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Conversion Factors
U.S. customary units to International System of Units

Multiply By To obtain

Length

inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area

square mile (mi2) 2.590 square kilometer (km2)
Volume

acre-foot (acre-ft) 1,233 cubic meter (m3)
Flow rate

cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m3/s)

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as °C = (°F – 
32) / 1.8.

Datum
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
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Application of the Precipitation-Runoff Modeling System 
(PRMS) to Simulate the Streamflows and Water Balance 
of the Red River Basin, 1980–2016

By Victor L. Roland II

Abstract
The Precipitation-Runoff Modeling System (PRMS) was 

used to develop and calibrate a streamflow and water balance 
model for the Red River Basin as part of the U.S. Geological 
Survey National Water Census, a research effort focused on 
developing innovative water accounting tools and conduct-
ing assessments of water use and availability at regional and 
national spatial scales. The PRMS is a deterministic model 
that simulates the effects of climate, land cover, and water use 
on watershed hydrology on the basis of physical processes 
and spatial attributes of the watershed. The model was used to 
estimate streamflow at daily and monthly temporal scales for 
the 1980–2016 period and to evaluate the impacts of natural 
and anthropogenic influences on streamflow and water budget 
components.

Sixty-seven percent of streamgages were calibrated 
successfully for the monthly time step and 43 percent of 
streamgages were successfully calibrated for the daily time 
step. Some of the challenges of calibrating streamgages 
included estimating low amounts of streamflow in dry areas 
of the basin and accurately representing watershed charac-
teristics related to evapotranspiration in the basin, among 
other factors. The model estimated streamflow with some 
accuracy for 36 percent and 26 percent of the 73 streamgages 
used to evaluate the model at monthly and daily time steps, 
respectively. Relative to no-water-use conditions, water use 
increased streamflow volumes (that is, return flow from res-
ervoir releases) the most on the main stem of the Red River, 
the North Fork of the Red River, and the Ouachita River. 
Water withdrawal decreased streamflow volumes most in the 
Red River near the outlet of the basin and in Caney Creek. 
Streamflow volumes on the North Fork of the Red River 
changed most as a result of water use. The Red River Basin 
PRMS model provided estimates of streamflow that were 
limited in their accuracy by (1) the availability of accurate 
water-use data; (2) the coarse resolution of spatial parameters 
(such as those for impervious area or plant canopy), which 
leads to the homogenization of physical features in small 
watersheds in the model domain; and (3) the accuracy of 

spatial patterns of precipitation distribution across the model 
domain. Improvements in the quality and quantity of avail-
able water-use data and finer resolution spatial parameter and 
climate data could lead to the development of better-informed 
models in the future that are capable of making more accurate 
estimates of streamflow, because they are more representative 
of physical and hydrologic conditions in the Red River Basin.

Introduction
The U.S. Geological Survey (USGS) was mandated in 

the Secure Water Act of 2009 to establish a “national water 
availability and use assessment program” (42 U.S.C. 10361 
et seq.). This mandate was prompted by the increasing 
complexity and severity of water resource issues across the 
Nation. In response to the mandate set forth by Congress, the 
Department of Interior established the Sustain and Manage 
America’s Resources for Tomorrow (WaterSMART) program 
(https://www.doi.gov/​watersmart). The intent of the WaterS-
MART program was to help resource managers develop strate-
gies to improve water conservation activities and sustainable 
water use across the Nation. In support of the Department 
of Interior WaterSMART program, the USGS established 
scientific programs to conduct multidisciplinary studies of 
human and climatic influences on water availability and water 
use. With support from the USGS Water Availability and Use 
Science Program, the National Water Census (NWC) project 
was established. The USGS NWC is a research program that 
focuses on developing new tools for assessing water availabil-
ity and use at regional and national scales. The NWC is one of 
six major science directions identified by the USGS in its 2007 
Science Plan (U.S. Geological Survey, 2007). The goal of the 
NWC is to address the wide range of water resource topics 
related to current and future water availability for human eco-
logical activities as well as future water demands across the 
Nation. An important function of the NWC is to collect and 
report national-scale data on water withdrawals and returns, 
consumptive use, and diversions of streamflow by water-use 
category.

https://www.doi.gov/watersmart
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As a part of the NWC, Focus Area Studies (FAS) were 
established to conduct water availability assessments in major 
river basins consisting of four components: (1) compilation of 
water-use data, (2) simulation and evaluation of surface-water 
hydrology, (3) simulation and evaluation of groundwater flow, 
and (4) an assessment of ecosystem responses to surface-water 
and groundwater conditions (Evenson and others, 2018). The 
FAS are stakeholder driven and target basins with known or 
potential conflicts over water resources. Six FAS basins were 
selected: (1) the Apalachicola-Chattahoochee-Flint River 
Basin, (2) basins in the Coastal Carolinas, (3) the Colorado 
River Basin, (4) the Delaware River Basin, (5) the Red River 
Basin, and (6) the Upper Rio Grande River Basin.

One objective of the Red River Basin FAS is to provide 
resource managers in the basin with scientific tools that may 
be used to better inform water-resources management strate-
gies. Management challenges surrounding water resources 
in the Red River Basin have been on the rise because of 
(1) increasing demand for water in the rapidly growing Dallas-
Fort Worth, Texas, area; (2) ongoing severe drought in Texas 
and Oklahoma; and (3) increases in water use for power 
generation and other purposes (Evenson and others, 2018). As 
a result of historical challenges faced by resource managers in 
the basin, Congress established the Red River Compact (RRC) 
(Public Law 96-564, 94 Stat. 3305). The RRC is an agreement 
among the four basin States (Arkansas, Louisiana, Oklahoma, 
and Texas) that apportions volumes of streamflow from the 
Red River to each of the States. The purpose of the compact 
was to create a legislative tool that could be used to resolve 
debates over water in the Red River Basin, such as a legislative 
battle related to the RRC Tarrant Regional Water District v. 
Hermann, 569 U.S. Supreme Court, 614 (2013), which was a 
dispute between Texas and Oklahoma over access to 
apportioned water. In a separate case, in Oklahoma, the 
Chickasaw and Choctaw Nations have been in litigation 
against the State to limit exports of surface water from 22 
counties in southeastern Oklahoma to Oklahoma City. This 
dispute has led many Tribes in Oklahoma to develop Tribal 
water management plans based on present and likely future 
water needs, with goals of preserving water levels in lakes and 
ecologically sustainable flows in streams (Greetham, 2018).

Oklahoma State Senate (2014) Resolution No. 32 
requested that the USGS conduct a comprehensive water-
resource assessment of the entire Red River Basin to charac-
terize the quantity of groundwater and surface water through 
(1) various modeling efforts and (2) an accounting of water 
use. The results of the assessment are to be used as a basis for 
making decisions about sustainable water use and to predict 
the water supplies likely to be available in the basin during 
future conditions. This study will compliment studies being 
conducted by the Chickasaw and Choctaw Nations in coopera-
tion with the USGS South Central Climate Adaptation Science 
Center and the Bureau of Reclamation’s ongoing work to 
characterize water availability in southwest Oklahoma by also 
analyzing the effects of climate change on water availability 
for the entire region (Simmons, 2017). The goal of this study

is to add to the current understanding of water availability in 
the basin by investigating the effects of human activities—for 
example, surface-water withdrawal and returns—and climate 
conditions on water availability.

Purpose and Scope

The purpose of this report is to document the construction 
of a calibrated watershed model of the Red River Basin from 
1980 through 2016, integrating basin-wide monthly water-
use and yearly land-cover change data. The watershed model 
was constructed using the Precipitation Runoff Modeling 
System (PRMS; Leavesley and others, 1983; Hay and others, 
2006; Markstrom and others, 2015) to simulate the effects of 
precipitation, temperature, land use, and water use on Red 
River Basin hydrology. The Red River Basin watershed model 
simulates the effects of land-cover change on basin hydrology 
using time series of model parameters related to basin impervi-
ous area and plant canopy precipitation interception for model 
units where these parameters vary over the simulation period 
from 1980 to 2016. In addition to land cover, monthly esti-
mates of water use were obtained from Arkansas, Louisiana, 
Oklahoma, and Texas State agencies to simulate the effect of 
water use on streamflow in the basin. Simulations were made 
with and without water use for the period 1980–2016 for each 
State and included all categories of surface-water use. The 
relative difference in streamflow and the difference in stream-
flow magnitude were computed for streams across the basin. 
Model input and output files generated during this study are 
available as a USGS data release (Roland, 2023).

Study Area Description

The Red River is approximately 2,189 kilometers (km) 
long and has a total drainage area of approximately 241,389 
square kilometers (km2) (fig. 1). Tierra Blanca Creek, in New 
Mexico, constitutes the headwater of the Red River and flows 
eastward across the New Mexico-Texas State line. In northern 
Texas, Tierra Blanca Creek and Palo Duro Creek converge, 
forming the Prairie Dog Town Fork of the Red River. The 
main stem of the Red River begins on the Oklahoma-Texas 
State line at the convergence of the Prairie Dog Town Fork 
and North Fork of the Red River. East of the convergence, a 
portion of the south bank delineates the Texas-Oklahoma State 
line, and further east the river delineates the Texas-Arkansas 
State line before flowing into Arkansas. The Red River ends 
in Louisiana where its waters discharge into the Atchafalaya 
River. Some major tributaries of the main stem of the river 
include the Washita River, Oklahoma, the Wichita River, Tex., 
the Little River, Louisiana, the Sulfur River, Tex., Big Cypress 
Bayou, Tex., and the Black River, Arkansas.

The land cover of the Red River Basin is largely char-
acterized by flat agricultural land, with more forested areas 
and wetlands occurring in the eastern part of the basin than 
the western part. From 2006 to 2016, land cover in the basin 
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remained largely unchanged (table 1). Most of the basin is 
covered by forest and shrublands; however, pastures and 
cultivated cropland cover 24.5 percent of the basin area. 
Developed areas accounted for 4.6 percent of the land cover in 
the basin in 2016.

The Red River Basin supports a growing population of 
approximately 4.3 million people that is largely concentrated 
around urbanized areas. The two largest cities in the basin are 
Amarillo, Tex. and Wichita Falls, Tex., which have respective 
populations of 199,371 and 104,683 (U.S. Census Bureau, 
2019). In addition to these cities within the basin, the Red 
River Basin also provides water for cities outside the basin 
such as Dallas, Tex., which had a population of over 1 mil-
lion people in 2010 and was expected to grow more than 12 
percent by the year 2019 (U.S. Census Bureau, 2019). Over 
the same period, Amarillo, Tex., was expected to grow by 5 
percent and Wichita Falls, Tex., by less than 0.5 percent. All 
or part of 155 counties are located in the Red River Basin, 
including 2 in New Mexico, 35 in Oklahoma, 54 in Texas, 
33 in Arkansas, and 31 in Louisiana. The basin comprises 74 
8-digit hydrologic units (HUC8s) and 4,371 12-digit hydro-
logic units (HUC12s). There are 473 individual HUC8 and
county combinations in the basin.

Ensuring that each State in the Red River Basin receives 
fair access to the river has been the subject of past litigation 
and has culminated in the ratification of the RRC (Public Law 
96-564, 94 Stat. 3305), which divided the Red River Basin 
into five reaches. Reach I, henceforth referred to as
“the upper basin,” encompasses 102,823 km2 upstream from 
Denison Dam on the Lake Texoma reservoir (fig. 1). In the 
upper basin, Texas is apportioned 60 percent and Oklahoma 
is apportioned 40 percent of the annual flow of seven tributar-
ies of the river. The storage of Lake Texoma is apportioned 
in equal shares of 200,000 acre-feet (acre-ft) to each of those 
States. Reaches II through V, henceforth referred to as “the 
lower basin,” encompasses 138,566 km2 downstream from 
Lake Texoma to the Arkansas-Louisiana border. In the lower 
basin, Oklahoma is apportioned water from all intrastate 
streams flowing to the Red River between Lake Texoma and 
the Arkansas State line. The apportioning of reservoir stor-
age from Lake Texoma was an important part of the RRC 
because of the influence hydraulic control structures have on 
streamflow. The decision to consider reservoir storage also 
demonstrates the important role of reservoirs and other control 
structures, such as locks and dams, in the management of 
water resources in the basin.
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In modeling the hydrology of watersheds, it is important 
to account for streamflow alteration, which refers to human 
activities that affect the natural streamflow regime. Streamflow 
alteration can take on many forms, such as increasing stream-
flow velocity in response to channelization or increasing the 
extent of impervious area in a watershed, which can cause 
rapid increases in runoff generation. Other drivers of stream-
flow alteration include the construction of hydraulic structures, 
namely dams and reservoirs, on stream channels in response 
to growing water demand, water scarcity, or flooding. The 
effects of hydraulic structures can vary based on their desired 
functions. For example, dams designed for flood control 
may increase reservoir storage and release water gradually to 
prevent flooding downstream after heavy precipitation events. 
Because of the seasonality of climatic conditions in the Red 
River Basin, reservoirs can affect streamflow by releasing 
more or less water during dry or wet seasons.

Reservoirs are a crucial component of water resource 
management in the Red River Basin. Much of the Red River 
Basin, particularly the upper basin, is dry much of the year and 
therefore is reliant on water stored in reservoirs and impound-
ments to meet water demand throughout the year. In the lower 
basin, impoundments and other control structures are used for 
important functions such as flood control. Five locks and dams 
located along the southern portion of the Red River comprise 
the J. Bennett Johnston Waterway with a total lift of 43 meters 
(Derosier, 2017). The Red River Basin has 68 major reservoirs 
with surface areas greater than 3.9 km2. Lake Texoma, one of 
the largest reservoirs in the country and the 12th largest U.S. 
Army Corps of Engineers-controlled Lake, is the largest res-
ervoir in the Red River Basin (U.S. Army Corps of Engineers 
Tulsa District, 2017). Impounded by Denison Dam and having 
a surface area of 277 km2 and capacity of more than 2 million 
acre-ft, Lake Texoma acts as a climatological transition zone 
between the upper and lower parts of the Red River Basin.

The climate within the Red River Basin varies greatly. 
The upper part of the basin experiences some of the driest 
conditions in the United States, whereas the lower part of 
the basin experiences increasing annual precipitation in the 
downstream direction from west to east. Rainfall and tem-
perature data obtained from the PRISM Climate Group (2016) 
indicate the following. Rainfall increases appreciably across 
the basin from an average of 12 to 16 inches (in.) per year 
near the border of Texas and New Mexico to 48 to 70 in. per 
year near the border of Arkansas and Texas. Average annual 
temperatures in the upper basin range from 57 to 68 degrees 
Fahrenheit (°F). Average temperatures in the lower basin range 
from 30 to above 90 °F. The gradient of precipitation from the 
upper basin to the southeastern part of the basin at the conflu-
ence with the Atchafalaya River influences natural land cover. 
The upper basin is dominated by scrub, shrub, and herbaceous 
land cover that transitions to forested, wetland, and cultivated 
crop land cover in the lower basin, which has remained largely 
unchanged over the past decade (table 1).

The geology of the Red River Basin varies from the 
upper basin to the lower basin. The basin is situated between 
the Southern Rocky Mountains physiographic province to 
the west and the Ozark Plateaus physiographic province to 
the east (Fenneman and Johnson, 1946). The lower basin 
overlaps the Ouachita and Coastal Plain physiographic 
provinces (fig. 2). The northeast part of the basin is located in 
the Ouachita Province. The principal feature in this physio-
graphic province is the Ouachita Mountains, which consist of 
a series of small mountains that form the northern boundary 
of the Red River Basin. One of the more notable features in 
this area of the basin is Fourche Mountain, which forms the 
divide between the Red River Basin and the Arkansas River 
Basin. The remainder of the lower Red River Basin is located 
in the Coastal Plain physiographic province, the geology of 
which consists primarily of Tertiary sand and clay deposits 

Table 1.  Land-cover percentages in the Red River Basin.

[NLCD, National Land Cover Database]

Land-cover type
Land-cover percentage

2006 NLCD1 2011 NLCD2 2016 NLCD3

Open water 1.7 1.6 1.6
Developed 4.5 4.6 4.6
Barren land 0.27 0.3 0.3
Forest 26.3 26.2 26.2
Shrub/scrub/herbaceous 33.7 33.7 33.8
Hay/pasture 8.2 8 8
Cultivated crops 16.2 16.5 16.5
Wetlands 9.1 9.1 9.1

1Fry and others (2011).
2Homer and others (2015).
3Yang and others (2018).
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(Hosman, 1991). The eastern boundary of the basin is formed 
by the floodplain of the Mississippi River, and the geology 
consists predominantly of alluvial deposits that compose 
the Mississippi embayment. Further south in Louisiana are 
deposits of marine clays and silts. The upper Red River Basin 
includes part of the Great Plains and Central Lowland phys-
iographic provinces (fig. 2). The predominant geology of this 
part of the basin consists largely of flat-lying sedimentary rock 
formations, which are reflected in the low relief of the area, 
with the Wichita Mountains being the exception (Trimble, 
1980). Some geologic units in the upper basin contain oil, gas, 
and mineral deposits that have been mined for commercial use 
for the past several decades.

Groundwater aquifers in the region range from semi-
consolidated sand aquifers in the southeastern part of the Red 
River Basin (southern Arkansas, northern Louisiana, and 
southeastern Texas), to sandstones and carbonate aquifers in 

the central part of the basin (near Lake Texoma), to sandy 
and gravel aquifers near the western boundary of the basin 
(northwest Texas and southwest Oklahoma) (Renken, 1998). 
The Arkansas-White-Red region comprises the following six 
aquifer types: (1) stream-valley alluvium; (2) terrace alluvium; 
(3) alluvium of intermontane valleys and buried alluvial val-
leys; (4) carbonate and gypsum; (5) sand and sandstone; and 
(6) undifferentiated sandstone, carbonate rock, shale, and (or) 
basalt. The principal aquifers in the basin are (1) the Texas 
coastal uplands aquifer system, which extends from south-
western Texas into northern Louisiana, and (2) the Arbuckle-
Simpson aquifer in southeastern Arkansas. The Trinity aquifer 
is the principal aquifer in the central part of the basin.
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Previous Investigations

The Red River Basin has been the subject of many stud-
ies and data collection efforts. The USGS published a series 
of surface-water and groundwater data reports in the 1970s, 
1990s, and early 2000s (USGS, 1977; USGS, 1980; Blazs and 
others, 1995; Blazs and others, 1996; Blazs, and others, 2000; 
Blazs and others, 2002, Blazs and others, 2003). In addition, 
several studies were conducted in the North Fork subbasin of 
the Red River Basin in the 1970s and 1980s. Studies con-
ducted by Paukstaitis (1981), and Kent (1980) use numerical 
models to determine the maximum water yield from alluvium 
and terrace deposits under a range of different pumping condi-
tions. Prior to this study, the USGS in collaboration with the 
Oklahoma Water Resources Board conducted a comprehensive 
study of the alluvial deposits to determine the amount of avail-
able water (Burton, 1965; Hollowell, 1965). These assess-
ments have provided important data regarding the volume 
of groundwater available for pumping and how groundwater 
conditions have changed over time.

Surface water and groundwater interactions in the Red 
River Basin can have substantial influence on streamflow. 
Generally, the North Fork of the Red River is a gaining 
stream, and groundwater maintains base flow throughout most 
of the year; however, there are stream reaches that become dry 
during the summer months (Paukstaitis, 1981). Naus and oth-
ers (2006) observed that measured streamflow did not increase 
with annual average water yield, which suggested the presence 
of gaining and losing stream reaches in some areas of the Red 
River Basin. Smith and Wahl (2003) analyzed streamflow 
trends for the period from 1945 to 1999 near Lake Altus, 
Okla. The authors described decreasing peak streamflow in 
the North Fork possibly caused by groundwater pumping from 
the High Plains aquifer. The findings of groundwater studies 
in the basin demonstrated the linkages between groundwater 
and surface water in addition to the usefulness of numerical 
models in conducting assessments of groundwater resources 
and the implications for surface-water modeling.

Several studies have used computational models to 
simulate hydrologic processes in the Red River. In the 1990s, 
a series of published models and model applications focused 
on the simulation of Red River Basin hydrology (Abdulla 
and others, 1996; Lohmann and others, 1998; Betts and oth-
ers, 1998; Ewen and others, 1999; Kilsby and others, 1999). 
More recent modeling studies of the basin have focused on 
high-resolution modeling through improved model parameter-
ization and by furthering investigations of total basin water 
storage (Duan and Schaake, 2003), long-term multidecadal 
simulations of basin hydrology (Sharif and others, 2007), 
and past and future drought scenarios (Liu and others, 2013). 
The results of these studies demonstrated the need for more 
sophisticated models to improve model accuracy and represent 
a growing body of scientific research aimed at developing 
methodologies for constructing models that utilize physically 
based parameterization for modeling hydrology at basin-wide, 
national, and continental scales.

Precipitation-Runoff Modeling System

Application of the PRMS to the Red River Basin

The goal of the Red River Basin PRMS model is to 
advance modeling of the basin hydrology by constructing a 
model that accounts for changes in climate, water use, and 
land cover in streamflow predictions. Because it is unfeasible 
to measure streamflow in all streams in the basin, the model 
will also provide predictions of streamflow for ungaged 
streams in the basin. Water-resource managers and research-
ers can use the streamflow predictions provided by the model 
in assessments of the impacts of human activities or climate 
on critical ecosystems in the basin (for example, wetlands), 
or to improve water conservation efforts, or to project the 
impacts of future climate conditions on the hydrology of the 
basin. This research represents an advance in modeling of the 
Red River Basin by accounting for water use and land-cover 
change to reach the goals of the focus area study through the 
integration of streamflow, groundwater flow, and ecologi-
cal models.

Overview of the PRMS model

The PRMS (Leavesley and others, 1983; Markstrom 
and others, 2015) is a modular, deterministic, distributed-
parameter, physical-process-based modeling system used to 
simulate hydrologic conditions related to the various com-
partments (evaporated water, precipitation, or runoff) of the 
hydrologic cycle shown in figure 3. The need to analyze the 
effects of a variety of climatic factors and watershed char-
acteristics, along with user-specified scenario simulation 
options, on hydrologic response and the distribution of water 
across watersheds led to the development of the PRMS. The 
PRMS computes streamflow and water fluxes from and to the 
atmosphere and water storage in the plant canopy, on the land 
surface, in snowpack, surface depressions, shallow subsurface 
zone, deep aquifers, stream segments, and lakes on daily time 
steps with simulation periods that range from days to cen-
turies. Physical characteristics, including topography, soils, 
vegetation, geology, and land use, are used to characterize and 
derive parameters required in simulation algorithms, spatial 
discretization, and topological connectivity. Computations 
of the hydrologic processes use historical, current, and (or) 
potential future climate data consisting of daily precipitation 
and minimum and maximum air temperature. To simulate 
future climate conditions with the PRMS, the model may be 
specified with projected values of the climate model input. 
These data are products of other models that are used to fore-
cast daily climate. The PRMS simulations can also incorporate 
other datasets, such as those for potential evapotranspiration 
(PET), solar radiation (SR), streamflow, plant transpiration 
period, wind speed, and humidity.
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The PRMS simulates the hydrologic response of a 
geographic area called a “model domain.” The model domain 
is typically discretized into spatial features called hydrologic 
response units (HRUs) for which the PRMS computes water 
flux and storage in response to daily air temperature extremes 
and precipitation. Figure 4 presents a schematic of the hydro-
logic processes conceptualized in the PRMS. Channelized 
flow in the model domain is represented by using stream seg-
ments. The stream segments form the stream network and are 
connected with HRUs to simulate streamflow. For each HRU, 
contributing component flows to stream segments are aggre-
gated by the PRMS. Figure 5 displays PRMS-conceptualized 
examples of contributing flows, such as slow interflow, origi-
nating from the soil zone of each HRU. The computation of 
the aggregated segment streamflow is executed for each HRU 
for every time step of the simulation. The PRMS can also 
simulate additional types of waterbodies that are not directly 
connected to the stream network, such as lakes, reservoirs, or 
surface depressions (for example, farm ponds). A conceptual 
schematic of the fluxes of water simulated for surface depres-
sions is displayed in figure 6.

Regan and LaFontaine (2017) describe recent enhance-
ments to the PRMS, including the incorporation of water-
use data. In the current version of the PRMS (version 5; 

Markstrom and others, 2015), water can be withdrawn from 
or added (as return flows) to five conceptual storages (stream 
segments, groundwater reservoirs, surface-depression stor-
age, external locations, and lakes). In addition, water can be 
added to two other storages—the capillary reservoir of the soil 
zone and the plant canopy. This new capability allows for the 
simulation of surface-water and groundwater withdrawals and 
return flows in PRMS models.

Description of Water-Use and Dynamic 
Land-Cover Modules

Previous versions of the PRMS lacked the capability to 
account for constant or dynamically changing water transfers 
throughout a model domain. In addition, they also lacked the 
ability to simulate transfers within the model domain. Because 
of these deficiencies, previous models were unable to evaluate 
the impacts of these transfers on hydrologic processes. The 
water_use_read module was developed to add these capabili-
ties to the PRMS (Regan and LaFontaine, 2017). The module 
allows for specification of historical, current, and projected 
water-use information as a time series of water transfers based 
on water availability at storage locations internal and external 
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to the model domain. For each transfer, the date, source, 
destination, and flow rate are specified. The date specifies the 
day on which the transfer is effective. The source and destina-
tion represent the spatial and temporal redistribution of water 
by human activities and natural processes. The transfer rate 
remains constant for each time period between events for each 
source/destination pair.

Water can be withdrawn from five sources: (1) stream 
segment flow, (2) groundwater storage, (3) surface-depression 
storage, (4) external locations, and (5) lake storage. Source 
water can be transferred to any of eight destinations: 
(1) stream segments, (2) groundwater storage, (3) surface-
depression storage, (4) external locations, (5) lake storage, 
(6) soil zone storage, (7) internal consumptive-use loca-
tions, and (8) plant canopy storage. Water transfers can 
occur between any combination of sources and destinations. 

Moreover, multiple transfers can originate from each source 
and destinations may receive water transfers from mul-
tiple sources.

Specification of the water transfers demonstrates con-
nectivity between storage locations and usage destinations 
within watersheds that may result from natural processes and 
(or) human activities. The module can be used to account 
for naturally existing flows from, to, across, and under 
HRUs, application domain boundaries, and stream seg-
ments. Examples of water use include (1) diversion from 
stream segments to surface-depression storage, (2) with-
drawal of groundwater storage applied to the plant canopy to 
approximate irrigation, (3) transbasin inflow from an external 
location, (4) consumptive use, and (5) streams terminating 
within an HRU. Examples of projected scenarios that could 
be evaluated include changing agricultural practices that 
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require pumping from aquifers and (or) streamflow diversions 
and consumptive-use requirements as population distribu-
tions change.

Previous iterations of the PRMS utilized static watershed 
characteristics and parameter values used by model algorithms 
to produce streamflow estimates; however, this approach can 
become problematic because of the inability of the model to 
account for temporal changes in the watershed. In an earlier 
version of the PRMS, watershed characteristics and param-
eters were derived from historical data sources that did not 
change over the course of the simulation period. This approach 
can be insufficient to evaluate hydrologic responses when 
changes in landscape and climate occur over the time period of 
any particular simulation. Using dynamic watershed charac-
teristics may improve model calibration results, improve the 
performance of hydrologic models, and add capability to the 
model to evaluate possible impacts of these changes on hydro-
logic processes (for example, streamflow, evaporation, tran-
spiration, runoff, infiltration, interflow, and water availability). 

Accounting for dynamic watershed characteristics may be par-
ticularly important for models having decadal or multidecadal 
time periods and models with regional or continental spatial 
extents. The dynamic_parameter_read module was developed 
to provide this capability (Regan and LaFontaine, 2017).

The use of static parameters in climate-based model-
ing assumes stationarity, meaning that watershed charac-
teristics and parameters have a consistent range of vari-
ability. However, this assumption has become inappropriate 
because anthropogenic perturbations of natural processes 
are altering the range of natural variability with respect to 
climate and hydrologic processes (Milly and others, 2008). 
Nonstationarity, in contrast to stationarity, refers to the “altera-
tion of the means and extremes of precipitation, evapotranspi-
ration, and rates of discharge of rivers” as a result of anthro-
pogenic disturbances in river basins (Milly and others, 2008). 
The authors support their hypothesis by citing contributing 
factors such as landscape changes resulting from changing 
population dynamics, water use, water quality, and behavioral 
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changes that have affected natural hydrologic processes. 
Because of the limitations of static model parameteriza-
tion, alternative methodologies were developed to account 
for nonstationarity in the physical environment. One PRMS 
application of dynamic parameterization was demonstrated by 
Van Beusekom and others (2014), who evaluated changes in 
streamflow resulting from changes in land cover and land use 
in Puerto Rico for a 70-year period. Conditional parameteriza-
tion is another “nontraditional” parameterization methodology, 
as discussed by Luo and others (2012). The authors describe 
conditional parameterization as the calibration of a hydro-
logic model in which model parameters may change by using 
different calibration time periods that have different climate 
conditions. They conclude that conditional parameterization 
could improve streamflow predictions from models; however, 
the authors note that the best approach to model parameteriza-
tion is catchment dependent. As part of this study, parameters 
related to impervious area, land cover, and plant canopy were 
included in the model to represent temporal variability of land 
cover in the basin.

Stream Network and Hydrologic Response Unit 
Development

The stream network of the Red River Basin PRMS was 
extracted from the Geospatial Fabric (GF), which forms the 
infrastructure of the National Hydrologic Model (NHM; Viger 
and Bock, 2014). The GF within the NHM provides a means 
for developing consistent models across the conterminous 
United States. This is achieved through the creation of com-
mon feature geometries, namely HRUs and stream segments, 
that are identified by using a common identification scheme 
and by determining flow connectivity among the HRUs and 
stream segments that make up the GF. These characteristics of 
the GF make it possible to compare outputs of different NHM-
based models with relative ease (Regan and others, 2018).

The GF aggregates spatial catchments and flowlines 
of the National Hydrography Dataset NHDPlus version 1 
(Horizon Systems Corporation, 2007). The HRUs of the 
Red River Basin PRMS were delineated by using NHDplus 
catchment data representing the local contributing area for 
each HRU and stream segment pair and by analyzing the 
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homogeneity of features with respect to slope, elevation, 
vegetation, geology, and soils. Viger and Bock (2014) divided 
the local contributing area (HRU) of each stream segment into 
two areas—a unit on the left (left bank) and a unit on the right 
(right bank) of each stream segment. Because of the configu-
ration of the stream network and catchment area geometry 
that resulted from the work of Viger and Bock (2014), it is 
possible for a stream segment to be assigned to more than two 
HRUs or assigned to only one HRU. This extraction resulted 
in 3,065 HRUs and 1,614 stream segments (fig. 7A, B). HRUs 
ranged from 0.05 to 2,856 km2 in extent, with an average of 
78.7 km2 and median of 38.1 km2 (Roland, 2023). Stream seg-
ments ranged in length from 0.003 to 85.6 km with an average 
of 16.3 km.

PRMS Parameterization

In addition to providing HRU and stream segment feature 
geometries, also included in the GF are tabular attributes 
associated with physical parameters that served as the initial 
set of parameters for each HRU and stream segment in the 
Red River Basin PRMS model. Soil parameter values in the 
GF were derived from the Soil Survey Geographic Database 
(Natural Resources Conservation Service, 2013) and with 
near-surface soil permeability data from Gleeson and others 
(2011). Groundwater-flow parameters of the GF were derived 
from recession coefficient analysis of hydrographs of USGS 
streamgages, as detailed in LaFontaine and others (2013). 
Surface-depression storage parameter values were derived 
from the high-resolution version of the National Hydrography 
Dataset (McDonald and others, 2012) as the aggregate sum of 
waterbodies within each HRU (Regan and LaFontaine, 2017). 
The land-use and land-cover (LULC) data were obtained from 
the USGS Earth Resources Observation and Science Center 
and cover the time period of 1980–2014. A LULC dataset 
was obtained for each year, thereby allowing for certain 
LULC parameters to be dynamically altered on a yearly basis 
throughout the simulation.

Streamflow Routing Parameters

Muskingum routing was used for the Red River Basin 
PRMS model to compute inflow and outflow from stream 
segments in the model domain. Using the continuity equa-
tion, Muskingum routing calculates flow in a stream channel 
or river as a function of inflow, outflow, and the change in 
instream storage over time. In the Muskingum routing, two 
storage parameters must be calculated, namely the storage 
constants K_coef and x_coef, as described in the PRMS. These 
storage parameters describe the storage characteristics of any 
given stream reach. The K_coef values were calculated by 
Viger and Bock (2014) and were used in the approximation 
of the hourly streamflow travel time through each stream seg-
ment in the GF. These travel times were computed by sum-
ming values from the NHDPlus version 1 (Horizon Systems 
Corporation, 2007) dataset flowlines that composed each 

stream segment of the model. The x_coef constant, as defined 
in the PRMS, is a weighting factor that describes the amount 
of attenuation of streamflow that occurs in a stream segment. 
The default value of x_coef in the PRMS is 0.2; this value 
was adjusted during calibration of the model. A more detailed 
discussion of the Muskingum routing module in the PRMS 
can be found in Markstrom and others (2015).

HRU Subsurface Reservoir Parameters

Parameters describing the unsaturated zones between 
land surface and the groundwater reservoir were developed 
using the near-surface permeability data from Gleeson and 
others (2011). The parameterization of subsurface reservoirs 
was conducted using the methods described in LaFontaine and 
others (2013). This process provides a spatially distributed 
range of values that are then calibrated, providing the initial 
spatial variation that was lacking in past PRMS applica-
tions that used the same initial value for all HRUs (Viger and 
Bock, 2014).

HRU Groundwater Reservoir Parameters

The groundwater flow parameter, gwflow_coef, was 
derived from an analysis of the groundwater recession 
constants using USGS streamflow data and methodologies 
similar to those described by Rutledge and Mesko (1996) and 
Bernhail and others (2012). The individual values of gwflow_
coef for each of the HRUs were estimated using a multiple-
linear regression equation based on geographic information 
systems (GIS) data for the contiguous United States. The 
regression equation included components of geology, drain-
age density, aquifer and vegetation type, and base-flow index 
information as described in Markstrom and others (2015). 
Annual groundwater recession constants were computed for 
streamgages identified by Falcone (2011) to have had stream-
flow periods relatively free of anthropogenic influence (that is, 
GAGES-II dataset). The approximated values of the gwflow_
coef parameter were used as initial values and were adjusted 
during model calibration.

Climate Data and Algorithm

The PRMS requires time series of daily air temperature 
minima and maxima and daily accumulated precipitation. The 
climatic inputs of the Red River Basin model included gridded 
data, preprocessed from the USGS Geo Data Portal (GDP; 
Blodgett and others, 2011). National gridded Daymet climate 
data were clipped to a GIS shapefile of the discretized model 
domain in the GDP, which then associated the location of the 
model domain with the locations of nearby weather stations 
and computed the weighted-areal average of the maximum 
and minimum air temperature and precipitation for each day of 
the study period. These daily climate inputs were distributed to 
the HRUs in the model domain using the climate_hru module, 
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as described in Markstrom and others (2015). Because the cli-
mate data were preprocessed and applied to each HRU in the 
model domain by the GDP, the output of the GDP was directly 
applied to the HRUs in the model.

The Daymet version 3 gridded climate dataset was 
developed at Oak Ridge National Laboratory using a collec-
tion of algorithms and computer software to interpolate and 
extrapolate from daily meteorological observations (Thornton 
and others, 2016). The weather parameters generated included 
daily minimum and maximum air temperature, precipitation, 
humidity, and SR produced on a 1-km2 gridded surface over 
the conterminous United States, Mexico, and Southern Canada 
for the period 1980–2016 (Thornton and others, 2016). This 
type of gridded climate dataset is convenient for large-scale 
hydrologic modeling applications, but such applications may 
be limited by the available period of record and local scale 
deficiencies.

Streamflow Data

Streamflow data for USGS streamgages are published 
in the USGS National Water Information System (U.S. 
Geological Survey, 2017) and were obtained using the R 
dataRetrieval package found in R Foundation for Statistical 
Computing software (R Core Team, 2020). Currently, there 
are more than 400 active streamgages in the Red River 
Basin (U.S. Geological Survey, 2017). Of these avail-
able streamgages, 202 streamgages were included in the 
development of the Red River Basin PRMS model (fig. 8). 
Information for each of the streamgages included in the 
study is presented in table 1.1 of appendix 1 and in Roland 
(2023). Of the 202 streamgages used in the study, 165 were 
selected for calibration because they had 5 years or more 
of streamflow record during the model calibration period 
from 1980 to 2016 or were included in the GF for the 
NHM. Of the 165 streamgages selected for calibration, only 
129 streamgages were successfully calibrated. The remaining 
36 streamgages were removed from the calibration dataset. 
Model performance was evaluated using 73 streamgages from 
across the basin. Streamgage information for each of the cali-
bration and evaluation streamgages is presented in table 1.1 of 
appendix 1 and in Roland (2023).

Water-Use Inputs
Each of the States in the model area define and manage 

water use differently. Water-use data for each respective State 
were obtained from a variety of different agencies and com-
piled into a useable time step and format for model simulation. 
When the model was constructed, the most current available 
water-use data used in our study covered the period from 
1980 to 2014. Because the model period extended through 
2016, water use was held constant at the 2014 rates for the 
2015–16 model period. The Arkansas Natural Resources 

Commission conducts an annual inventory of groundwater and 
surface-water withdrawals in Arkansas in cooperation with the 
USGS. The water-withdrawal data are stored in the Arkansas 
Natural Resources Commission Water-Use Data Base System 
(WUDBS), which has been maintained by the USGS from 
1985 to the present. The WUDBS provides information about 
the amount of water withdrawn and how the water was used, 
in addition to the amount of water returned for water-resource 
managers and policy makers. Site-specific water-withdrawal 
data for Arkansas were obtained from WUDBS for the period 
from 1980 to 2014. Water-withdrawal data are compiled for 
10 categories of water use, including public supply, self-
supplied withdrawals (for example, commercial and indus-
trial), mining, livestock, aquaculture, irrigation, and thermo-
electric power generation. Water users that withdraw 1 acre-ft 
or more of surface water per year report their withdrawals 
annually. Because of incomplete reporting, it is necessary in 
some cases to supplement these data with data from other 
sources such as the Natural Resources Conservation Service, 
U.S. Army Corps of Engineers, Arkansas Department of 
Environmental Quality, Arkansas Department of Health, and 
National Agricultural Statistics Service.

The USGS, in cooperation with the Louisiana 
Department of Transportation and Development, has col-
lected and published water-use information on a 5-year basis 
since 1960. Since 1980, all water-use information has been 
maintained by the USGS office in Baton Rouge, La. The 
Louisiana State University Agricultural Center Cooperative 
Extension Service publishes an annual report titled “Louisiana 
Summary—Agriculture and Natural Resources,” which pro-
vides information for computing aquaculture, irrigation, and 
livestock water use (Louisiana State University Agricultural 
Center Cooperative Extension Service, 2014). For this inves-
tigation, information from each annual report for the years 
1980–2014, as well as data from major water users and the 
5-year compilations, were used to characterize surface-water 
withdrawals in the Louisiana portion of the study area.

In Oklahoma, surface water is known as “stream water” 
and is considered publicly owned and subject to appropriation 
by the Oklahoma Water Resources Board (OWRB). Stream 
water is defined as a “watercourse in a definite, natural chan-
nel with defined beds and banks, originating from a definite 
source or sources of supply” that may have intermittent or 
irregular flow and is regulated by the 9-member OWRB, 
which issues water-use permits for surface-water diversions 
(OWRB, 2008). Water-use categories provided in the diver-
sion data include aquaculture, commercial, industrial, irriga-
tion, livestock, mining, power generation, and public supply.

In Texas, water-withdrawal data are reported primarily 
by three agencies: the Texas Commission on Environmental 
Quality (TCEQ), the Texas Railroad Commission, and the 
Texas Water Development Board. Surface water is defined 
by TCEQ as water in lakes, flowing in streams and rivers, 
or water imported into the State using navigable streams or 
State operated facilities. Texas is a water rights State, which 
means that water is held in trust by the State. The State grants 
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permits to individual users such as farmers, industries, cities, 
and other public and private entities. Surface-water with-
drawal and return amounts were both obtained from the TCEQ 
by retrieving permit information for the period from 1980 to 
2014 (Texas Commission on Environmental Quality, 2019). 
Water-use categories were also obtained from the permit data 
and include public supply, irrigation, livestock, aquaculture, 
commercial, industrial, and hydroelectric power generation.

Dominant uses of water in the Red River Basin range 
from irrigation in the western part of the basin to public 
supply, thermoelectric power, and livestock in the central 
and southeastern parts. Total estimated water use in 2010 by 
the four principal States in the basin was nearly 83,616 ft3/s 
(45,000 Mgal/d). Surface-water withdrawals accounted for 
approximately 52,028 ft3/s (28,000 Mgal/d) (Maupin and 
others, 2014). Texas withdrew the most surface water in the 
basin (fig. 9A). Thermoelectric power generation in Texas and 
Louisiana accounted for the majority of surface-water with-
drawals in the basin. Texas also withdrew the most water for 
public supply and a large fraction of water used for irrigation 
in the basin, second to Arkansas. Arkansas and Texas also 
withdrew the most groundwater, which was primarily used for 
irrigation (fig. 9B).

Mapping to Hydrologic Modeling Units

Water-use estimates were mapped to the PRMS model 
units (HRUs and stream segments) through a GIS overlay 
analysis with the water-use locations; the estimates included 

irrigation, public supply, commercial and industrial, hydro-
electric power generation, basin import and exports, return 
flow, and recreation. The surface-water-based withdrawals 
and returns were mapped to stream segments. To simulate 
water use in the PRMS, the water-use estimates were format-
ted into PRMS-specific water-use types based on the destina-
tion of the water being transferred. Agricultural, commercial, 
industrial, power generation, and unspecified water use were 
treated as consumptive water use. Only transfers for irrigation 
were assigned to the canopy storage reservoir of an HRU. The 
water-use data were then processed for PRMS-specified input 
files as specified in Regan and LaFontaine (2017). Separate 
water-use input files were created for (1) water transfers to 
and from stream segments, and (2) import and export water 
transfers and returning flow.

Red River Basin Water-Use Summary

Water use in the Red River Basin model domain con-
sisted of surface-water withdrawals and returns. A summary 
of water use used in the Red River Basin model by water-use 
type is shown in table 2. Mean monthly surface withdraw-
als ranged from 177 to 370 ft3/s (95 to 199 Mgal/d) over the 
period 1980–2016. Mean monthly return flow ranged from 
4.75 to 19.3 ft3/s (2.56 to 10.4 Mgal/d). Mean monthly with-
drawals were greatest during the months of June, July, and 
August and monthly returns were greatest in April.
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PRMS Model Sensitivity
Understanding relationships between the parameters 

of a model and the variety of physical hydrologic processes 
simulated by the model is critical. Sensitivity analysis is a use-
ful tool for conducting model assessments that help determine 
which physical processes described by the model parameter-
ization have more or less impact on the hydrologic simula-
tions performed by the model. Markstrom and others (2016) 
performed a sensitivity analysis of the contiguous United 
States using the Fourier Amplitude Sensitivity Test (Cukier 
and others, 1973; Schaibly and Shuler, 1973; Cukier and oth-
ers, 1975; Saltelli and others, 2006). The analysis included 
110,000 HRUs from the NHM for the period from 1990 to 
2000. This approach was then used as a part of an automated 
calibration process. The results of the sensitivity analysis 
by Markstrom and others (2016) showed that the dominant 
hydrologic process in the Red River Basin was evapotranspi-
ration. The least dominant hydrologic processes in the basin 
were base flow, infiltration, runoff (that is, the total flow from 
an HRU that contributes to the flow of a connected down-
stream stream segment), and surface runoff (that is, precipita-
tion or snowmelt water that moves across the land surface and 
into the stream segment assigned to an HRU). Results from 
the sensitivity analysis performed by Markstrom and others 
(2016) were used to select the parameters for calibration of the 
Red River Basin PRMS model.

Calibration of the Red River Basin 
PRMS Model

Calibration of the PRMS model was completed using a 
sequential modular parameter optimization methodology for 
each of the 165 streamgages selected to calibrate the model. 
The calibration process began with the analysis of the stream 
network using the Lumen tool (Hay and Umemoto, 2006). 
Lumen is a computer application that creates schematic visu-
alizations of the stream network and modular stream networks 
that are assigned to streamgages during model calibration. The 
Lumen tool was used for two purposes: (1) to delineate the 
contributing watershed (combination of HRUs and stream seg-
ments) for the calibration streamgages, and (2) to determine 
the calibration sequence for each of the calibration watersheds 
on the basis of the stream order of the gaged stream segment. 
Sequential calibration began at headwater streamgages and 
progressed downstream to each streamgage location. Stream 
segments with no downstream streamgage that could be used 
for calibration were also identified visually using geospatial 
analysis software. Stream segments that were not assigned to a 
downstream calibration streamgage were assigned to a nearby 
streamgage that was hydrologically connected to the upstream 
stream segment but not influenced by the stream segments that 
were not assigned to a calibration gage. Each process (SR, 
PET, streamflow) simulated by the modules was calibrated 
individually. Parameters influencing a specific process used in 
the calibration of that process are listed in table 3.

Table 2.  Summary of mean monthly water withdrawals for the Red River 
Basin, by type, for the period 1980–2016.

[Withdrawals are in cubic feet per second]

Month
Water-use type1 Surface-water  

return ratioWithdrawal Return

Jan. 207 7.4 0.04
Feb. 177 6.4 0.04
Mar. 210 4.75 0.02
Apr. 195 19.3 0.1
May 219 9.42 0.04
June 302 10.3 0.03
July 370 12.5 0.03
Aug. 359 12.5 0.03
Sept. 256 10.2 0.04
Oct. 258 8.86 0.03
Nov. 201 8.24 0.04
Dec. 209 9.65 0.05

1Water-use source is surface water.
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Table 3.  Calibration procedure using LUCA (Let Us Calibrate) software (Hay and others, 2006; Hay and Umemoto, 2006).

[HRU, hydrologic response unit]

Calibration dataset (model state) Objective function(s)
Parameters used to  

calibrate the model state
Parameter  

range
Parameter description

Phase 1

Calibration step 1: Solar Radiation

Basin mean monthly solar radia-
tion (SR)

Absolute difference dday_intcp −70–10 Intercept in temperature degree-day relation, degree-days
dday_slope 0.2–0.9 Slope in temperature degree-day relation, degree-days per 

degree Fahrenheit
tmax_index 50–90 Index temperature used to determine precipitation adjustments 

to solar radiation, units specified by tmax_index parameter, 
degrees Fahrenheit

Calibration step 2: Potential Evapotranspiration

Basin mean monthly potential 
evapotranspiration (PET)

Absolute difference jh_coef 0.005–0.09 Coefficient used in Jensen-Haise PET computations, per de-
grees Fahrenheit

Phase 2

Calibration step 1: Annual and monthly water balance

Water balance Normalized root mean square 
error: 1. Annual mean, 2. 
Monthly mean, 3. Mean 
monthly

adjust_rain −0.4–0.4 Precipitation adjustment factor for rain days (adjust_rain is for 
use with the xyz_dist module and rain_cbh_adj is for use 
with the climate_hru module)

rain_cbh_adj 0.6–1.4

soil_moist_max 4–15 Maximum available water holding capacity of soil profile, 
inches

soil2gw_max 0.0001–5 Maximum rate of soil water excess moving to groundwater, 
inches

soil_rechr_max_frac 0.0001–1 Maximum available water holding capacity for soil recharge 
zone, fraction

Calibration step 2: Daily timing high flows

Daily streamflow timing Normalized root mean square 
error: Daily time step

carea_max 0.01–0.8 Maximum area contributing to surface runoff as fraction of 
HRU area, decimal fraction

fastcoef_lin 0.0001–0.4 Linear preferential-flow routing coefficient, fraction per day
pref_flow_den 0–0.2 Preferential-flow pore density, decimal fraction
smidx_coef 0.0001–0.2 Coefficient in nonlinear surface runoff contribution area algo-

rithm, decimal fraction
smidx_exp 0.2–0.8 Exponent in nonlinear surface runoff contribution area algo-

rithm, per inch
slowcoef_sq 0.05–0.3 Coefficient to route gravity-flow storage downslope, unitless
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Table 3.  Calibration procedure using LUCA (Let Us Calibrate) software (Hay and others, 2006; Hay and Umemoto, 2006).—Continued

[HRU, hydrologic response unit]

Calibration dataset (model state) Objective function(s)
Parameters used to  

calibrate the model state
Parameter  

range
Parameter description

Calibration step 3: Daily timing low flows

Daily streamflow timing Normalized root mean square 
error: 1. Daily time step

gwflow_coef 0.004–0.08 Groundwater routing coefficient, fraction per day
ssr2gw_exp 0.2–3 Coefficient in equation used to route water from the subsurface 

reservoirs to the groundwater reservoirs, unitless
Calibration step 4: Daily timing all flows

Daily streamflow timing Normalized root mean square 
error: 1. Daily time step

K_coef 0.01–23.9 Muskingum storage coefficient, unitless
x_coef 0.05–0.25 Muskingum routing weighting factor, unitless
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The PRMS model was calibrated using the Let Us 
Calibrate (LUCA) software tool (Hay and Umemoto, 2006). 
The LUCA program is a multi-objective-function, step-
wise calibration procedure that uses the Shuffled Complex 
Evolution optimization algorithm (Duan and others, 1992) 
to estimate optimal parameter values. The Shuffled Complex 
Evolution randomly samples values of a specified set of 
parameters. Objective functions are then calculated and opti-
mized for the set of parameters. The values of the objective 
functions are ranked from largest to smallest. Small objective 
function values indicate an optimal fit to the parameter and are 
retained for the complex evolution process. The best-fitting 
objective functions are divided into a user-defined number of 
complexes that are evolved using the simplex downhill search 
algorithm developed by Nelder and Mead (1965). This process 
creates an iterative loop for testing objective functions and 
parameter values until one of the following conditions are met:

1.	The maximum number of sub-model executions is met.

2.	The percentage change between objective function val-
ues of the current shuffling loop is less than a specified 
value when compared to objective function values of 
several preceding shuffling loops.

3.	Optimized values of the objective function converge on 
a small range of values between the upper and lower 
bounds of a given parameter.

This process is repeated, decreasing the number of com-
plexes by one with each iteration. The output of LUCA is a 
parameter file containing parameter values generated using the 
best objective function values.

The calibration procedure used for the Red River Basin 
model was divided into two phases based on the processes the 
sensitivity analysis results indicated were most critical to accu-
rately representing the hydrology of the basin. The parameters 
selected for calibration in each step are shown in table 3 and 
discussed in detail next.

Phase 1: Calibration of Solar Radiation and 
Potential Evapotranspiration

In phase 1 of calibration, model parameters were cali-
brated to optimize the simulation of SR and PET in steps 1 
and 2, respectively. Observed SR and PET data may be used 
as additional input to the climate_hru module; however, when 
these data are not present, alternative PRMS modules must be 
specified to distribute SR and PET to the HRUs. The ddsol-
rad module estimates and distributes SR based on maximum 
temperature per degree day, which is defined as the difference 
between the daily mean temperature and 65 °F (Markstrom 
and others, 2015). The Red River Basin PRMS model uses the 
ddsolrad module to estimate SR. Similarly, when observed 
PET data are not available, a methodology for estimating PET 
must be specified from several modules within the PRMS. 

The Red River Basin model uses the potet_jh module, which 
is based on the Jensen-Haise formulation (Jensen and Haise, 
1963) to estimate PET.

The parameter-calibration objective function targets 
minimization of the absolute difference (Markstrom and oth-
ers, 2015) between simulated and measured SR and PET on a 
mean monthly time step. The absolute difference is calculated 
as follows:

	​ AbsDiff ​ = ​ ∑ m=1​ 12 ​  abs(SI ​M​ m​​ − MS ​D​ m​​)​​,� (1)

where
	 AbsDiff	 is the absolute difference objective function,
	 m 	 is the month,
	 SIMm	 is the mean of measured values for the SR or 

PET for simulated values,
	 MSDm	 is the mean of measured values for SR or PET 

for month,

Once calibrated, the new parameter values were merged 
into the basin-wide PRMS parameter file.

Phase 2: Calibration of Streamflow Volume and 
Timing

In step 1 of phase 2, annual and monthly streamflow vol-
ume parameters were calibrated. Parameters associated with 
streamflow timing were calibrated in step 2 through step 4 of 
the calibration process. During this phase, parameters adjusted 
to match measured streamflow volume were optimized for 
annual, monthly, and mean monthly time steps. Parameters 
adjusted to match streamflow timing for high, low, and all 
flows were optimized using the same procedure as streamflow 
volume, but only at the daily time step. The objective func-
tions for this phase of calibration minimized the ratio of the 
root mean square error to the standard deviation of the mea-
sured streamflow (RSR; Moriasi and others, 2007) between 
measured and simulated streamflow as follows:

	​ RSR ​ = ​ √ 

___________________

  ​
​∑ n=1​ nstep​ ​(SI ​M​ n​​ − MS ​D​ n​​)​​ 2​​  ___________________  ​∑ n=1​ nstep​ ​(MSD − MN)​​ 2​​

 ​  ​​,� (2)

where
	 n	 is the time step,
	 nstep	 is the total number of time steps,
	 SIMn	 are the simulated streamflow values for 

time step n,
	 MSDn	 are the measured streamflow values for time 

step n, and
	 MN	 is the mean of all measured streamflow values 

for the objective function time period.
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Further assessment of hydrologic simulations of stream-
flow volume and timing was performed using the Nash-
Sutcliffe efficiency (NSE; Nash and Sutcliffe, 1970; eq. 3) and 
by calculating the percent bias (Pbias; eq. 4) of the total stream-
flow volume. The NSE metric was calculated as follows:

	​ NSE ​ =  1.0− ​[​
​∑​ n=1​ nstep​ ​​(SI ​M​ n​​− MS ​D​ n​​)​​​ 2​  __________________  ​∑​ n=1​ nstep​ ​​(MS ​D​ n​​− MN)​​​ 2​ ​]​.​� (3)

The NSE provides a metric that quantifies the accuracy of 
model simulated streamflow relative to observed streamflow. 
If the simulated streamflow replicates streamflow observa-
tions perfectly, then the value of the NSE would be 1.0. The 
accuracy of simulations decreases as the value of the NSE 
decreases. If the NSE value is equal to zero, then the simulated 
values represent the hydrologic response as well as the mean 
of the measured values. Negative NSE values indicate that 
the mean of the measured values provides a better fit than the 
simulation values. The Pbias metric was calculated using the 
following equation:	

	​​ P​ bias​​ = ​
​(SI ​M​ n​​− MS ​D​ n​​)​  _____________ MS ​D​ n​​

  ​ * 100​� (4)

A negative Pbias value indicates that model simulated 
streamflow is underestimated in comparison to the observed 
flow, and a positive value indicates that the model simulated 
streamflow is overestimated in comparison to observed flow.

Red River Basin PRMS Model 
Calibration and Evaluation

Phase 1

Basin characteristics produce great variability in mea-
sured and simulated SR and PET across the basin. During 
model development, SR was calibrated in two regions: the 
upper basin and the lower basin. Results from the SR calibra-
tion indicated that model-estimated monthly mean SR for 
the basin showed good agreement (NSE ≥0.7) with observed 
record for the same period. Figure 10 shows examples of 
model calibration at streamgage locations across the Red River 
Basin. The observational SR data used in calibration were 
downloaded from the Daymet version 3 (Thornton and others, 
2016) gridded climate database using the USGS Geo Data 
Portal. The simulated and observed monthly mean SR follow a 
similar pattern for much of the year. SR increased through the 
first 6 months of the year, peaked in July when SR was most 
intense, and declined through the remainder of the year.

Potential evapotranspiration calibration results showed 
more variability than SR but were generally in good agree-
ment (NSE ≥0.5) with observed evapotranspiration results 

(fig. 11). The model tended to overpredict PET in many areas 
across the basin. In the upper portion of the basin, the arid 
climatic conditions promote relatively large values of PET as 
demonstrated by the model simulated PET, which was not in 
agreement with observed PET. In the lower part of the basin 
where PET was lower, the model more closely predicted 
observed PET. The variability in the amount of PET can be 
explained by a number of factors, which may include the qual-
ity of the PET observations, the effects of evaporation from the 
surfaces of reservoirs, groundwater and surface-water interac-
tion, and the effects of water withdrawal. The temporal pattern 
of potential evapotranspiration varied similarly to that of SR. 
Evapotranspiration increased through the year and peaked dur-
ing the months of June and July when SR and daily maximum 
air temperatures were highest. Evapotranspiration decreased 
through the second half of the year as high temperatures and 
the intensity of SR declined.

Phase 2

Data from 129 streamgages were used to calibrate the 
Red River Basin PRMS model (appendix 1; table 1.1). Using 
LUCA software, the model parameters were adjusted for each 
subbasin relative to the adjustment made to the HRUs and 
stream segments in the calibration streamgage’s catchment. 
The relative distribution of model parameter values in each 
subbasin were preserved because the LUCA software was 
used to optimize the model parameters to match the mea-
sured streamflow at each calibration streamgage. The model 
parameters were optimized using LUCA by comparing USGS 
measured streamflow and the PRMS variable, seg_outflow, for 
the PRMS model stream segment associated with the calibra-
tion streamgage. Performance metrics for NSE, RSR, and Pbias 
for each calibration and evaluation streamgage for the results 
of daily and monthly calibrations are shown in table 1.2 of the 
appendix. The passing performance threshold for the NSE was 
defined as 0.5 or greater, the threshold for RSR was defined 
as 0.7 or less, and the threshold for Pbias was defined as within 
plus or minus 10.0. Simulations at each streamgage loca-
tion were evaluated on the basis of how many performance 
metrics were within the acceptable criteria. A calibration or 
evaluation streamgage location was rated “good” if all three 
of the performance criteria (NSE, RSR, and Pbias) for daily or 
monthly time steps were passing or acceptable, “fair” if two of 
the three metrics were acceptable, and “poor” if less than 2 of 
the performance metrics were acceptable. Figures 12 and 13 
display model calibration ratings for streamgages across the 
basin from calibration on a daily time step and monthly time 
step, respectively. Calibration results at a monthly time step 
were typically better than calibration results at a daily time 
step. The results of calibration and evaluation for the monthly 
time step indicated that 110 streamgages were rated as fair 
or better (table 4). Daily time step calibration and evaluation 
results indicated 73 streamgages were rated fair or better. 
These results indicate that the predictive capacity of the PRMS 
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to simulate streamflow in the Red River Basin is strongest 
at a monthly time step. These results also demonstrate the 
challenging nature of predicting streamflow in arid regions 
like the upper basin and the complexities related to anthro-
pogenic influences on streamflow. Considering these factors 
and their associated uncertainty, the model provided the best 

representation of the hydrologic conditions with respect to the 
inputs used to construct the model. Moreover, these results 
indicate that further studies are needed to improve watershed 
models where arid conditions and anthropogenic influences 
exist.
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Figure 10.  Solar radiation calibration results for sites across the Red River Basin.
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Figure 11.  Potential evapotranspiration calibration results for sites across the Red River Basin.
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Table 4.  Summary of monthly and daily time-step performance statistics for Red River Basin 
Precipitation-Runoff Modeling System simulations.

[Values shown in cells are site counts]

Rating
Monthly Daily

Calibration Evaluation All Calibration Evaluation All

Good 37 9 46 27 5 32
Fair 49 15 64 28 13 41
Poor 43 49 92 74 55 129
Total 129 73 202 129 73 202

Base from Esri 2020 and its licensors
North American Datum of 1983

0 100 200 MILES

0 100 200 KILOMETERS

EXPLANATION

Poor

Fair

Good

Rating

Red River Basin

Daily calibration results 1980–2016

OKLAHOMA

TEXAS

ARKANSAS

MISSOURI

LOUISIANA

N
E

W
 M

E
X

IC
O

COLORADO KANSAS

92°94°96°98°100°102°104°

38°

36°

34°

32°

Lake
Texoma

Figure 12.  Performance metric ratings for 129 streamgages across the Red River Basin calibrated at a daily time step.
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Water Budget Components and Overall 
Trends

Water budget components for the period from 2008 to 
2016 are similar in spatial distribution but different in mag-
nitude than water-balance components for the long-term 
period from 1980 to 2016 (figs. 14, 15). Within the context 
of the long-term record, the study period has similar spatial 
distributions of water-balance components, but the magni-
tudes differ. Precipitation, evapotranspiration, and recharge 
in the Red River Basin show similar spatial patterns over the 
period from 2008 to 2016 and the period from 1980 to 2016. 
Predictions of precipitation and evapotranspiration for the 
2008–16 period were slightly greater than the long-term period 
in the basin. Precipitation varied across the basin, with larger 
volumes of precipitation generally concentrated in the lower 
basin, which also coincided with more evapotranspiration. In 
addition to areas that received large amounts of precipitation, 

evapotranspiration was also greatest in urban areas as a result 
of the presence of more impervious areas and less vegetative 
cover owing to the heat island effect.

Recharge in the basin varied spatially, with most recharge 
occurring along the northern border of the basin near to the 
Arkansas-Oklahoma State line and near the Oklahoma-Texas 
State line in the vicinity of Lake Texoma (figs. 14 and 15). 
Total runoff in the basin from 2008 to 2016 was greater than 
the long-term average from 1980 to 2016. Runoff generation 
is largely controlled by precipitation, which resulted in more 
runoff in areas that received the most precipitation. The most 
runoff occurred in the northernmost portion of the basin in 
central Arkansas and in northern Louisiana. Runoff generation 
was less in areas where evapotranspiration and recharge were 
greatest.

Recharge by reservoirs is facilitated by extended resi-
dence times of the water in the reservoirs, which results in 
extended periods of water migration downward to the water 
table. Storage in the conceptual reservoirs of the Red River 
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Figure 15.  Water balance components for the period from 2008 to 2016.
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Basin PRMS model (for example, plant canopy, soil water, 
groundwater, surface depressions) generally increased for the 
period from 2008 to 2016 relative to the period from 1980 to 
2016. Storage changed most in areas that received the most 
precipitation. The largest changes in storage occurred in south-
western Arkansas along the northernmost border of the lower 
basin and in northern Louisiana (figs. 14 and 15). Many areas 
having large changes in storage corresponded to areas with 
mostly vegetative cover. This indicated the amount of water 
stored in the plant canopy and soil reservoirs varied the most. 
Outside the areas having large changes in storage, the basin 
experienced smaller changes in storage. Consistent with the 
other water balance components, storage changed less in areas 
that received relatively smaller amounts of precipitation.

The predominant water uses in the central Red River 
Basin are consumptive use (which includes industrial, power 
generation, and municipal usage) and recreational and habitat 
conservation. Irrigation and canopy storage were the pre-
dominant water uses in the lower basin. Imports and exports 
of water into and from the Red River Basin primarily occur 
in the upper basin. Streamflow in this area was also affected 
by returning streamflow that originated from reservoirs. 
Reservoir return flow also increased streamflow in south cen-
tral Arkansas. Upstream and downstream from Lake Texoma, 
water use affects total streamflow on the main stem of the 
Red River differently, reflecting differences in the dynamics 
of water use in the upper and lower basin. Water use affected 
streamflow more in areas upstream from Lake Texoma 
than in areas downstream. Because of imported water and 
replacement flow from reservoirs in the area, the main stem 
gained streamflow in the upper basin (fig. 16A). Streamflow 
increases most upstream from Lake Texoma on the main stem 
and further upstream on the North Fork of the Red River. 
Supplemental streamflow in this area is crucial because of the 

dry conditions that are characteristic to this part of the model 
domain. Because of these conditions, which consequently 
result in small streamflow volumes, added streamflow causes 
a large relative percentage of change (fig. 16B). In contrast 
to water-use increasing streamflow upstream from Lake 
Texoma, water use decreases streamflow downstream from 
Lake Texoma because water use is greater in this part of the 
basin (fig. 16A). Total streamflow decreases most on the main 
stem of the Red River downstream from Lake Texoma and 
along the eastern border of the basin on the Ouachita River 
(fig. 16A). Decreasing streamflow was typical of most areas 
in the lower basin; however, streamflow in Bayou Macon 
increased because of water use. Because of the accumulation 
of streamflow from the headwaters of the Red River to the 
outlet of the basin, the total amount of streamflow is greatest 
in the lower basin. The combined effects of more intense water 
use and more streamflow result in lower relative percentages 
of change downstream from Lake Texoma than upstream 
from the lake. Although water use is more intense in this part 
of the basin than in the upper part, the range of the relative 
percentage of change resulting from water use was smaller for 
streams in the lower basin than for streams in the upper basin.

The streamflow patterns resulting from water use may 
include a seasonal component. Streamflow in the basin varied 
most in winter and spring, and flow variability in the basin 
decreased from late spring through early fall. Relative to 
monthly streamflow, monthly water withdrawals are great-
est during the spring and summer. Return streamflow is also 
greatest during these seasons. This demonstrates that the 
demand for water is greatest when water supplies are lowest. 
Agricultural water use during the growing season may poten-
tially explain some of the variation in streamflow that occurs 
throughout the year.
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Figure 16.  Water-use effects on streamflow in the Red River Basin for the period 2008–16. Effects are shown 
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Red River Basin PRMS Model 
Limitations and Potential 
Improvements

Given the amount of uncertainty in modeling regions 
with arid climates and areas with large water withdrawals, the 
Red River Basin model presented herein is the best representa-
tion of the hydrology that could be obtained using the PRMS 
with respect to the inputs used to construct the model. The 
results of the model calibration indicated that areas in the wet-
ter part of the basin were typically better calibrated to predict 
monthly and daily streamflow. In many areas of the basin, 
however, the model was either less capable or not capable 
of making meaningful predictions of streamflow because of 
the inherent uncertainty in the model input. Specifically, the 
quantity and quality of climatic input, the parameterization of 
physical and hydrologic features of the HRUs in the model 
domain, and the quality of withdrawal data made it challeng-
ing to calibrate streamgages where these uncertainties were 
most prevalent. The use of an automated calibration procedure 
provided the most viable option for calibrating the volume of 
streamgages used in this study, but this approach may have 
affected the overall predictability of the model. An alterna-
tive to automated calibration, such as manually calibrating 
streamgages (particularly in headwater streams in dry areas 
where streamflow can be most variable), may have yielded 
improved calibrations. Manual calibration of the model would 
have allowed for a more regionalized representation of hydro-
logic conditions in many areas across the model domain.

The use of gridded climate data is critical to the develop-
ment of hydrologic models because it provides spatially con-
tinuous data for model domains. The gridded data are created 
by integrating measurements of various climatic parameters 
from weather stations to create estimates where observa-
tions are unavailable. This process has inherent errors that are 
byproducts of the uncertainty associated with the spatial reso-
lution of the integrated parameters, the spatial distribution of 
the weather stations used in the integration of the climate data, 
and the methodology used to integrate the gridded parameter. 
As a result, the ability of the Red River Basin PRMS model 
to accurately simulate the hydrologic processes in the basin is 
limited by these factors.

The results from the calibration of the Red River Basin 
PRMS model demonstrated the role of climate forcing and its 
effect on model performance. Streamgages in the Red River 
Basin PRMS model that had acceptable calibration results 
for monthly streamflow predictions accounted for 63 percent 
of calibration streamgages. In comparison, streamgages in 
the model that had acceptable calibration results for daily 
streamflow predictions only accounted for 43 percent of 
calibration streamgages. The calibration streamgages located 
on small streams and intermittent streams typically had poor 
calibration results for monthly and daily streamflow predic-
tions. Streamgages on the North Fork of the Red River and 

on headwater streams such as the Prairie Dog Town Fork are 
examples of streamgages that were unsuccessfully calibrated 
as a result of climatic forcing in the model. The challenge of 
calibrating these streamgages and others in the upper half of 
the model domain was a consequence of an inability of the 
model to resolve the water balance within HRUs and their 
assigned stream segments across the time steps of the model. 
In general, streams near the western boundary of the model 
domain have less streamflow than streams in the middle and 
eastern portions of the domain. The upper portion of the Red 
River Basin is dominated by desert lands that receive less than 
25 in. of rain annually, which is less than half the amount of 
precipitation in much of the lower part of the basin. In addition 
to the relatively dry conditions, the upper part of the model 
domain had warmer air temperature and more intense SR than 
the lower part. As a result of the climatic conditions in the 
area, the availability of water for evapotranspiration, runoff 
generation, groundwater recharge, or storage in the soil zone 
was limited. As a consequence, the parameterization of the 
model was unable to reproduce the characteristics of stream-
flow in response to the climate input data during simulations. 
These results demonstrated the role of climate with relation to 
the parameterization and subsequent calibration during model 
development. Potential improvements that address the perfor-
mance of the Red River Basin PRMS model can be obtained 
by increasing the spatial and temporal resolution of climate 
data in addition to incorporating additional parameters capable 
of providing a more detailed characterization of the dynamic 
conditions of HRUs across the model domain.

The Red River Basin PRMS model used dynamic 
land-cover parameters to account for changes in land cover 
and land use over 24 of the nearly 40 years simulated by 
the model. This period represented the best available data at 
the time during the development of the model but may not 
completely capture the signal of different types of land-cover 
changes occurring on spatial scales smaller than the 30-meter 
spatial resolution of the National Land Cover Database. 
Creating higher resolution land-cover data may improve 
the accuracy of the characterization of land-cover types and 
improve model performance around urban areas in the model 
domain. Land-cover models have become a necessity in 
basin-scale watershed modeling. These models have histori-
cally been developed by using aerial photography, surveys by 
landowners and managers, field observations, and satellite-
based remote sensing data. Advances in land-cover classifica-
tion methods have improved the temporal and spatial scales 
of cover estimates; however, many automated classification 
methods have been based on coarse imagery, which results 
in less accurate land-cover classification when compared to 
high resolution imagery (Stoian and others, 2019). This is 
particularly relevant to the classification of urban areas. As 
a result, models like the Red River Basin PRMS are limited 
by the temporal and spatial scales of available land-cover 
data, the accuracy of that data, as well as the inherent uncer-
tainty associated with modeled land-cover change estimates. 
Advancements in land-cover modeling and data collection will 
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become more critical as demand for high resolution temporal 
and spatial hydrologic models grows. Such advancements 
provide a better understanding of the relationship between 
hydrologic processes, water use, water availability, and human 
behavioral changes and thus better inform water-resources 
management in the Red River Basin.

The water-use data used in this study were provided on 
monthly and annual temporal scales by State agencies who 
oversee the Red River Basin. In cases where only annual 
water-use quantities were reported, the data were processed 
into monthly estimates by assuming the water use was distrib-
uted evenly for each month of the year. This approach does not 
account for seasonal changes in water use, such as decreases 
between growing seasons. This may have led to decreased 
accuracy in estimations of streamflow, because potentially 
less water is being used for irrigation and other agricultural 
activities outside the growing season. In addition to model 
error that could stem from data collection methodologies and 
the assumption of nonseasonality in water-use data when 
monthly values were not reported, the classification system 
used to report the type of water use (for example, municipal or 
recreational use) also varied. Accurately representing the type 
of water use was critical to processing the data used by the 
model, given it was the basis for reclassifying the data to con-
form to the more general classification required by the PRMS. 
Accurately designating water-use types has implications for 
the water budget calculated for HRUs and estimates of stream 
segment inflow and outflow. For example, consumptive 
use and basin exports remove water from the water balance 
computed by the model; however, water used for irrigation 
remains in the water balance of the model.

The inaccurate identification of source water transfers in 
water-use data also introduced uncertainty into the model that 
could have affected streamflow estimates. The locations of 
water withdrawals were reported as either a specific point in 
space or at the county scale. The locations of stream segments 
where water transfers originated were determined by georefer-
encing the reported locations of withdrawals to the network of 
streams in the model. When the reported location of a transfer 
did not intersect with a particular stream segment, the location 
of the transfer was assigned to the nearest stream segment. 
County-scale transfer data were assigned using all available 
information (for example, stream name). In the absence of a 
stream assignment for withdrawals, the withdrawal location 
was assumed to occur at the furthest upstream stream segment 
in the county.

During model development, the locations of transfer 
sources were adjusted incrementally, because the PRMS could 
not simulate transfers from stream segments that did not have 
enough flow to support the transfer rate of a withdrawal event. 
Because the model cannot simulate negative flow condi-
tions, these instances resulted in an immediate termination 
of the simulation. To resolve this problem, the location of 
the withdrawal was adjusted to reference a nearby segment 
with enough flow for the transfer. Because of the uncertainty 

associated with this adjustment, it contributes to model error. 
These errors could manifest as underpredictions of flow in the 
newly assigned stream segment relative to physical conditions.

In addition to adjusting the location of water transfer 
sources, the quantities of water being transferred were also 
adjusted when withdrawals exceeded the amount of available 
streamflow. These exceedances could result from (1) errors 
in source-water associations, (2) the unregulated nature of 
reported water-use quantities, or (3) human error in reported 
withdrawal quantities. During model development, it was 
assumed that reported water use from municipal systems, 
reported imports and exports, and replacement flow were most 
accurate. Irrigation, agricultural, and other types of water use 
in the model were assumed to have more uncertainty, in part 
because of self-reporting. During model simulations, reported 
withdrawals were decreased to avoid transfers from stream 
segments that did not have adequate streamflow for a given 
transfer. Most transfers were adjusted to 10 percent of the 
original transfer rate.

Soil, land cover, topographic, geographic, surface-
depression, and subsurface flux parameters used in the Red 
River Basin PRMS model were derived from the GF, which 
supports the national scale NHM PRMS. Because the Red 
River Basin PRMS model, in simplest terms, is a subset of 
the NHM, the use of NHM parameters in the construction of 
the Red River Basin PRMS was appropriate. Data from the 
GF provided the initial parameter estimates used to derive 
the final parameter estimates used by the Red River Basin 
PRMS model. Because the initial values were derived from 
the coarser resolution GF of the NHM, the accuracy of the 
parameter estimates in the Red River Basin PRMS model 
was limited by the accuracy of the NHM parameter estimates. 
To improve on this limitation in future models, parameter 
estimates from the NHM could be supplemented with smaller 
spatial-scale data that would allow for a more detailed and 
more accurate representation of the physical characteristics 
across the model domain.

The Red River Basin PRMS model provides predictions 
of the water budget for catchments in the Red River Basin. In 
this application of the PRMS, impoundments and on-channel 
lakes are not explicitly defined in the discretization of the 
model domain. The configuration of the Red River Basin 
PRMS model therefore does not provide information that can 
be applied to reservoir management. The current configura-
tion of the Red River Basin PRMS model reservoir returns and 
withdrawals are treated as transfers to and from the stream net-
work. The total available flow in any stream segment includes 
outflow from the upstream segment and lateral inflow from the 
associated HRU. Further discretization of the model domain 
by adding HRUs that represent lakes would allow water to be 
withdrawn directly from lakes and reservoirs. By adding this 
functionality to the model, the Red River Basin PRMS model 
could support the development of reservoir management strat-
egies. Moreover, explicit inclusion of lakes and reservoirs in 
the model stream network would also improve the simulation 
of evaporation in areas of the model domain that have substan-
tial amounts of evaporation from these types of waterbodies.
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Calibration of the Red River Basin PRMS model was 
limited by the quality and quantity of available climate and 
spatial data. Model calibration results could therefore be 
improved by using higher resolution climate, spatial, and 
water-use data. Calibration failed for approximately one 
quarter of the streamgages that had an adequate length of 
record to be included in the calibration set. The uncalibrated 
streamgages were typically located in the dry region of the 
Red River Basin near its western boundary and in the head-
waters of several tributaries in the eastern half of the basin. 
Calibration at these gages was a challenge because of the arid 
environmental conditions that result in little runoff genera-
tion, evapotranspiration, recharge, and storage. Precipitation 
events in this area produce rapid increases in runoff generation 
and streamflow responses that are short lived and difficult to 
simulate. Higher resolution precipitation and spatial data that 
are locally informed could help improve calibration results 
and streamflow predictions. In addition to streamgages in 
arid parts of the basin, some nested streamgages were also a 
challenge to calibrate. This issue was encountered when the 
sum of streamflow from nested streamgages exceeded flow at 
the outlet of the subbasin. This problem may be the result of 
poor climate or spatial data, and the improvement of such data 
could improve data calibration results.

Summary
The Precipitation-Runoff Modeling System (PRMS) 

model developed for the Red River provided an analysis of 
the hydrologic conditions of the Red River Basin in response 
to climatic and anthropogenic forcing. The range of climate 
variables (specifically, precipitation) across the basin also 
resulted in an extreme gradient of streamflow across the basin. 
The Red River Basin PRMS model provides critical esti-
mates of streamflow in ungaged streams, which could provide 
important information for managing ecosystems and water 
resources. Water balance components for the region did not 
change substantially when comparing the model historical 
period covering nearly three decades, 1980–2016, to simula-
tion results from the last decade of the model period, 2008–16. 
The model results indicated that the lower basin was slightly 
wetter in the last decade of the modeling period. This was 
evidenced by greater precipitation, evapotranspiration, runoff 
generation, and storage.

The Red River Basin PRMS model also provided an 
analysis of how human activities have affected the hydrology 
of the basin over time. Simulations of streamflow from water-
use scenarios indicated that in the upper basin, water use in the 
form of inter-basin water transfers and reservoir return flow 
typically sustains streamflow in some of the driest areas in 
the basin. As a result, water use typically added to streamflow 
in the upper basin. In contrast, water use in the lower basin 
is dominated by consumptive water use, which had the net 
effect of decreasing streamflow. In this part of the basin, wetter 

climate conditions and large rivers provide large amounts of 
water to fulfill intense demand from agricultural, industrial, 
and municipal sectors. Downstream from Lake Texoma, the 
mainstem of the Red River was impacted greatest by water 
use, which underscores its economic, social, and cultural 
importance to the region.

Developing the model demonstrated the importance of 
accurate water-use data and identified areas where chang-
ing water demand affects the amount of streamflow in some 
stream reaches and in other cases where reported water usage 
may have been inaccurate and exceeded the amount of avail-
able streamflow. In addition to the quantity and quality of 
water-use data (a source of model uncertainty), developing the 
model also identified, and to some extent confirmed, regions 
of the basin that have presented challenges to accurately 
estimating streamflow. The results from calibration attempts of 
several streamgages in the upper portion of the basin dem-
onstrated the challenges of estimating low-flow conditions, 
particularly in dry regions of the basin. Based on the model 
calibration results, there was little confidence in streamflow 
estimates, because the model had difficulty representing low 
and intermittent streamflow, which is characteristic of many 
of the headwater streams across the basin. The findings of this 
study could be useful in the development of watershed models 
of the Red River Basin in the future. This study will also be 
useful in the development of integrated multidisciplinary mod-
els, such as ecological and groundwater models.
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Appendix 1. 
The Red River Basin Precipitation Runoff Modeling 

System (Red River Basin PRMS) model was created to 
simulate the effects of climate and water use on the hydrol-
ogy of the Red River Basin. The model was created using 
information from 202 streamgages operated by the U.S. 
Geological Survey. Table 1.1 presents information for each of 
the streamgages used to calibrate and evaluate the Red River 
Basin PRMS model. Tables 1.1 and 1.2 (discussed later) are 
available as Excel tables and comma-separated value (.csv) 
files, both of which may be downloaded at https://doi.org/​
10.3133/​sir20235105. The data in these tables are also avail-
able in a U.S. Geological Survey data release (Roland, 2023).

One hundred twenty-nine streamgages were used to 
calibrate the Red River Basin PRMS model and the remain-
ing 73 streamgages were used to evaluate the performance 
of the model. The daily and monthly calibration and model 
evaluation results are presented in table 1.2. Three metrics 
were calculated to evaluate model performance: Nash Sutcliffe 

efficiency (NSE), percent bias (Pbias), and the ratio of the root 
mean square error to the standard deviation of the measured 
streamflow (RSR). An NSE value of 0.5 or greater was 
defined as the passing performance threshold. The passing 
performance threshold for the RSR was defined as less than 
or equal to 0.7, and the passing performance threshold for 
Pbias was defined as within plus or minus 10.0. Simulations 
at each streamgage location were evaluated on the basis of 
how many performance metrics were within the acceptable 
criteria. A calibration or evaluation streamgage location was 
rated “good” if all three of the performance criteria (NSE, 
RSR, and Pbias) for daily or monthly time steps were passing 
or acceptable, “fair” if two of the three metrics were accept-
able, and “poor” if less than two of the performance metrics 
were acceptable. Figures 12 and 13 display model calibration 
ratings for streamgages across the basin from calibration on a 
daily time step and monthly time step, respectively.

https://doi.org/10.3133/sir20235105
https://doi.org/10.3133/sir20235105
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