bottom according to the 
upstream to downstream locations of the streamgages. See table 1 for streamgage information.
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historically has peaks in the snowmelt season (May) and in the 
monsoon season (August). Streamflow at the Arroyo Chico 
and Rio Salado subbasins generally has peaks in August dur-
ing the monsoon season interspersed with periods where there 
is almost no flow.

Projected Changes in Streamflow Volume
As with the Otowi main-stem gage in the Upper Rio 

Grande region, the two main-stem gages in the Middle and 
Lower Rio Grande regions displayed relatively low overall 
changes in streamflow volume for the water year through the 
RCP scenarios and future time periods. For RCP 8.5 at the 
latest future time period, the main-stem gages displayed reduc-
tions in mean streamflow ranging between 0 and 2 percent 
(fig. 9; table 3). Streamflow volume during the snowmelt 
season increased substantially (18–40 percent increase for 
RCP 8.5 at the latest future time period), but these volumetric 
increases were outcompeted with the larger cumulative influ-
ence of monsoon season precipitation. The main-stem gages 
displayed decreases in mean streamflow volume of 30–41 per-
cent during monsoon season (fig. 9). The near-native subbasin 
gages displayed reductions in mean streamflow volume for the 
water year of 12–17 percent for RCP 8.5 at the latest future 
time period. In general, streamflow volume decreased for all 
RCP scenarios and future time periods for the snowmelt sea-
son, monsoon season, and water year. However, the primary 
influence to changes during the water year occurred only dur-
ing the monsoon season (between 15 and 45 percent lower for 
RCP 8.5 at the latest future time period) because the majority 
of the runoff in these near-native subbasins is flashy and origi-
nates from monsoon events (fig. 11). Similar to all other gages 
in the basin, these near-native subbasin gages displayed a large 
interquartile range of yearly values (interannual variance) and 
data skew in cumulative yearly volume differences (figs. 9, 11; 
table 3).

Projected Changes in Streamflow Timing
The main-stem gages in the Middle and Lower Rio 

Grande regions displayed some of the largest changes to 
streamflow timing in the Upper Rio Grande Basin and dis-
played relatively low interannual variance as compared to 
streamflow volume trends. All RCP scenarios and future time 
periods showed substantially earlier streamflow timing for the 
water year. For RCP 8.5 at the latest future time period, mean 
streamflow timing was 23–28 days earlier at the main-stem 
gages for the water year (fig. 9; table 2). As with all other 
main-stem gages in the basin, earlier timing was primar-
ily attributed to changes during the snowmelt season. The 
near-native subbasins displayed minor changes in streamflow 
timing for the water year. For RCP 8.5, at the latest future time 
period, the mean change in streamflow timing ranged from 
7 days earlier to 5 days later. There was a minimal influence of 
changes in streamflow timing during snowmelt season because 
of the minor contribution of precipitation during snowmelt 
season relative to the monsoon season.

Spatial Analysis of Projected Change in 
Streamflow Across the Upper Rio Grande Basin

Projected Changes in Streamflow Volume
Changes in streamflow volume vary across the Upper Rio 

Grande Basin. In general, the spatial differences are controlled 
by latitude. The headwaters region displays small increases 
in cumulative volume for the water year (fig. 12). Despite 
this being one of the primary water-generating areas of the 
basin, these increases are conflated by decreases in cumula-
tive volume in other areas and contribute to either a negligible 
or a small decrease in total volume at the Upper Rio Grande 
Basin outlet at Fort Quitman. The conflicting spatial patterns 
of increase and decrease in cumulative volume regardless of 
RCP and future time period become clearer when the change 
in cumulative volume for the water year (fig. 12) is separated 
into snowmelt (fig. 13) and monsoon (fig. 14) seasons.

Changes in cumulative streamflow volume during the 
snowmelt season led to either negligible or modest increases 
in cumulative volume at the Upper Rio Grande Basin outlet 
(fig. 13). In general, simulated streamflow in the subbasins in 
the headwaters region displayed increases in volume, whereas 
simulated streamflow in most of the subbasins in the other 
regions displayed decreases in volume. These differences 
highlight the snow-dominated nature and strong control of 
the headwaters region on the Upper Rio Grande Basin as a 
whole regardless of RCP or time period. Despite reductions in 
cumulative volume in the headwaters region during the mon-
soon season (fig. 14), these changes were not large enough to 
overcome changes in cumulative volume during the snowmelt 
period (fig. 13), which is why increases are seen for the entire 
water year in the headwaters region (fig. 12). The other snow-
dominated and primary water-generating area of the basin, the 
Sangre de Cristo Mountains (in the Upper Rio Grande region), 
did not display increases in cumulative volume during snow-
melt. Rather, this area (around the Rio Grande del Rancho 
and Rio Pueblo de Taos near-native subbasins) displayed 
decreases in cumulative volume for both the snowmelt and 
monsoon seasons.

In general, the Middle and Lower Rio Grande regions 
displayed large percent decreases in cumulative volume for 
the snowmelt season. However, this led to little change at the 
basin outlet because these areas undergo minimal snowmelt 
relative to the headwaters and Upper Rio Grande regions. 
These areas are dominated by monsoonal activity, and as such, 
changes seen during the monsoon season (fig. 14) are similar 
to the changes seen for the entire water year (fig. 12).

Projected Changes in Streamflow Timing
As time and RCP increased, substantial changes in 

streamflow timing toward earlier in the year were seen on 
the Rio Grande main stem (fig. 15). No substantial changes 
were seen in streamflow timing for the water year at the basin 
outlet in the first future time period for any RCP. However, 
for all RCP scenarios in the other two future time periods, 
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Figure 12. Projected change in cumulative streamflow volume for all Precipitation-Runoff Modeling System stream segments for the 
water year using the ensemble mean of general circulation models (GCMs) and downscaling scenarios for three future time periods 
based on the representative concentration pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren and others, 2011; Intergovernmental 
Panel on Climate Change, 2019).
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Figure 13. Projected change in cumulative streamflow volume for all Precipitation-Runoff Modeling System stream segments 
for snowmelt season using the ensemble mean of general circulation models (GCMs) and downscaling scenarios for three future 
time periods based on the representative concentration pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren and others, 2011; 
Intergovernmental Panel on Climate Change, 2019).
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Figure 14. Projected change in cumulative streamflow for all Precipitation-Runoff Modeling System stream segments for monsoon 
season using the ensemble mean of general circulation models (GCMs) and downscaling scenarios for three future time periods 
based on the representative concentration pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren and others, 2011; Intergovernmental 
Panel on Climate Change, 2019).
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Figure 15. Projected change in streamflow timing for all Precipitation-Runoff Modeling System stream segments for the water year 
using the ensemble mean of general circulation models (GCMs) and downscaling scenarios for three future time periods based on the 
representative concentration pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren and others, 2011; Intergovernmental Panel on Climate 
Change, 2019).
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Figure 16. Projected change in streamflow timing for all Precipitation-Runoff Modeling System stream segments for the snowmelt 
season using the ensemble mean of general circulation models (GCMs) and downscaling scenarios for three future time periods 
based on the representative concentration pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren and others, 2011; Intergovernmental 
Panel on Climate Change, 2019).
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Figure 17. Projected change in streamflow timing for all Precipitation-Runoff Modeling System stream segments for the monsoon 
season using the ensemble mean of general circulation models (GCMs) and downscaling scenarios for three future time periods 
based on the representative concentration pathways (RCPs) 2.6, 4.5, and 8.5 (from van Vuuren and others, 2011; Intergovernmental 
Panel on Climate Change, 2019).
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substantially earlier streamflow was seen. These changes 
were primarily due to earlier snowmelt and subsequent runoff 
(fig. 16). The increasingly earlier streamflow timing with later 
future time periods and higher RCP scenarios in the headwa-
ters region during snowmelt season (fig. 16) is juxtaposed with 
changes in the streamflow timing during monsoon season, 
where only limited changes were seen on the Rio Grande main 
stem (fig. 17). For the majority of the subbasins in the Upper 
Rio Grande Basin, little to no changes were projected for the 
monsoon season. However, in the headwaters region and in 
subbasins with high mean elevations, streamflow timing was 
slightly later during monsoon season, but this signal was not 
large enough to overcome earlier streamflow during snowmelt 
season to affect the water year response. These projections 
highlight that the timing of streamflow on the Rio Grande is 
dependent on snowmelt and that changes in snowmelt timing 
are primarily determined by the headwaters region.

Discussion
In general, increasing radiative forcings due to higher 

RCP scenario and later future time period displayed increas-
ing changes to volume and timing of streamflow from PRMS 
simulations. Near-native subbasin gages displayed larger 
changes in streamflow volume with higher RCP and later 
future time period than did the main-stem gages. The main-
stem gages cumulate differences between RCP scenarios and 
future time periods over larger spatial scales than do the near-
native subbasin gages. As such, main-stem gages in the Upper 
Rio Grande Basin have acted to average large and sometimes 
conflicting streamflow volume responses in the watershed, 
resulting in a smaller streamflow volume change signal.

For example, for RCP 8.5 at the latest future time period, 
the amount of change in streamflow volume on a main-stem 
gage is directly related to increasing upstream basin area. 
From upstream to downstream, average streamflow volume on 
the Rio Grande main-stem gages for the water year changes 
as follows: 28 percent (38 percent median) at Del Norte, 
18 percent (18 percent median) at Stateline, 4 percent (3 per-
cent median) at Otowi, 0 percent (−3 percent median) at San 
Marcial, and −2 percent (−8 percent median) at Fort Quitman. 
As such, changes in streamflow volume were initiated from 
positive changes in snowmelt from the headwaters region and 
interacted with negative changes in monsoonal precipitation 
farther south in the watershed.

The change in streamflow timing did not share this 
pattern. The change in streamflow timing was initiated in 
the headwaters region and changed little from upstream to 
downstream on the main-stem gages. All main-stem gages 
displayed earlier timing by an average of 23 days (28 days 
median) to 28 days (35 days median) for RCP 8.5 at the latest 
future time period. The change in streamflow timing was initi-
ated during the snowmelt season and was due to increasing 
temperature through time and an RCP scenario that resulted in 

earlier snowmelt. With increased radiative forcing, the extent 
of change in streamflow timing change migrates southward 
(fig. 16, RCP 4.5), but the increased temperature seemingly 
has little effect on streamflow timing on the Rio Grande main 
stem south of the headwaters region. It is not until the last 
future time period, with little to no effort to mitigate green-
house gases (RCP 8.5), that substantial changes in streamflow 
timing occur both on the Rio Grande main stem south of the 
headwaters and in tributaries in the headwaters and Upper Rio 
Grande regions (the area that generates more than 85 percent 
of Rio Grande flow).

The difference in the spatial patterns between potential 
changes in streamflow timing and volume highlights differ-
ences between potential future changes in precipitation and 
temperature patterns. Specifically, the pattern of future pre-
cipitation changes is more spatially variable than that of future 
temperature changes. The interannual variance of potential 
changes in streamflow volume was also much larger than the 
interannual variance of potential changes in streamflow timing 
at all RCP scenarios and future time periods. These results 
indicate that volume of precipitation under increased radia-
tive forcing varies more over space than does the timing of 
precipitation.

Increases in streamflow volume during snowmelt season 
in the headwaters region (figs. 10, 13) did not relate to higher 
peak flows (fig. 7). This was due to increasing temperature 
creating not just earlier peak flows but also a longer snowmelt 
pulse starting earlier and causing a reduction in melt rates. 
This counterintuitive finding has also been highlighted by 
other work, such as that of Nolin and Daly (2006), Musselman 
and others (2017a, b), and Sexstone and others (2020), that 
displayed lower melt rates in lower to middle snow-dominated 
elevations that were more affected by slight tempera-
ture changes.

Critical Zones

There were areas in the Upper Rio Grande Basin that 
displayed much larger changes than others. The southern 
Sangre de Cristo Mountains region around the Rio Pueblo 
de Taos and Rio Grande del Rancho near-native subbasins 
displayed substantial decreases in streamflow volume through 
time. These two near-native subbasins displayed median 
streamflow volume losses for almost all RCP scenarios and 
future time periods. For RCP 8.5 at the latest future time 
period, the median loss ranged between 45 and 46 percent for 
the water year. These are currently snow-dominated subba-
sins, and unlike the other snow-dominated subbasins in the 
northern part of the study area, there were significant reduc-
tions in streamflow volume during the snowmelt period at all 
RCP scenarios and future time periods (median loss ranging 
between 56 and 59 percent for RCP 8.5 at the latest future time 
period). This region also displayed substantial reductions in 
median streamflow volume during the monsoon season. All 
RCP scenarios and future time periods displayed this pattern, 
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and for RCP 8.5 at the latest future time period, there was a 
median reduction between 28 and 42 percent. This region also 
displayed earlier streamflow timing for the water year and 
during the snowmelt period and later streamflow timing dur-
ing the monsoon season. For RCP 8.5 at the latest future time 
period, streamflow was approximately 2 weeks earlier for the 
water year. However, this was not as early as at the main-stem 
gages and the other near-native subbasin gages in the headwa-
ter and Upper Rio Grande regions.

In the Jemez River subbasin, which has its headwaters 
in the Jemez Mountains, projected changes in streamflow 
timing for the water year and during the snowmelt season 
were notable. Changes in both mean and median water year 
values were mainly positive, meaning that streamflow either 
increased relative to the historical period or underwent mini-
mal losses (7 percent decrease for RCP 8.5 at the latest future 
time period) and during the snowmelt season streamflow 
mostly increased, whereas during the monsoon season notable 
decreases in streamflow were seen. The Jemez River has a 
bimodal streamflow pattern with higher runoffs occurring 
during snowmelt and monsoon seasons, but because most of 
Jemez River streamflow is generated in the snowmelt sea-
son, it acts like the snow-dominated basins in the headwaters 
region, where streamflow increases as the timing of stream-
flow shifts toward earlier in the season. Although mean and 
median streamflow volume increases from historical stream-
flow, changes in streamflow volume under all RCP scenarios 
displayed a substantial amount of variability (plus or minus 
80 percent change) during the snowmelt season. Therefore, 
predicting how streamflow volume in the Jemez River will be 
impacted is less certain.

Results discussed in Elias and others (2015) using a 
snowmelt runoff model forced by future projections of climate 
for subbasins in snowmelt-driven basins can be qualitatively 
compared to results for subbasins in the headwaters and Upper 
Rio Grande regions from the current study. Sites simulated 
by the snowmelt runoff model in the San Juan and Sangre de 
Cristo Mountains that coincide with sites in the headwaters 
region presented herein for the current study include Rio 
Grande del Norte, Rio Grande del Rancho, and Rio Pueblo de 
Taos. Under the most extreme scenarios (hotter/wetter, hotter/
drier) for the end of 21st century presented in Elias and others 
(2015), the total annual streamflow volume increased by as 
much as 25 percent at the Rio Grande del Norte streamgage 
under the hotter/wetter scenario and decreased by as much as 
24 percent in the hotter/drier scenario. In comparison, median 
annual streamflow under RCP 8.5 at the latest time period 
in the current study showed a mean 28 percent (38 percent 
median) increase in streamflow volume at the Rio Grande 
del Norte streamgage (fig. 9). Elias and others (2015) also 
reported that annual streamflow volume in the Rio Grande del 
Rancho and Rio Pueblo de Taos increased 25 percent under 
the hotter/wetter scenario and decreased 24 percent in the 
hotter/drier scenario, whereas herein for the current study we 
report a mean 7–22 percent reduction in streamflow (46 per-
cent median reduction) under the RCP 8.5 scenario.

Direct comparisons of results in the current study, other 
than headwater tributary flows, cannot be made with results 
in the Upper Rio Grande Impact Assessment (Llewellyn and 
Vaddey, 2013), which incorporates the impact of water opera-
tions on the hydrologic system from streamflow changes, 
because this model in the current study was precisely cali-
brated to represent naturalized flow. The impacts of water 
operations increase downstream in the Upper Rio Grande 
Basin, making downstream comparisons even less appropri-
ate. Headwater tributaries that were used to drive flows in 
the water operations model for the Upper Rio Grande Impact 
Assessment simulated a 33 percent decrease in average annual 
flow (Llewellyn and Vaddey, 2013), whereas the current study 
simulated variable changes (increases and decreases) at the 
Stateline streamgage.

Limitations and Assumptions

The simulated PRMS responses were largely driven by 
the chosen GCMs and downscaling methods. As a result, 
any uncertainties with these datasets, including assimilated 
observational datasets, temporal and spatial data disconti-
nuities, and model physics, were propagated to the PRMS 
model. However, the GCMs and downscaling methods were 
chosen to reflect the range of GCM projected changes in the 
south-central United States (Wootten and others, 2017). The 
ensemble of these data was used and the analysis was based 
on the entire range of output from these different GCMs and 
downscaling methods in order to reduce dependence on a 
singular data source. An ensemble of downscaled GCMs 
better represents a plausible range of climatological forcing 
on hydrology that can be used to assess hydrologic response 
at the local scale than does the use of one specific GCM 
(Sheshukov and others, 2011; Winkler and others, 2011; 
Sheshukov and Douglas-Mankin, 2017). In addition, the cur-
rent study also incorporated three RCPs, thereby representing 
a range of scenarios that could occur as a result of human 
action. Therefore, the PRMS simulations presented herein 
are presumed to incorporate much of the uncertainty associ-
ated with multiple sources in the climate projections includ-
ing RCPs, GCMs, and downscaling techniques (Wootten and 
others, 2017). While the downscaling techniques used are not 
among the most sophisticated, they do reflect downscaling 
techniques that are generally considered accurate enough to be 
used in impact assessments in the United States and globally 
(Wootten and others, 2020).

The PRMS model did not integrate changes to the land 
surface over time. The Upper Rio Grande Basin is undergoing 
large changes to the landscape primarily from forest fires and 
bark beetle infestations. Already, 85 percent of the coniferous 
forests in the headwaters region have been affected by the bark 
beetle, and projections display even greater changes from for-
est fires as the climate warms (U.S. Department of Agriculture 
Forest Service, 2018, 2019). Forests are key determinants 
of water supply, quality, and quantity, and their importance 
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is increasing as freshwater resources become scarcer (Bates 
and others, 2008; Furniss and others, 2010). These forest 
disturbances change biophysical processes (for example, 
interception and transpiration) and are important drivers of 
hydrological variation. Already, forest disturbance has affected 
many areas with seasonal snow, and in the headwater regions 
of the Rio Grande and Colorado River Basins, burn areas 
are projected to increase 300–700 percent with a 1-degree 
Celsius increase in average global temperature (National 
Research Council, 2011). However, to date, there is a limited 
understanding of how these changes would affect downstream 
water resources (Sexstone and others, 2018). Furthermore, 
the PRMS model is not a fully physically based model for the 
snow process within the model and cannot integrate the com-
plex subgrid heterogeneity of forest-snow interactions.

There has long been a complaint that PRMS and other 
distributed-parameter hydrology models have too many input 
parameters (Kirchner, 2006; Markstrom and others, 2016) 
and that some of these parameters may constrain the model in 
unintended ways (Hrachowitz and others, 2014). It is also pos-
sible that some calibrated model parameters may not be valid 
in future time periods. Despite the highly calibrated nature of 
the PRMS model and initial parameter sensitivity analysis, it 
is unclear how these calibrated parameters perform in differing 
environments such as those seen in water year 2099.

Conclusion
The Rio Grande is a vital source of water for populations 

in three southwestern States and northern Mexico. Already, 
streamflow on the Rio Grande and its tributaries is overal-
located, and potential future changes presented in this report 
highlight the necessity to improve planning and water-saving 
measures in this Upper Rio Grande Basin as populations 
increase. Anthropogenic influences compounded with climate 
change can affect water availability management and use in 
the basin. Global climate models project a continued increase 
in temperature, but changes in precipitation are less certain.

The RCP-based analysis of projected impacts to natural-
ized streamflow in the Upper Rio Grande Basin incorporating 
spatial, annual, and seasonal changes showed a clear pattern 
toward substantially earlier streamflow timing in all reaches of 
the Rio Grande, with the largest changes occurring with RCPs 
representing little to no effort to mitigate greenhouse gases 
(RCP 4.5, 8.5). The magnitude of these changes is dependent 
on location in the basin and whether the majority of stream-
flow is generated by snowmelt or summer monsoons. Changes 
in overall streamflow volume are more variable than changes 
in streamflow timing and change significantly depending on 
region and subbasin within the Upper Rio Grande Basin.

The streamflow projections from the Upper Rio Grande 
Basin PRMS model offer an indication of how the Rio Grande 
and its tributaries may be affected by different climate scenar-
ios. The results presented herein are of naturalized streamflow, 
which allow for comparisons between historical and projected 

streamflow without having to account for changes in water 
management. With actual streamflow on the Rio Grande and 
its tributaries already overallocated, the changes projected 
by the model would only exacerbate the affect that climate 
change has and would have on streamflow in the Upper Rio 
Grande Basin. In order to determine how anthropogenic influ-
ence on streamflow would affect water availability and use, 
these streamflow projections can be combined with water 
operation models.
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