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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

acre 4,047 square meter (m2)
acre 0.004047 square kilometer (km2)
square mile (mi2) 2.590 square kilometer (km2)

Flow rate

cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)

International System of Units to U.S. customary units

Multiply By To obtain

Length

millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)

Area

square meter (m2) 0.0002471 acre
square kilometer (km2) 247.1 acre
square kilometer (km2) 0.3861 square mile (mi2)

Flow rate

cubic meter per second (m3/s) 35.31 cubic foot per second (ft3/s)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F = (1.8 × °C) + 32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C = (°F – 32) / 1.8.

Datum
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.
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Scale and Streamflow Routing Enhancements for the 
National Hydrologic Model Infrastructure Application of 
the Precipitation-Runoff Modeling System (NHM-PRMS)

By Lauren E. Hay,1 Jacob H. LaFontaine,1 Ashley E. Van Beusekom,2 Parker A. Norton,1 William H. Farmer,1 
R. Steve Regan,1 Steven L. Markstrom,1 and Jesse E. Dickinson1

Abstract
This report documents a three-part continental-scale 

calibration procedure and a new streamflow routing algorithm 
using the U.S. Geological Survey National Hydrologic 
Model (NHM) infrastructure along with an application of 
the Precipitation-Runoff Modeling System (PRMS). The 
traditional approach to hydrologic model calibration and 
evaluation, which relies on comparing observed and simulated 
streamflow, is not sufficient for accurately representing the non-
streamflow parts of the water budget. If intermediate process 
variables computed by the hydrologic model are not examined, 
the variables could be characterized by parameter values that 
do not replicate those hydrological processes present in the 
physical system. In answer to this potential problem, alterna-
tive hydrologic process variables from the model (in addition to 
streamflow) are included in a calibration procedure applied to 
the conterminous United States (CONUS) domain.

The three-part calibration procedure presented in this 
report considers volume (calibration by hydrologic response 
unit [byHRU]), timing (calibration by headwater watershed 
[byHW]), and measured streamflow [byHWobs]). The first part, 
byHRU, is considered a water-balance volume calibration that 
uses five alternative (non-streamflow) hydrologic quantities 
(runoff, actual evapotranspiration, recharge, soil moisture, and 
snow-covered area) as calibration targets for each hydrologic 
response unit (HRU). These alternative data products were 
derived, with error bounds, from multiple sources for each of 
the 109,951 HRUs in the NHM on time scales varying from 
annual to daily. The second part of the calibration, byHW, is 
considered a streamflow timing calibration that uses statisti-
cally based streamflow simulations developed using ordinary 
kriging for 7,265 headwater watersheds that had drainage 
areas of less than 3,000 square kilometers (1,158 square miles) 
across the CONUS. Two streamflow routing algorithms 

1U.S. Geological Survey.

2U.S. Department of Agriculture, Forest Service.

were tested in this byHW calibration: (1) continuity without 
attenuation of the flood pulse and (2) a new formulation of the 
Muskingum routing method, which was added to the PRMS as 
part of this study. The third part of the calibration, byHWobs, 
refines the model parameters using available measured stream-
flow using 1,417 streamgage locations. A multiple-objective, 
stepwise, automated calibration procedure was used to identify 
the optimal set of parameters for each calibration procedure.

Using a variety of alternative datasets for calibration 
of the water budget provides users of the NHM-PRMS with 
improved initial parameters and helps alleviate the equifinality 
problem (getting the right answer for the wrong reason). 
Through a community effort, these alternative data products, 
with error bounds, can be used to improve and expand our 
understanding of hydrologic-process representation in models. 
The broader modeling community can use these data products, 
with error bounds, to calibrate and evaluate hydrologic models 
using more than streamflow.

Introduction
Calibration and evaluation of rainfall-runoff type 

hydrologic models has been traditionally limited to the 
comparison of measured and simulated streamflow. This 
leads to calibration and evaluation issues when the hydrologic 
modeling studies move from a local to a continental scale. 
At the continental scale, parts of the model area contain 
no streamflow measurements, referred to in this report as 
“ungaged basins.” Streamflow is measured in 72 percent 
of watersheds (basins) in the conterminous United States 
(CONUS) at U.S. Geological Survey (USGS) streamgage 
locations; these areas are referred to in this report as “gaged 
basins.” In about 13 percent of the gaged basins, streamflow is 
considered unaffected by anthropogenic modifications of the 
watershed; streamgages in those areas are called “reference-
quality streamgages” (Falcone, 2011; Kiang and others, 
2013). The limited areas with reference-quality streamgages 
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create a challenge for determining the best method to transfer 
watershed information from gaged basins to ungaged basins, 
because model results from the ungaged basins cannot be 
reliably calibrated or evaluated with measured streamflow.

Comparing only measured and simulated streamflow is 
not considered sufficient in rainfall-runoff type hydrologic 
model calibration and evaluation (Refsgaard, 1997). The 
hydrologic information derived from analysis of measured 
streamflow can be inadequate when parameterizing physically 
based hydrologic models (Kuppel and others, 2018), since 
intermediate process variables computed by a hydrologic 
model could be characterized by parameter values that do not 
replicate those hydrological processes in the physical system 
(Hay and Umemoto, 2007). In answer to this, in addition 
to streamflow measurements, alternative datasets can be 
examined where there is an associated simulated or measured 
variable that can be used as a calibration dataset.

Published literature contains numerous examples of non-
streamflow hydrologic datasets that have been used in model 
calibration for comparison to similar model output variables. 
Non-streamflow datasets such as potential evapotranspiration 
and solar radiation (Hay and others, 2006a), snow-covered 
area (Hay and others, 2006b; Isenstein and others, 2015; Franz 
and Karsten, 2013), soil moisture (Campo and others, 2006; 
Santanello and others, 2007; Koren and others, 2008; Wanders 
and others, 2014; Thorstensen and others, 2016), actual evapo-
transpiration (Cao and others, 2006; Immerzeel and Droogers, 
2008; Rientjes and others, 2013), and lake elevations 
(Hay and others, 2018) have all been used in the hydrologic 
model parameter calibration process. Pfannerstill and others 
(2017) constrained their hydrologic model parameters using 
expert knowledge to force the model to simulate the most 
relevant hydrologic processes. They concluded that a more 
realistic representation of the entire hydrologic system is more 
important than achieving the optimal fit between measured and 
simulated streamflow. Farmer and others (2019) used statisti-
cally generated simulations in place of measured streamflow in 
the hydrologic model calibration process in 1,410 watersheds 
across the CONUS. They concluded that statistically generated 
streamflow provided valuable streamflow timing information 
and can be combined with other alternative datasets to 
improve hydrologic-process representation in ungaged basins.

In the calibration process, parameters may be initialized 
with universal default values (undistributed initial conditions), 
or initial values may be modified by at-site observations 
of characteristics such as land cover, soils, or topography 
(distributed initial conditions). Farmer and others (2019) 
noted concerns of equifinality in simulations (Beven and 
Binley, 1992; Beven and Freer, 2001), where a range of 
parameter combinations may produce equally acceptable 
simulations in the final calibrated parameter values when 
using undistributed initial conditions. Along with alternative 
calibration datasets, the starting values of parameters were 
considered when developing this calibration methodology. 
The calibration procedure described in this report builds off 
those past applications by first considering water balance 

volume, which targets more internal model states (for 
example, soil moisture, evapotranspiration, and recharge) than 
just streamflow volume. In addition, the streamflow-timing 
part of the new calibration procedure has been expanded to 
include externally modeled streamflow datasets in addition 
to streamflow observations. The methodology of calibrating 
water-balance volumes first and streamflow timing second 
has been used in several past modeling applications using the 
Precipitation-Runoff Modeling System (PRMS; Viger and 
others, 2011; LaFontaine and others, 2013; Van Beusekom and 
others, 2014; LaFontaine and others, 2015, 2017; Farmer and 
others, 2019). By incorporating additional hydrologic informa-
tion into the calibration procedure, and by further constraining 
the parameter space to represent several parts of the water 
budget simultaneously, the hydrologic modeling application is 
expected to represent the hydrology of the CONUS better than 
when only streamflow observations are used.

Purpose and Scope

This report describes a three-part CONUS-scale param-
eter calibration procedure for the USGS National Hydrologic 
Model (NHM) infrastructure application of the Precipitation-
Runoff Modeling System (PRMS; Regan and others, 2018, 
2019). Part one of the calibration procedure used water-
balance volumes during parameter calibration of each model 
hydrologic response unit (HRU) individually; part two used 
streamflow timing for the calibration of headwater watershed 
parameters that have a drainage area of less than 3,000 square 
kilometers (km2; 1,158 square miles [mi2]); part three used 
streamflow measurements to make final adjustments to param-
eters in a subset of the headwater watersheds. Calibration 
datasets with error bounds for runoff, actual evapotranspira-
tion, recharge, soil moisture, snow-covered area, statistically 
generated streamflow, and observed streamflow were used to 
conduct CONUS-scale parameter estimation. These calibration 
targets were derived from multiple sources, when applicable, 
for each of the 109,951 HRUs in the NHM infrastructure on 
timescales ranging from annual to daily. A multiple-objective, 
stepwise, automated calibration procedure was used to identify 
the optimal set of parameters for each HRU.

This report (1) provides spatially distributed parameters 
for the CONUS and (2) describes a procedure that provides 
baseline CONUS-scale datasets for model calibration and 
evaluation beyond streamflow. Descriptions of the specific 
files and formats needed to replicate this calibration procedure 
are provided in appendix 1. In addition, a new streamflow 
routing module for the PRMS, muskingum_mann, is 
documented in appendix 2. This new module uses stream-
channel characteristics to compute the routing coefficients 
that are directly specified for the existing muskingum 
routing module. Calibrated model input and output files are 
available in Hay and LaFontaine (2020). Example files for 
the three-part calibration procedure are also available in 
Hay and LaFontaine (2020).
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Methods
The NHM infrastructure was developed by the USGS to 

support coordinated, comprehensive, and consistent hydro-
logic modeling at the watershed scale for the CONUS (Regan 
and others, 2018, 2019). The NHM provides a modeling 
infrastructure that includes (1) a geospatial discretization of 
the CONUS into HRUs; (2) stream segments; and (3) associ-
ated physical, topographic, and computational parameter 
values (Viger and Bock, 2014). The HRUs are defined as the 
contributing area to a stream segment. Stream segments are 
typically located at the lateral boundaries of the HRUs. The 
NHM discretization and parameter values can be used to 
develop input files for various hydrologic simulation codes 
to build model applications across the CONUS. A parameter 
database and model-extraction software have been developed 
to facilitate storing and extracting models from the NHM 
(Regan and others, 2018, 2019). Model extractions from the 
NHM for local applications provide a starting point that can 
be augmented with local knowledge to improve parameteriza-
tion and climate information. The NHM infrastructure is 
currently parameterized for use with the daily time-step PRMS 
(Markstrom and others, 2015) and the Monthly Water Balance 
Model (MWBM; McCabe and Markstrom, 2007; Bock and 
others, 2016). The following sections describe the CONUS-
scale calibration of the NHM-PRMS application.

Hydrologic Model

The PRMS is a deterministic, distributed-parameter, 
process-based model used to simulate and evaluate the effects 
of various combinations of precipitation, climate, and land 
use on basin response. Response to rainfall and snowmelt can 
be simulated with the PRMS to evaluate changes in water-
balance relations, streamflow regimes, soil-water relations, 
and groundwater recharge. Each hydrologic component 
used for generation of streamflow is represented within the 
PRMS by a process algorithm that is based on a physical 
law or on an empirical relation with measured or calculated 
characteristics. The schematic in figure 1 provides details of 
the various processes conceptualized in the PRMS. Many 
internal model states (storages and fluxes) are available as 
output from the PRMS simulations; see Markstrom and 
others (2015) for a complete list. Recent applications of the 
PRMS include simulation of climate and land cover change 
(Van Beusekom and others, 2014; LaFontaine and others, 
2019), glacier hydrology (Van Beusekom and Viger, 2018), 
depression storage dynamics (Hay and others, 2018), and 
water availability assessments (Risley, 2019; Rosa and Hay, 
2019; Chavarria and others, 2020).

Spatial Discretization of Modeling Units
The distributed-parameter capabilities of the PRMS are 

provided by partitioning the study area into HRUs for which 
a water balance and an energy balance are computed. The 
PRMS uses daily climate values of precipitation accumulation 
and maximum and minimum air temperature distributed to 
each HRU to compute solar radiation, potential evapotrans-
piration, actual evapotranspiration, sublimation, snowmelt, 
streamflow, infiltration, and groundwater recharge. This 
study used the NHM-PRMS application of the USGS NHM 
infrastructure (Regan and others, 2018, 2019) that is based 
on the CONUS region of the GeoSpatial Fabric developed 
by Viger and Bock (2014). A total of 109,951 HRUs, with 
a mean area of 75 km2, are included in the NHM-PRMS 
hydrologic model (fig. 2).

Parameterization of Model Values
The initial set of NHM-PRMS parameter values used 

for this application were obtained from the USGS NHM 
Parameter Database (Driscoll and others, 2017). These 
parameter values were either universal default values 
(undistributed) or were modified (distributed by HRU) based 
on (1) long-established defaults on the basis of hydrologic 
and geographic information gained across 35 years of PRMS 
operation; (2) estimation methods described by Viger and 
Leavesley (2007) for characterizing topography, land cover, 
soils, geology, and hydrography; (3) direct solution of PRMS 
algorithms for unknown variables (such as solar radiation 
and potential evapotranspiration parameters); (4) long-term 
simulation averaged values (such as initialization parameters 
for water flux and storage); or (5) estimation methods using 
other hydrologic simulation results (see Regan and others, 
2018, 2019). Many of the parameters in the NHM-PRMS 
application vary spatially based on the surface and subsurface 
characteristics of the model domain. The PRMS parameters 
describe processes such as solar radiation, potential evapo-
transpiration, canopy interception, snow dynamics, surface 
runoff, soil-zone dynamics, groundwater flow, and streamflow 
generation. In the NHM-PRMS, the soil-zone and groundwater 
reservoirs have the same spatial delineations (size and shape) 
as the HRUs. The NHM-PRMS parameters with universal 
default values are undistributed because no methodology was 
determined to estimate the spatial variability. Table 1 lists 
the PRMS parameters chosen for calibration and indicates 
whether the initial values were distributed.

Climate Forcing Data
The PRMS requires climate forcing inputs of daily 

maximum and minimum air temperature and daily precipita-
tion time-series data. Climate forcing inputs from the Daymet 
version 3 climate dataset (Thornton and others, 2017) were 
used for hydrologic simulations. The Daymet version 3 
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climate forcings were developed by Thornton and others 
(2017) for a 1-km grid for North America and are based 
on measured, at-site air-temperature and precipitation data 
for 1980–2019. Various preprocessed, gridded datasets are 
available from the USGS Geo Data Portal (Blodgett and 
others, 2011), including Daymet version 3. The Geo Data 

Portal was used in conjunction with a geographic information 
system shapefile of the model HRUs to transfer the gridded 
maximum and minimum air temperature and precipitation 
values to the model HRUs for each day of the study period. 
The Geo Data Portal used a weighted-areal-averaging 
algorithm to transfer the values.
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Figure 1.  Precipitation-Runoff Modeling System conceptualization (adapted from Regan and LaFontaine, 2017).
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Figure 2.  Map showing hydrologic response units used in the National Hydrologic Model infrastructure application of the 
Precipitation-Runoff Modeling System for the conterminous United States. Colors show spatial discretization only for the 109,951 
hydrologic response units.
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Table 1.  Selected parameters, parameter value ranges, and calibration methods for the three-step calibration procedure: “byHRU” 
(by hydrologic response unit) represents part 1, “byHW” (by headwater) represents part 2, and “byHWobs” (by headwater with 
observations) represents part 3. See Markstrom and others (2015) for additional parameter information. The percent method uses the 
model parameter value to set the extent of the allowable calibration values. The range method uses specified values to set the extent of 
the allowable calibration values.

[*, parameter is calibrated if there is a history of snow accumulation in the watershed of interest; >, greater than]

Parameter
name

Parameter
description

Parameter
units

Minimum 
allowable 
parameter 

value

Maximum 
allowable 
parameter 

value

Parameter 
range method 

for byHRU 
calibration

byHW and 
byHWobs 

calibration 
steps

adjmix_rain* Factor to adjust rain proportion 
in a mixed rain/snow event

Decimal fraction 0.6 1.4 Not used 4

carea_max Maximum possible percent 
area contributing to surface 
runoff

Decimal fraction 0 0.8 Percent 4

cecn_coef Convection condensation 
energy coefficient

Calories per 
degree Celsius 
> 0

4.5 5.5 Not used 3

emis_noppt* Average emissivity of air on 
days without precipitation

Decimal fraction 0.757 1 Not used 4

fastcoef_lin Linear coefficient in equation 
to route preferential-flow 
storage downslope

Fraction per day 0.01 0.6 Percent 3

freeh2o_cap Free water holding capacity of 
snowpack

Decimal fraction 0.01 0.1 Range 4

gwflow_coef Linear coefficient in the equa-
tion to compute groundwater 
discharge

Fraction per day 0.001 0.1 Percent 3

jh_coef Air temperature coefficient 
used in Jensen-Haise poten-
tial evapotranspiration

Per degrees 
Fahrenheit

0 0.2 Percent Not used

mann_n Manning’s Roughness 
Coefficient

Dimensionless 0.001 0.15 Not used 4

potet_sublim* Fraction of potential evapo-
transpiration that is sub-
limated from snow in the 
canopy and snowpack

Decimal fraction 0.4 0.06 Not used 4

rad_trncf* Transmission coefficient 
for short-wave radiation 
through winter vegetation 
canopy

Decimal fraction 0 1 Percent 4

radmax Maximum fraction of the 
potential solar radiation that 
may reach the ground

Decimal fraction 0.5 1 Range 3

rain_cbh_adj Adjustment factor to measured 
precipitation

Decimal fraction 0.5 1.75 Range 1

slowcoef_sq Non-linear coefficient in 
equation to route gravity-
reservoir storage downslope

Dimensionless 0 1 Range 2

smidx_coef Coefficient in non-linear con-
tributing area algorithm

Decimal fraction 0.0001 0.8 Not used 4

snarea_curve Snow area depletion curve 
values

Decimal fraction 0.5 1 Range Not used



Methods    7

Table 1.  Selected parameters, parameter value ranges, and calibration methods for the three-step calibration procedure: “byHRU” 
(by hydrologic response unit) represents part 1, “byHW” (by headwater) represents part 2, and “byHWobs” (by headwater with 
observations) represents part 3. See Markstrom and others (2015) for additional parameter information. The percent method uses the 
model parameter value to set the extent of the allowable calibration values. The range method uses specified values to set the extent of 
the allowable calibration values.—Continued

[*, parameter is calibrated if there is a history of snow accumulation in the watershed of interest; >, greater than]

Parameter
name

Parameter
description

Parameter
units

Minimum 
allowable 
parameter 

value

Maximum 
allowable 
parameter 

value

Parameter 
range method 

for byHRU 
calibration

byHW and 
byHWobs 

calibration 
steps

snowinfil_max* Maximum snow infiltration 
per day

Inches per day 0 20 Not used 4

snow_cbh_adj* Adjustment factor to measured 
precipitation

Decimal fraction 0.5 1.75 Range 1

soil2gw_max Maximum amount of capillary 
reservoir excess routed 
directly to the groundwater 
reservoir

Inches 0 0.5 Percent 2

soil_moist_max Maximum available water 
holding capacity of capillary 
reservoir

Inches 0.001 12 Percent 3

soil_rechr_max_
frac

Maximum storage for soil 
recharge zone as fraction of 
soil_moist_max

Decimal fraction 0.1 1 Percent 1

ssr2gw_exp Non-linear coefficient in 
equation used to route water 
from the gravity reservoirs 
to the groundwater reservoir

Dimensionless 0 3 Not used 4

ssr2gw_rate Linear coefficient in equation 
used to route water from 
the gravity reservoir to the 
groundwater reservoir

Decimal fraction 0.01 0.8 Not used 4

tmax_allrain_off-
set*

Added to tmax_allsnow; tem-
perature when precipitation 
is assumed to be rain

Temperature 
units

0 10 Percent 4

tmax_allsnow* Monthly maximum air tem-
perature when precipitation 
is assumed to be snow

Temperature 
units

25 40 Percent 4

tmax_cbh_adj Maximum air temperature 
adjustment factor

Temperature 
units

−3 3 Range 4

tmin_cbh_adj Minimum air temperature 
adjustment factor

Temperature 
units

−3 3 Range 4
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NHM-PRMS Calibration

A three-part procedure was used to calibrate the NHM-
PRMS for the CONUS. Initial development of the calibration 
procedure was presented in LaFontaine and others (2019) 
for an application of the NHM-PRMS in the southeastern 
United States. The calibration procedure considers water 
balance volume for each hydrologic response unit (byHRU), 
streamflow timing in headwater watersheds with drainage 
areas less than 3,000 km2 (byHW), and calibration to 
observed streamflow in those headwater watersheds that had 
streamgages within their domain (byHWobs). Figure 3 outlines 
the three-part calibration procedure presented in this report 
as applied to the NHM-PRMS. Figure 4 shows where each 
level of calibration (byHRU, byHW, and byHWobs) occurs 
throughout the CONUS.

The following sections describe the three-part calibration 
procedure. The reader is referred to appendix 1 for details on the 
necessary file content and directory structure for the three-part 
calibration procedure using the USGS NHM infrastructure 
application of the NHM-PRMS (Regan and others, 2018, 2019).

Part 1: Calibration of Hydrologic Response Unit 
(byHRU calibration)

To calibrate each HRU, the byHRU calibration optimized 
the water-balance volume between NHM-PRMS simulations 
and five selected non-streamflow datasets, hereafter referred to 
as “baseline data products.” The baseline data products were 
derived, with error bounds, from multiple sources for each 
of the 109,951 HRUs in the NHM infrastructure (fig. 2) at 
daily, monthly, and annual time steps. Results from a Fourier 
Amplitude Sensitivity Test (FAST; Cukier and others, 1973; 
Schaibly and Shuler, 1973; Cukier and others, 1975; Saltelli and 
others, 2006; Markstrom and others, 2016) were used to identify 
the relative sensitivity of each calibration dataset to the param-
eters chosen for calibration (table 1). An automated calibration 
procedure that incorporated the Shuffled Complex Evolution 
algorithm (Duan and others, 1992, 1993, 1994) was used to 
identify the optimal model parameter sets for each HRU.

Baseline Calibration Datasets
For each HRU in the NHM-PRMS, calibration baseline 

datasets were derived, with error bounds, for runoff, actual 
evapotranspiration, recharge, soil moisture, and snow-covered 
area. Monthly values of runoff by HRU were derived from the 
NHM application of the MWBM (NHM-MWBM) developed 
by Bock and others (2016) (also see table 2), which used a 
parameter-regionalization procedure that transferred parameter 
values from gaged to ungaged areas, producing simulated runoff 
for all HRUs in the NHM infrastructure. The NHM-MWBM 
output for the CONUS is available on the USGS Monthly Water 
Balance Model Futures Portal (Bock and others, 2017). Bock 
and others (2018) used a stochastic, post-processing framework 
developed by Bourgin and others (2015) and Farmer and Vogel 
(2016) to quantify uncertainty in simulated monthly runoff 
produced by the NHM-MWBM. This uncertainty was treated as 
an error bound for the use of the NHM-MWBM outputs in the 
runoff baseline dataset used in this study.

Monthly ranges of actual evapotranspiration by HRU 
were derived using (1) the NHM-MWBM (Bock and others, 
2017), (2) the MOD16 global evapotranspiration product 
(https://​modis.gsfc​.nasa.gov/​data/​dataprod/​mod16.php), and 
(3) the Simplified Surface Energy Balance (SSEBop) model 
(Senay and others, 2013; table 2). Based on these three data 
products, a range of actual evapotranspiration was calculated, 
and the range defines the error bound for each HRU on a 
monthly and mean-monthly time step for the period 2000–2010.

Annual ranges of recharge by HRU were derived 
using (1) empirical regression estimates of total recharge 
(Reitz and others, 2017) and (2) recharge from the WaterGAP 

Optimized parameters by HRU/HW/OBS

FAST parameter sensitivity analysis

Parameters for calibration

Part 3: byOBS Calibration
(byHRU_noroute_obs and byHRU_musk_obs)

Calibration dataset:
• Measured streamflow

Optimized parameters by HRU/HW

Part 2: byHW Calibration
(byHRU_noroute and byHRU_musk)

Flow volume

Low flows

High
flows

All
flows

Part 1: byHRU Calibration

Optimized parameters by HRU

Calibration order
determined by the
FAST analysis

Calibration datasets:
• RUN
• AET
• SCA
• SOM
• RCH

Calibration datasets:
• Statistically generated
      streamflow 
• RUN
• AET
• SCA
• SOM
• RCH

Three-part Calibration Procedure

Step 1

Step 2

Step 3

St
ep

 4

Figure 3.  Schematic showing the three-part calibration as 
applied to the U.S. Geological Survey National Hydrologic Model 
infrastructure application of the Precipitation-Runoff Modeling 
System. Abbreviations: FAST, Fourier Amplitude Sensitivity Test; 
HRU, hydrologic response unit; HW, headwater; OBS, observed.

https://modis.gsfc.nasa.gov/data/dataprod/mod16.php
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2.2a prognosis model (Döll and others, 2014; table 2). An initial 
comparison of recharge from these two products and from 
the NHM-PRMS showed substantial differences in recharge 
magnitude, most likely due to (1) conceptual differences in 
representing recharge and (2) associated hydrologic processes 
in creating each dataset. Therefore, the annual recharge values 
from the two datasets were normalized for the range from 
0 to 1 over the period 2000–2009, and the optimization scheme 
targeted the similarity in the relative change from year to 
year. Based on these two data products, a range of normalized 
recharge was calculated on an annual time step and treated as 
an error bound for each HRU. The normalized recharge rate 
was also used to calibrate the NHM-PRMS for the available 
recharge period of record.

Soil moisture is an important variable in PRMS, 
representing antecedent moisture conditions in a watershed, 
and has been used to help calibrate hydrologic models 
(Thorstensen and others, 2016; Li and others, 2018). Including 
soil moisture in hydrologic model calibration has also been 
shown to help address equifinality issues (Li and others, 
2018). However, ground-based soil-moisture datasets have 
limited spatial coverage (Romano, 2014). Remote-sensing 
techniques that provide spatially distributed values of soil 
moisture would be valuable (Li and others, 2016) and could 
be considered in future studies when a longer time period is 
available. An example collection platform is the Soil Moisture 

Active Passive (https:​//smap.jpl​.nasa.gov/​) satellite-based 
data products. Monthly and annual ranges of soil moisture 
were derived for each HRU using soil-moisture values 
from the following model applications: (1) the MERRA-
Land reanalysis (https:/​/gmao.gsfc​.nasa.gov/​reanalysis/​
MERRA-​Land/​data), (2) the NCEP-NCAR reanalysis 
(h​ttps://psl​.noaa.gov/​data/​gridded/​data.​ncep.reana​lysis.html), 
(3) the NLDAS-MOSAIC model (https:/​/ldas.gsfc​.nasa.gov/​
nldas/​nldas-​2-​model-​data), and (4) the NLDAS-NOAH model 
(https:/​/earthdata​.nasa.gov/​; table 2).

The soil moisture from these datasets was normalized in 
the same way as recharge with values ranging from 0 to 1 for 
annual or monthly values over the period 1982–2010. The soil 
moisture from the upper soil layer was used from each model 
and compared with the PRMS variable soil_rechr. The PRMS 
variable soil_rechr represents the storage for the upper part of 
the capillary reservoir and is thought to be most comparable 
to the upper soil layer from the four datasets listed in table 2 
for soil moisture. It was not expected that the soil-moisture 
magnitudes from these four products and soil_rechr from 
PRMS would equate. Rather, the optimization scheme targeted 
the similarity in the relative change. Based on the four soil-
moisture data products (table 2), a range of soil moisture was 
calculated and treated as an error bound for each HRU on a 
monthly and annual basis and was then used as a target for the 
PRMS calibration.
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Figure 4.  Map showing the level of calibration for model hydrologic response units (HRUs): blue indicates 
byHRU calibration only; green indicates byHRU and byHW calibration only; and pink indicates byHRU, byHW, 
and byHWobs calibration. Abbreviations: HW, headwater; obs, observed.
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https://earthdata.nasa.gov/
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Daily values of snow-covered area by HRU were 
derived from the Moderate Resolution Imaging Spectrometer 
(MODIS)/Terra Snow Cover Daily L3 Global 0.05Deg CMG 
dataset (MOD10C1; Hall and Riggs, 2016; table 2). The daily 
snow-covered area values have an associated confidence 
interval, where a confidence interval equal to 100 percent 
indicates clear sky conditions with the highest level of 
confidence. The monthly MODIS snow-covered area (SCA) 
product does not use snow-covered area values unless the 
confidence interval is greater than 70 percent. For this study, 
daily values of snow-covered area were used if the confidence 
interval was greater than 70 percent. The upper and lower 
range for the daily snow-covered area value for each HRU 
was calculated and treated as an error bound based on the 
daily snow-covered area value and the associated confidence 
interval for the period 2000–2010 and was used as a target for 
the NHM-PRMS calibration.

Figure 5A shows the mean and figure 5B shows the 
mean of the range for each baseline dataset for all HRUs. 
The datasets and associated time-periods described in table 2 
were used to derive each baseline mean and range dataset. 
The runoff mean was calculated as the mean of the monthly 
NHM-MWBM values. The actual evapotranspiration mean 
was calculated as the monthly mean derived from the mean 
of three source values (see table 2). The mean snow-covered 
area was calculated as the daily mean for days with snow 
present and a confidence interval greater than 70 percent. 
The soil moisture and recharge means were calculated as 
the normalized monthly and annual mean values from the 
respective source values (table 2). Figure 5C shows the mean 
divided by the mean of the range (mean/range) for each 
HRU and baseline dataset. Values above 1.0 indicate that the 
mean tends to be greater than the range while values below 
1.0 indicate that the mean tends to be less than the range. 
In figure 5C, the dark-green areas represent locations that 
have a relatively low range with respect to the mean. This 
could indicate greater confidence in the baseline, but it also 
indicates that the calibration procedure will have a smaller 
range to fit. Dark-red areas in figure 5C represent a relatively 
high range around the mean, which possibly indicates low 
confidence in the baseline but also indicates a much easier fit 
in the calibration procedure.

PRMS Sensitivity Test
Markstrom and others (2016) used the FAST procedure 

(Cukier and others, 1973; Schaibly and Shuler, 1973; Cukier 
and others, 1975; Saltelli and others, 2006) to identify 
dominant hydrologic processes (such as baseflow, evapotrans-
piration, runoff, infiltration, snowmelt, soil moisture, surface 
runoff, and interflow) based on a CONUS-wide sensitivity 
analysis of PRMS parameters from the NHM infrastructure. 
This same procedure was used to identify the relative sensi-
tivity of the PRMS outputs of runoff, actual evapotranspira-
tion, recharge, soil moisture, and snow-covered area to the 
PRMS parameters chosen for calibration (table 1). The FAST 

procedure is a variance-based global sensitivity algorithm that 
estimates the contribution to model output variance explained 
by each parameter (Cukier and others, 1973, 1975; Saltelli 
and others, 2006). The FAST procedure transforms the 
multi-dimensional parameter space of a model into a single 
dimension of mutually independent sine waves with varying 
frequencies for each parameter. The FAST method uses the 
parameter ranges to define each wave’s amplitude (Cukier and 
others, 1973, 1975; Reusser and others, 2011). This method-
ology creates an ensemble of parameter sets, each of which is 
unique and non-correlated with the other parameter sets. The 
NHM-PRMS model was executed for all parameter sets, and, 
for every HRU, the relative influence of each baseline dataset 
was determined. Figure 6 shows the relative influence (or 
weights) for each of the baseline datasets (fig. 6A through E) 
and the dominant PRMS variable (fig. 6F).

Calibration Procedure
The byHRU calibration uses a multiple-objective, 

stepwise, automated calibration procedure using the 
Shuffled Complex Evolution (SCE) global optimization 
algorithm (Duan and others, 1992, 1993, 1994). The SCE 
global optimization algorithm addresses the difficulties in 
optimization when there are several regions of attraction 
and multiple local optima in the parameter space. The SCE 
algorithm avoids the problem of being trapped in local 
optima by using a population-evolution-based global search 
technique which searches for the optimal solutions from a 
population of possible solution points, rather than a single 
point. For more information on how the SCE algorithm is 
configured for calibration, the reader is referred to Hay and 
Umemoto (2007).

The objective function for each step in the byHRU 
calibration targeted the minimization of the normalized 
root mean square error (NRMSE) computed as shown in 
equation 1.

	​ NRMSE ​ = ​ √ 

___________________

  ​
​∑​ n=1​ nstep​ ​​(SI ​M​ n​​ − MS ​D​ n​​)​​​ 2​  __________________  ​∑​ n=1​ nstep​ ​​(MS ​D​ n​​ − MN)​​​ 2​ ​ ​​,� (1)

where
	 n	 is the time step;
	 nstep	 is the total number of time steps;
	 MSDn	 is the values from the baseline dataset;
	 SIMn	 is the PRMS-simulated values; and
	 MN	 is the mean of all baseline values for the 

objective function time period.

The NRMSE statistic was assessed when the simulated 
values for the NHM-PRMS variables were outside of the 
range of the baseline dataset values. For baseline datasets 
summarized to more than one time-step (see table 2), the 
weighting of the individual NRMSE values was determined 
through trial and error.
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For each HRU, the order of the five steps in the stepwise 
procedure was determined based on the NHM-PRMS variable 
weights (from high to low sensitivity) from the FAST 
analysis for that HRU (fig. 6). The first step calibrated all 
the parameters using the parameter ranges listed in table 1. 
The parameter range for the first calibration step was based 
on either the acceptable range presented in table 1 or by 
adding +/− 20 percent of the range to the initial value. If the 
parameter had a constant value for all HRUs (in other words, 
if the parameter was not spatially distributed based on some 
parameterization dataset), then the range method was used. 
If the parameter was spatially distributed (as described by 
Regan and others, 2018), then the percent method was used. 
For the remaining calibration steps, all parameters were 
calibrated, but the parameter range was refined based on 
optimized parameter values from the top 25 percent of the 
objective functions (objective function is minimized) from the 
previous step. The final (sixth) step calculated the NRMSE 
using all baseline datasets, weighting the objective function 
summation based on the NHM-PRMS variable weights from 
the FAST analysis. If there was no sensitivity of parameters 
to the baseline dataset (such as SCA in basins with no snow), 
then that calibration step was skipped.

Figure 7 shows the sequencing of the soil_rechr_max_
frac parameter calibration range refinements for an example 
HRU. The baseline datasets for this HRU were calibrated 
in the order shown in figure 7A through F based on the 
FAST results described under “PRMS Sensitivity Test.” 
The soil_rechr_max_frac parameter represents a soil-zone 
storage threshold that defines the maximum storage for the 
soil recharge zone (the upper part of a capillary reservoir 
where losses occur as both evaporation and transpiration) as a 
fraction of maximum available water-holding capacity, which 
is represented by the parameter soil_moist_max (Regan 
and LaFontaine, 2017). For each HRU, the initial values for 
the soil_rechr_max_frac parameter were calculated using 
a multiple-linear regression equation that included geology, 
drainage density, aquifer type, vegetation type, and base-flow-
index information (Viger, 2014; Regan and others, 2018). The 
parameter range for step 1 in the calibration procedure (y-axis 
in figure 7A) was calculated using the initial value +/− 0.20 
of the range (maximum minus minimum allowable parameter 
value in table 1).
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Table 2.  List of baseline datasets used in the calibration procedure, the method used to derive a calibration range for each of 
the five water budget components, the PRMS output variable that was compared to that calibration range for each water budget 
component, the time step used for comparison, and the period of record compared. For actual evapotranspiration, recharge, and 
soil moisture, multiple datasets were combined into one calibration dataset per water budget component. For snow-covered area, 
a calibration range was derived from that dataset’s confidence interval information. For runoff, a confidence interval was previously 
developed by Bock and others (2018). 

[PRMS, Precipitation-Runoff Modeling System; SSEBop, Simplified Surface Energy Balance; MOD16, MODIS Global Evapotranspiration Project; 
Do. or do., ditto; WaterGAP, Water—Global Assessment and Prognosis model; MERRA, Modern-Era Retrospective analysis for Research and Applications; 
NCEP, National Centers for Environmental Prediction; NCAR, National Center for Atmospheric Research; NLDAS, North American Land Data Assimilation 
System; CMG, Climate Modeling Grid]

Dataset
source

Comparison with PRMS

PRMS output
variable

Time
step

Period of 
record

Range calculation
method

Runoff

Monthly Water Balance Model (Bock and 
others, 2018)

basin_cfs; streamflow 
leaving the basin

Monthly 1982–2010 From Bock and others (2018)

Actual Evapotranspiration

SSEBop (Senay and others, 2013) hru_actet Monthly, mean 
monthly

2000–2010 Derived from the range across 
the three datasets

MOD16A2 version 6 Evapotranspiration/
Latent Heat Flux Product 
(https://lpdaac.usgs.gov/products/
mod16a2v006/)

do. do. do. Do.

Monthly Water Balance Model (Bock and 
others, 2018)

do. do. do. Do.

Recharge

Empirical regression estimates of total 
recharge (Reitz and others, 2017)

recharge; recharge to the 
associated groundwa-
ter reservoir

Annual 2000–2009 Derived from normalized range 
across the two datasets

WaterGAP 2.2a (Döll and others, 2014) do. do. do. Do.
Soil Moisture

MERRA-Land (https://gmao.gsfc.nasa.gov/
reanalysis/MERRA-Land/data)

soil_rechr; storage for 
recharge zone (upper 
part) of the capillary 
reservoir that is avail-
able for both evapora-
tion and transpiration

Monthly, annual 1982–2010 Derived from normalized range 
across the four datasets

NCEP-NCAR (https://psl.noaa.gov/data/
gridded/data.ncep.reanalysis.html)

do. do. do. Do.

NLDAS-MOSAIC (https://ldas.gsfc.nasa.
gov/nldas/nldas-2-model-data/)

do. do. do. Do.

NLDAS-NOAH (https://ldas.gsfc.nasa.gov/
nldas/nldas-2-model-data/)

do. do. do. Do.

Snow-Covered Area

MODIS/Terra Snow Cover Daily L3 
Global 0.05Deg CMG (MOD10C1; Hall 
and Riggs [2016])

snowcov_area Daily 2000–2010 Derived from MOD10C1 
Confidence Interval

https://lpdaac.usgs.gov/products/mod16a2v006/
https://lpdaac.usgs.gov/products/mod16a2v006/
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-Land/data
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-Land/data
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://ldas.gsfc.nasa.gov/nldas/nldas-2-model-data/
https://ldas.gsfc.nasa.gov/nldas/nldas-2-model-data/
https://ldas.gsfc.nasa.gov/nldas/nldas-2-model-data/
https://ldas.gsfc.nasa.gov/nldas/nldas-2-model-data/
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Figure 5.  Maps showing baseline dataset A, mean; B, mean of range; and C, mean/mean of the range, for (1) runoff (RUN), in 
cubic feet per second; (2) actual evapotranspiration (AET), in inches per day; (3) snow-covered area (SCA), expressed as fraction 
covered, where 1 = fully covered; (4) recharge (RCH), in inches per day; and (5) soil moisture (SOM), as depth in inches. For RCH 
and SOM, units of depth are normalized to dataset maximums and minimums. Vertical scales between columns A and B apply to 
both A and B.
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Figure 6.  Maps showing Precipitation-Runoff Modeling System (PRMS) output variable weights from Fourier Amplitude 
Sensitivity Test (FAST) analysis for A, runoff (RUN); B, actual evapotranspiration (AET); C, recharge (RCH); D, soil moisture 
(SOM); E, snow-covered area (SCA); and F, dominant PRMS variable based on FAST analysis.
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Figure 7.  Graphs showing an example of the refinement of the soil_rechr_max_frac parameter range as the calibration proceeds 
through the six steps: A, step1 snow-covered area (SCA); B, step 2 soil moisture (SOM); C, step 3 runoff (RUN); D, step 4 recharge 
(RCH); E, step 5 actual evapotranspiration (AET); and F, step 6 all baseline datasets (ALL). The y-axis of each panel represents 
the parameter values tested for soil_rechr_max_frac for a particular calibration step. The x-axis of each panel represents the 
objective function value for each calibration run in each step. In each panel, dots toward the left have lower (“better”) objective 
function values and dots toward the right have higher (“worse”) objective function values. Red dots indicate the parameter 
values that had the lowest 25 percent of objective function values for inclusion in the next calibration step. Gray dots indicate the 
parameter values that were tested but not selected for inclusion in the next calibration step. The six steps were ordered based on 
sensitivity analysis results from Markstrom and others (2016). 
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Part 2: Calibration for Headwater Watersheds 
(byHW Calibration)

The byHRU calibration produced spatially distributed 
parameter values for every HRU in the NHM-PRMS (fig. 2). 
The byHRU calibrated parameter values are used as initial 
values for the byHW calibration. In the CONUS, 7,265 water-
sheds were identified as headwater watersheds with drainage 
areas less than 3,000 km2 (1,158 mi2); this area represents an 
upper limit for an approximate instream travel time of one 
day. The drainage outlet of each headwater watershed was 
identified, and the Bandit software tool (Regan and others, 
2018) was used to extract complete sets of input files that 
contain the model parameters and climate forcings required for 
an NHM-PRMS model simulation. The green and pink areas 
in figure 4 show the extent of the headwater watersheds for 
the CONUS. Each extracted headwater watershed model was 
calibrated separately, and calibrated parameter values were 
returned to the NHM-PRMS.

Statistical Time Series of Streamflow
For this study, the byHW calibrations use statistically 

based daily streamflow simulations developed using ordinary 
kriging (Farmer, 2016) along with the baseline data products 
(described in table 2) as calibration targets for each headwater 
watershed. The statistically based daily time-step streamflow 
simulations were developed for use as calibration datasets 
for the 7,265 headwater watersheds in the CONUS. Ordinary 
kriging is a geostatistical tool that uses the distance between 
two points on the landscape (for example, streamgage loca-
tions) to predict the semi-variance of a dependent variable. 
LaFontaine and others (2019) documented the procedure 
used to generate the statistical time series. The maximum, 
minimum, and median simulated daily streamflows generated 
from the ordinary kriging analysis were used for NHM-PRMS 
byHW model calibration. The environmental flow components 
(EFC) algorithm developed by The Nature Conservancy 
(2009) was used to categorize the daily statistical time series 
of streamflow into high- and low-flow values. For this study, 
high flows consisted of streamflows categorized by the EFC 
algorithm as large floods, small floods, or high-flow pulses. 
Low flows consisted of streamflows categorized by the EFC 
algorithm as low or extreme low flows.

Farmer and others (2019) used statistical simulations 
in place of measured streamflow to calibrate hydrologic 
models across the CONUS and concluded that the statistically 
generated streamflow time series provided valuable 
streamflow timing information and could be combined with 
non-streamflow datasets to improve hydrologic-process 
representation at ungaged locations. For this study, the 
byHW calibration uses statistically based daily streamflow 
simulations developed using ordinary kriging (Farmer, 2016) 
along with the five non-streamflow data products described 
in table 2 as calibration targets for each headwater watershed. 

The byHW calibration is considered a streamflow timing 
calibration and, as such, two PRMS routing methods are tested 
and documented below and in appendix 2.

Streamflow Routing
This study tests two PRMS routing methods, which are 

referred to as byHRU_noroute and byHRU_musk calibrations. 
The byHRU_noroute calibration uses the PRMS module 
strmflow_in_out. Streamflow through segments is routed as 
inflow equals outflow to maintain continuity, but this routing 
does not delay or attenuate streamflow (Markstrom and 
others, 2015). The byHRU_musk uses the PRMS module: 
muskingum_mann: the Muskingum routing method for 
attenuation of streamflow (Linsley and others, 1982; Mastin 
and Vaccaro, 2002; Markstrom, 2012; Markstrom and others 
2015). Appendix 2 describes the input parameters used in the 
Muskingum-based routing module, muskingum_mann.

Calibration Procedure
The byHW calibration procedure (the second step in 

fig. 3) adjusts parameters using a four-step multiple-objective 
procedure (Hay and others, 2006a; Hay and Umemoto, 2007) 
using the SCE global search algorithm (Duan and others, 
1992, 1993, 1994). The match between simulated and statisti-
cally based streamflows was optimized by comparing: (step 1) 
streamflow volume, (step 2) timing and magnitude of EFC-
categorized high-flow days, (step 3) timing and magnitude 
of EFC-categorized low-flow days, and (step 4) timing and 
magnitude of all days. Table 1 lists the parameters chosen for 
the byHW calibration. All selected parameters were calibrated 
in each of the four steps, but only the parameter range identi-
fied by the FAST analysis and noted in the last column in 
table 1 was used for calibration.

The NHM-PRMS parameters were calibrated by adjusting 
the mean parameter values for HRUs within each headwater 
watershed. Each execution of the SCE algorithm produced a 
new mean for the parameter values. The new mean parameter 
values were redistributed to headwater HRUs based on the 
previous distribution of the HRU parameter values. For 
each calibration step, the parameters identified for that step 
were calibrated using the minimum and maximum allowable 
parameter values listed in table 1. Parameters not associated 
with a given step were still adjusted but were only allowed to 
vary by +/−10 percent of their initial value. For example, the 
fastcoef_lin parameter is listed in table 1 as being calibrated 
in step 3. The range for the fastcoef_lin parameter in the first 
step would therefore be calculated as the initial value (based 
on the byHRU calibration) +/− 0.10 × (0.6 − 0.01). If there was 
no sensitivity of parameters to snow processes, then the snow 
parameters were not calibrated (noted by an asterisk in table 1).

The objective function for each step in the byHW calibra-
tion used the NRMSE metric (eq. 1). The objective function 
for each calibration step was calculated using equation 2. The 
extracted NHM-PRMS headwater watershed models were run 
for the period from October 1, 1980, to September 30, 2010, 
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but only odd calendar years were used for calibration; this 
allowed for the even calendar years to be used for evaluation. 
Table 3 describes the objective functions that used the statisti-
cally generated streamflow and associated weights for each 
calibration step. The objective function weights were based 
on trial-and-error and expert knowledge and could be the 
focus of future research on improving calibration methods. 
The objective functions were computed as weighted sums of 
NRMSE and were calculated on monthly, mean monthly, and 
daily time steps with subsets of high- and low-flow days using 
daily time steps (table 3). The NRMSE was calculated two 
ways: computing error if (1) the simulated value fell inside or 
outside of the target range or (2) using the median value of the 
range of values in the calibration dataset for each time step. 
For the first option, if the simulated value for a time step was 
between the upper and lower bounds of the calibration dataset, 
the difference between simulated and observed was assumed 
to be zero. For the second option, a single value was computed 
for each time step in the calibration dataset. The computed 
value was then compared to the simulated values. The OFstep 
was computed as follows:

      OFstep = OF1×w + OF2×w + OF3×w + OF4×w      (2) 
+ OF5×w + OF6×w + OF7×w + OFbase×w�

where	

	 OFstep	 is the aggregated objective function value;
	 OF1	 is the objective function for monthly 

streamflow range of the ordinary 
kriging-based streamflow time series;

	 OF2	 is the objective function for mean monthly 
streamflow range of the ordinary 
kriging-based streamflow time series;

	 OF3	 is the objective function for monthly 
streamflow median of the ordinary 
kriging-based streamflow time series;

	 OF4	 is the objective function for mean monthly 
streamflow median of the ordinary 
kriging-based streamflow time series;

	 OF5	 is the objective function for daily streamflow 
using the range of the ordinary 
kriging-based streamflow time series;

	 OF6	 is the objective function for daily streamflow 
high-flow days using the median of 
the ordinary kriging-based streamflow 
time series;

	 OF7	 is the objective function for daily streamflow 
low-flow days using the median of the 
ordinary kriging-based streamflow time 
series; and

	 w	 is the weight for each objective function;
	 OFbase	 sum of the NRMSE using all five baseline 

datasets, divided by 5 (weight in table 3).

OFbase = (ofRUN + ofAET + ofSCA + ofRCH + ofSOM)� (2a)

where

	ofRUN, ofAET,
and ofSOM		 is monthly NRMSE, summed by percent area 

for all HRUs in a headwater;
	 ofSCA	 is daily NRMSE; and
	 ofRCH	 is normalized annual NRMSE.

Table 3.  Objective function configuration and weights for each calibration step in the byHW calibration procedure that used the 
statistically generated streamflow in the objective function calculations.

[OF, objective function; NRMSE, normalized root mean square error]

OF
Objective function configuration Objective function weights by calibration step

Time
step

NRMSE
type

Step 1 
flow volume

Step 2 
high flows

Step 3 
low flows

Step 4 
all flows

OF1 Monthly Range 3 1 1 1
OF2 Mean monthly Range 3 1 1 1
OF3 Monthly Median 3 1 1 1
OF4 Mean monthly Median 3 1 1 1
OF5 Daily Range 1 1 1 3
OF6 Daily, high flows Median 1 3 1 3
OF7 Daily, low flows Median 1 1 3 3
OFbase Varies depending on 

baseline dataset
Range and sum from the five 

baseline datasets
0.2 0.2 0.2 0.2
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Part 3: Calibration for Headwater Watersheds 
with Measured Streamflow (byHWobs)

Part 3 of the calibration procedure, the byHWobs 
calibration, refined the final parameter values from Part 1 
and Part 2 (see fig. 3) using available measured streamflow 
in the headwater watersheds. Two methods were tested: 
(1) byHRU_musk_obs, which used the final parameters from 
the byHRU_musk calibration and (2) byHRU_noroute_obs, 
which used the final parameters from the byHRU_noroute 
calibration.

Measured Streamflow
The NHM-PRMS includes 8,274 USGS streamgages 

in the Geospatial Attributes of Gages for Evaluating 
Streamflow (GAGES-II) dataset (Falcone, 2011); 2,411 of 
these streamgages fall within 1,417 of the delineated head-
water watersheds in this study (pink areas in fig. 4). The 
poi_gage_id and poi_gage_segment parameters in the 
NHM-PRMS parameter file respectively indicate the USGS 
streamgage station number and the segment index for each 
streamgage in the NHM-PRMS (Regan and others, 2018). The 
PRMS-simulated streamflow at each of the poi_gage_segment 
locations is compared with the measured streamflow in the 
calibration procedure.

Calibration Procedure
The byHWobs calibration (the first step in fig. 3) started 

with the final byHW calibration parameter values for the 
1,417 headwater watersheds that contained measured stream-
flow (pink areas in fig. 4). Within those headwater watersheds, 
there are 2,163 streamgages with streamflow appropriate for 
model calibration (some headwater watersheds contained more 
than one streamgage). A one-step, one-round procedure was 
used to adjust the final parameter values from the byHW cali-
bration based on the available measured streamflow in each 
headwater watershed. All parameters in table 1, excluding 
snow parameters when not applicable, were calibrated using 
ranges calculated as +/− 20 percent of the initial value.

For headwater watersheds with observed streamflow, 
three weighting factors for each streamgage were calculated 
in the objective function, as follows: (1) weight based on the 
size of the watershed area for a given streamgage compared to 
the total area of the headwater watershed of interest (Wsize), 
(2) drainage area correction between simulated and published 
values (Wdac), and (3) correction based on the length of 
observed streamflow period of record (Wpor). The Wsize gives 
larger streamgage drainage areas more weight in the objective 
function calculation, as each streamgage is weighted based 
on the percent coverage of the headwater watershed (total 
drainage area of streamgage divided by the drainage area of 
headwater watershed). The Wdac is a correction factor that 
was applied to the observed streamflow if the contributing 
area of the streamgage based on the GeoSpatial Fabric was 
not the same as the reported National Water Information 

System (NWIS) contributing area. If the NWIS drainage area 
(NWISda) was larger than the Geospatial Fabric for National 
Hydrologic Modeling (GF; Viger and Bock, 2014) drainage 
area (GFda), then Wdac = GFda ∕ NWISda. If the NWISda was 
smaller than the GFda, then Wdac = NWISda ∕ GFda. If Wdac 
was less than 0.9 or greater than 1.1, then that streamgage 
was not used in the calibration. The Wpor was used to weight 
objective functions relative to the number of observations 
(so that longer records get more weight) within a given 
headwater watershed. Each streamgage is weighted based on 
the percent coverage of the calibration period.

A multiple-objective automated calibration procedure 
was used to identify the optimal set of parameters for each 
calibration procedure. For each streamgage in a given 
headwater watershed, the objective function was calculated 
as follows:

                         OFgage = Wsize × Wdac × Wpor                  (3) 
× [(3.0 × (1.0 − NSE)) + (1.0 − NSElog)]

where

	 OFgage	 is the objective function at each streamgage;
	 Wsize	 is the drainage area weighting factor;
	 Wdac	 is the drainage area comparison factor;
	 Wpor	 is the length of observed record factor;
	 NSE	 is the Nash-Sutcliffe Efficiency Index; and
	 NSElog	 is the Nash-Sutcliffe Efficiency Index 

computed with logarithmic values of 
simulated and measured streamflow.

The Nash-Sutcliffe Efficiency Index (NSE) metric was 
calculated using equation 4 as follows:

​​
NSE ​ =   1.0

​ − ​[​
​∑​ n=1​ nstep​ ​​(SI ​M​ n​​ − MS ​D​ n​​)​​​ 2​  __________________  ​∑​ n=1​ nstep​ ​​(MS ​D​ n​​ − MN)​​​ 2​ ​]​​​,� (4)

where

	 NSE	 is the Nash-Sutcliffe Efficiency Index;
	 nstep	 is the total number of time steps;
	 SIMn	 is the simulated streamflow for time step n;
	 MSDn	 is the measured streamflow for time 

step n; and
	 MN	 is the mean of all measured streamflows for 

all time steps.

The NSE metric with logarithmic values of streamflow 
(NSElog) was calculated using equation 5 as follows:

	​​
NSElog ​ =   1.0

​  
− ​[​

​∑​ n=1​ nstep​ ​​(log(SI ​M​ n​​ ) − log(MS ​D​ n​​))​​​ 2​   __________________________   ​∑​ n=1​ nstep​ ​​(log(MS ​D​ n​​ ) − log​(MN)​)​​​ 2​ ​]​
​​,� (5)

where	
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	 NSElog	 is the Nash-Sutcliffe Efficiency Index 
computed with logarithmic values of 
simulated and measured streamflow;

	 nstep	 is the total number of time steps;
	 SIMn	 is the simulated streamflow for time step n;
	 MSDn	 is the measured streamflow for time 

step n; and
	 MN	 is the mean of all measured streamflows for 

all time steps.

An NSE or NSElog value of 1.0 indicated a perfect 
fit between the simulated and measured values. An NSE 
or NSElog value of zero indicated the simulated values 
represented the hydrologic response as well as the mean of 
the measured values, and a negative NSE or NSElog value 
indicated that the mean of the measured values provided a 
better fit than the simulated values.

The byHWobs calibration period was for odd water 
years of the period 1981–2010 (such as 1981, 1983, 1985, 
and so forth). Any NSE or NSElog values that were less 
than zero were multiplied by 0.1 to lower the contribution to 
the total objective function. This was incorporated because 

it was decided that all the streamgage data in a headwater 
watershed should be used, even if there are anthropogenic 
influences on the streamflow record. The final objective 
function sums the OFgage values over all gages in a given 
headwater watershed.

Results
An automated calibration procedure was used to 

identify the optimal set of parameters for each part of the 
calibration procedure (fig. 3), providing spatially distributed 
parameters for the CONUS. Figure 8 shows examples 
of the final spatial distribution for four of the calibrated 
parameters: (A) carea_max, (B) gwflow_coef, (C) rad_trncf, 
and (D) soil_moist_max resulting from the byHRU, 
byHRU_musk, byHRU_musk_obs, byHRU_noroute, and 
byHRU_noroute_obs calibrations, respectively. The relative 
smoothness of the parameter map in the byHRU calibration 
becomes more mosaicked as the calibration proceeds due to 
the incorporation of streamflow data for calibration.
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Comparisons Between Simulated Values and 
byHRU Calibration Datasets

The maps in figures 9–13 indicate the percent of time 
the PRMS-simulated variables that align with the baseline 
calibration datasets (using the optimal parameters from the 
byHRU, byHRU_musk, byHRU_musk_obs, byHRU_noroute, 
and byHRU_noroute_obs calibrations) fell within the range 
of the observed baseline calibration datasets (see table 2) for 
runoff, actual evapotranspiration, recharge, soil moisture, and 
snow-covered area, respectively. Figure 9 shows measured 
baseline fit for monthly and mean monthly runoff. In general, 
mean monthly showed a better fit within the range compared 
with monthly. The byHRU results showed the best fits overall. 
These results were somewhat constrained as the calibration 

proceeded, fitting parameters to statistically generated and 
measured streamflow in the byHW (byHRU_musk and 
byHRU_noroute) and byHWobs (byHRU_musk_obs and 
byHRU_noroute_obs) calibrations, respectively. Figure 10 
shows measured baseline fit for monthly and mean monthly 
actual evapotranspiration. In general, the mean monthly 
time step shows a better fit within the range compared with 
monthly. The byHRU results showed the best fits overall, but 
the results were quite similar as the calibration proceeded, 
fitting parameters to statistically generated and measured 
streamflow in the byHW (byHRU_musk and byHRU_noroute) 
and byHWobs (byHRU_musk_obs and byHRU_noroute_obs) 
calibrations, respectively.

A. carea_max B. gwflow_coef C. rad_trncf D. soil_moist_max
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per day
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Figure 8.  Maps showing calibrated parameter values for: A, carea_max; B, gwflow_coef; C, rad_trncf; and D, soil_moist_max. The 
rows represent the byHRU, byHRU_musk, byHRU_musk_obs, byHRU_noroute, and byHRU_noroute_obs calibrations. The color scales 
for each column represent the parameter values for the model HRUs for each calibration version.
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Values of actual evapotranspiration compared well in 
the central and western United States, with less accuracy in 
the southeastern United States. Figure 11 shows measured 
baseline fit for recharge baselines derived from normalized 
annual values. There was little noticeable change in the 
baseline fit as the calibration proceeded. Figure 12 shows 
measured baseline fit for soil moisture baselines derived from 
normalized annual and monthly values. In general, the annual 
comparisons had a better fit within the range compared with 
the monthly comparisons. The byHRU results showed the best 
fits overall, but the results were quite similar as the calibra-
tion proceeded, fitting parameters to statistically generated 
and measured streamflow in the byHW (byHRU_musk and 
byHRU_noroute) and byHWobs (byHRU_musk_obs and 
byHRU_noroute_obs) calibrations, respectively. Figure 13 
shows measured baseline fit for daily snow-covered area 
baselines. There was little noticeable change in the baseline fit 
as the calibration proceeded. Regions of lower percent within 
bounds values are associated with locations having the most 
snow-covered area. Regions of higher percent within bounds 
values are associated with locations that have generally low to 
no snow-covered area values.

Comparisons Between Simulated and 
Measured Streamflow

A total of 8,270 streamgages were available in the 
NHM-PRMS model application based on those included in 
the GF (Viger and Bock, 2014). Of those 8,270 streamgages, 
6,088 had a GF-based drainage area within 10 percent of the 
USGS published drainage area, and 1,336 were classified 
as reference-quality streamgages in the GAGES-II dataset 
(Falcone, 2011). The streamflow-simulation results were 
evaluated using the NSE (Nash and Sutcliffe, 1970; eq. 4 in 
this report). Spatial distributions of model performance using 
the NSE metric are shown for the 1,336 reference-quality and 
4,752 non-reference-quality streamgage locations in figure 14 
and figure 15, respectively. The NSE values were calculated 
using daily, log daily, and monthly streamflow for the byHRU, 
byHRU_musk, byHRU_musk_obs, byHRU_noroute, and 
byHRU_noroute_obs calibrations. The NSE value distribu-
tions shown in figure 14 and figure 15 are similar to (1) those 

shown by Newman and others (2015, fig. 5a of that report), in 
which a daily time-step hydrologic model was calibrated for 
671 basins across the CONUS, and (2) those shown by Bock 
and others (2016, fig. 9a of that report), in which a monthly 
time-step hydrologic model was calibrated across the CONUS. 
This study, the Newman and others (2015) study, and the Bock 
and others (2016) study all indicated the poorest performing 
areas are generally in the central and southwestern United 
States. Newman and others (2015) attributed this to spatial 
variations in aridity and precipitation intermittency, contribu-
tion of snowmelt, and runoff seasonality.

As expected, the NSE values improved as the calibration 
proceeded, due to the incorporation of statistically generated 
and observed streamflow datasets in the calibration. The non-
reference-quality streamgages (fig. 15) tended to be affected 
by water use, flow regulation, or substantial urbanization. 
These streamgages are expected to have poorer performance 
compared to the reference-quality streamgages (fig. 14). 
However, both the reference-quality and non-reference-quality 
streamgage locations showed the same general pattern of 
performance across the CONUS, with some streamgage 
locations simulated by the NHM-PRMS quite well, especially 
for the monthly analysis. This could indicate that the timing 
and magnitude of streamflows on monthly time steps are not 
influenced as much by the water use and flow regulation as 
daily time-step streamflows and could be useful in monthly 
time-step calibrations in the future. Figure 16 summarizes the 
NSE values in figure 14 and figure 15 to percent exceedance 
curves for both the reference-quality and non-reference-
quality streamgage locations for (A) daily, (B) log daily, 
and (C) monthly streamflow. When comparing the two 
routing procedures, continuity only and the Muskingum 
method, it was apparent that streamflow simulations benefit 
from the inclusion of explicit streamflow routing, with the 
byHRU_musk (blue) outperforming the byHRU_noroute 
(red) and the byHRU_musk_obs (green) outperforming the 
byHRU_noroute_obs (purple). The non-reference-quality 
streamgage locations tended to be affected by anthropogenic 
factors; examples include water use, flow regulation, 
or substantial urbanization. The non-reference-quality 
streamgages were expected to have poorer performance 
compared to the reference-quality streamgages.
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Figure 9.  Maps showing percent of the time that simulated runoff (RUN; Precipitation-Runoff Modeling System variable basin_
cfs) fell within the range of the measured RUN baseline. The columns represent monthly and mean monthly RUN baselines. The 
rows represent the byHRU, byHRU_musk, byHRU_musk_obs, byHRU_noroute, and byHRU_noroute_obs calibrations. A value of 
NA indicates that no comparison was made between simulated and measured values for that hydrologic response unit (HRU).
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Figure 10.  Maps showing percent of the time that simulated actual evapotranspiration (AET; Precipitation-Runoff 
Modeling System variable hru_actet) fell within the range of the measured AET baseline. The columns represent 
monthly and mean monthly AET baselines. The rows represent the byHRU, byHRU_musk, byHRU_musk_obs, 
byHRU_noroute, and byHRU_noroute_obs calibrations. A value of NA indicates that no comparison was made 
between simulated and measured values for that hydrologic response unit (HRU).
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Figure 11.  Maps showing percent of the time that simulated recharge (RCH; Precipitation-Runoff Modeling System 
variable recharge) fell within the range of the measured baseline. The columns represent annual RCH baselines. The 
column on the left represents the byHRU, byHRU_musk, and byHRU_musk_obs calibrations, and the column on the right 
represents the byHRU_noroute and byHRU_noroute_obs calibrations. A value of NA indicates that no comparison was 
made between simulated and measured values for that hydrologic response unit (HRU).
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Figure 12.  Maps showing percent of the time that simulated soil moisture (SOM; Precipitation-Runoff Modeling System 
variable soil_rechr) fell within the range of the measured baseline. The columns represent annual and monthly SOM 
baselines. The rows represent the byHRU, byHRU_musk, byHRU_musk_obs, byHRU_noroute, and byHRU_noroute_obs 
calibrations. A value of NA indicates that no comparison was made between simulated and measured values for that 
hydrologic response unit (HRU).
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Figure 13.  Maps showing percent of the time that simulated snow-covered area (SCA; Precipitation-Runoff Modeling 
System variable snowcov_area) fell within the range of the measured baseline. The columns represent daily SCA 
baselines. The column on the left represents the byHRU, byHRU_musk, and byHRU_musk_obs calibrations, and the 
column on the right represents the byHRU_noroute and byHRU_noroute_obs calibrations. A value of NA indicates that 
no comparison was made between simulated and measured values for that hydrologic response unit (HRU).
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Figure 14.  Maps showing Nash-Sutcliffe Efficiency Index (NSE) between observed and simulated streamflow at 1,336 reference-quality 
streamgages as defined by Falcone (2011). The columns represent NSE values calculated using daily, log of daily, and monthly values, 
respectively. The rows represent the byHRU, byHRU_musk, byHRU_musk_obs, byHRU_noroute, and byHRU_noroute_obs calibrations.
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Figure 15.  Maps showing Nash-Sutcliffe Efficiency Index (NSE) between observed and simulated streamflow at 
4,752 non-reference-quality streamgages as defined by Falcone (2011). The columns represent NSE values calculated using daily, 
log of daily, and monthly values, respectively. The rows represent the byHRU, byHRU_musk, byHRU_musk_obs, byHRU_noroute, and 
byHRU_noroute_obs calibrations.
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Figure 16.  Graphs showing summary of Nash-Sutcliffe Efficiency Index between observed and simulated streamflow 
at reference-quality and non-reference-quality streamgages as defined by Falcone (2011) using: A, daily; B, log of daily; 
and C, monthly streamflow values.
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Limitations of NHM-PRMS 
Modeling Application

The PRMS model application that was developed as part 
of the NHM infrastructure provided simulations of streamflow 
and other water-budget components of the hydrologic cycle. 
The report by LaFontaine and others (2019) discussed some of 
the limitations associated with the calibration strategy used in 
this study. As with any hydrologic modeling application, the 
assumptions and simplifications inherent in the representation 
of the physical processes limited the accuracy and applica-
bility of the results. This is typical for a watershed model such 
as PRMS, which is a combination of process-based theoretical 
and empirical equations that are used to simulate the hydro-
logic cycle. The following discussion highlights some of those 
limitations that are applicable at the CONUS scale.

The calibration methodology used for this study was 
intended to provide an initial set of spatially distributed param-
eters that represented a consistent hydrologic response across 
the CONUS and from which users could subset for local 
applications which could be improved with local datasets. 
There was a limited coverage of reference-quality streamflow 
information available in the CONUS (Kiang and others, 2013). 
Areas not upstream from reference-quality streamgages were 
therefore not as easily calibrated or evaluated. The calibration 
methodology presented in this study couples the calibration 
of both gaged and ungaged areas, with the initial parameters 
for the model application adjusted together to maintain their 
spatial distribution. This approach to calibration, with its focus 
on regional similarity, was previously used by Bock and others 
(2016) in the development of a national-scale application 
of the MWBM (McCabe and Markstrom, 2007) as part of 
the NHM infrastructure (Regan and others, 2018). Routing 
parameters for stream segments downstream of the headwater 
watersheds were not calibrated. HRUs connected to those 
stream segments were calibrated during the byHRU calibration 
step, but, due to extensive anthropogenic effects to streamflow 
data in larger watersheds, this natural- flows application 
of the NHM-PRMS did not incorporate those data into the 
calibration. If naturalized flow data were developed for those 
non-reference locations, or if additional simulation capabilities 
were incorporated into the NHM-PRMS application (such 
as reservoir operations or water-use effects), perhaps those 
areas of the model domain could be calibrated. However, such 
improvements were beyond the scope of this study.

The calibration methodology used for this study used 
several types of hydrologic information (measured streamflow, 
simulated streamflow, runoff, actual evapotranspiration, 
recharge, soil moisture, and snow-covered area) to optimize 
the NHM-PRMS model parameters. As improved or additional 
datasets become available at the national scale (for example, 
remotely sensed soil moisture), that information could also be 
used to better constrain the parameter-optimization scheme 
beyond its current capabilities and to apply the model to 
more parts of the hydrologic cycle. For example, current 

representations of soil moisture and recharge in the baseline 
datasets were limited to normalized distributions of monthly 
and annual values; this was due to different ways in which the 
observation datasets and the PRMS model structure concep-
tualize those fluxes and storages. The magnitude of the error 
bounds associated with several of the baseline datasets did not 
constrain the calibration procedure as much as desired. Wider 
error bounds allowed for a larger number of parameter sets to 
meet the objective function criteria, which lead to equifinality 
issues. By improving understanding and quantification of the 
baseline dataset targets and the associated error bounds, the 
calibration procedure can be further constrained beyond its 
current capabilities.

Water-use data at the CONUS scale were not avail-
able for use in this study. LaFontaine and others (2017) 
incorporated monthly estimates of site-specific surface-water 
withdrawals and return flow, and of groundwater withdrawals 
in the southeastern United States. When available, time series 
of water-use information should be incorporated to allow 
modeling simulations to better represent the actual hydrologic 
cycle for a particular study area instead of just the natural 
hydrologic response to climate and land-cover conditions. 
These water-use estimates could either be incorporated into 
the baseline dataset observations to make them more “natural” 
or they could be directly incorporated into the model simula-
tions during calibration using the PRMS Water Use module 
(Regan and LaFontaine, 2017).

The streamflow simulations developed in this study did 
not include the effects of flow regulation (for example, dam 
operations) on hydrologic response. The PRMS provided the 
ability to include lakes in the stream routing process (Regan 
and LaFontaine, 2017), but not the complex rule-curve-based 
methodologies such as those used by the U.S. Army Corps 
of Engineers. One option within the PRMS allowed for 
the replacement of simulated streamflow with observed 
streamflow at the dam location. This option may be useful 
for historical simulations targeting actual streamflows, but 
it did not preserve the water balance and did not help for 
projecting future hydrologic response. Other options included 
coupling the PRMS with software packages specifically 
built to deal with water management such as HEC-ResSim 
(h​ttps://www​.hec.usace​.army.mil/​software/​hec-​ressim/​) 
(U.S. Army Corps of Engineers Hydrologic Engineering 
Center, 2013) or MODSIM-DSS (htt​p://modsim​.engr.colo​
state.edu/​modsim.php) (Colorado State University, 2017).

Summary
This report describes a procedure that provides informa-

tive baseline datasets for the conterminous United States 
(CONUS) for model calibration and evaluation beyond 
streamflow, using both the U.S. Geological Survey National 
Hydrologic Model (NHM) infrastructure application of the 
Precipitation-Runoff Modeling System (PRMS) and a new 

https://www.hec.usace.army.mil/software/hec-ressim/
http://modsim.engr.colostate.edu/modsim.php
http://modsim.engr.colostate.edu/modsim.php
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routing module based on the Muskingum method. The new 
routing module, muskingum_mann, is based on the current 
PRMS routing module muskingum and computes the routing 
coefficients from stream-channel characteristics instead of 
being directly specified in the parameter file. The baseline 
CONUS-scale datasets were derived with error bounds for 
runoff, actual evapotranspiration, recharge, soil moisture, 
and snow-covered area. The corresponding process variables 
from the model were examined in a CONUS-scale three-part 
calibration procedure that considers volume (calibration by 
hydrologic response unit [byHRU]), timing (calibration by 
headwater watershed [byHW]), and observed streamflow 
(byHWobs). The various levels of calibration were evalu-
ated against observed streamflow datasets for the CONUS. 
The simulations best represented streamflow in the eastern 
United States and the U.S. Pacific Northwest. The simula-
tions did not represent streamflow as well in the central and 
southwestern United States.

The calibration methodology presented here is meant 
to give users a starting place for model application. Using 
a variety of alternative datasets for calibration of the water 
budget provides users of the NHM-PRMS with spatially 
distributed initial parameters suitable for application at the 
local level. The Bandit software can extract NHM-PRMS 
model subsets for any watershed in the CONUS domain, 
providing users with local models with realistic parameters. 
These extractions can then be calibrated to improve the match 
between simulations and a single measured streamflow time 
series compared to the current model calibration. Using a 
variety of alternative datasets for calibration of the water 
budget helps alleviate the equifinality problem (getting 
the right answer for the wrong reason). An improved and 
expanded understanding of these alternative data products, 
provided in a readily available way, could facilitate modeling 
communities in the calibration and evaluation of hydrologic 
models using more than streamflow.
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Appendix 1.  National Hydrologic Model Infrastructure Application of the 
Precipitation-Runoff Modeling System (NHM-PRMS) Calibration Setup

Introduction
This appendix describes in detail the necessary 

file and directory structure for the three-part calibration 
procedure using the U.S. Geological Survey (USGS) National 
Hydrologic Model (NHM) infrastructure application of the 
Precipitation-Runoff Modeling System (PRMS; Regan and 
others, 2018, 2019). The three-part calibration procedure 
considers volume (calibration by hydrologic response unit 
[byHRU]), timing (calibration by headwater watershed 
[byHW]), and observed streamflow (byHWobs). The 
calibration procedure uses five non-streamflow data products 
(runoff, actual evapotranspiration, recharge, soil moisture, 
and snow-covered area), statistically based streamflow 
simulations, and observed streamflow as calibration targets. 
A multiple-objective, stepwise, automated calibration 
procedure was used to identify the optimal set of parameters 
for each calibration step. This appendix describes the file and 
directory structure needed to run this calibration technique 
using the provided code and supporting data available in 
Hay and LaFontaine (2020).

Calibration of the PRMS Application 
of the NHM

A three-part procedure was used to calibrate the NHM-
PRMS for the conterminous United States (CONUS): by 
hydrologic response unit (HRU), by headwater watershed, 
and including observed streamflow. The following sections 
describe the file and directory structure needed to run each of 
the three calibration steps. These programs were designed to 
run on a Linux system. The results of this calibration workflow 
and the described computer programs files are documented in 
Hay and LaFontaine (2020).

Part 1: Calibration by Hydrologic Response Unit 
(byHRU calibration)

The byHRU calibration is used to calibrate each HRU 
individually. The following sections demonstrate how to 
calibrate one HRU, but this methodology is meant to calibrate 
the approximately 110,000 HRUs in this model application 
simultaneously. The main text of this report documents the 
results of the byHRU calibration for a CONUS-scale applica-
tion of the NHM-PRMS for 109,951 HRUs. The byHRU 
calibration is considered a water-balance volume calibration 

which uses non-streamflow data products as calibration targets 
to calibrate an HRU. Table 1.1 lists the necessary files for 
calibrating one HRU with the byHRU procedure.

Calibration Target Files
Table 1.1 lists the necessary calibration files needed 

for each HRU to perform the byHRU calibration procedure. 
These include runoff, actual evapotranspiration, recharge, 
soil moisture, and snow-covered area, with error bounds. The 
sources for the calibration files are more thoroughly described 
in the main text and outlined in table 1.1. The byHRU.run 
(table 1.1) executable is hard coded to expect these files in the 
formats described below. If a user wants to change these files, 
then they will need to edit the Fortran code.

The RUN file contains monthly values of runoff (in 
cubic feet per second) with associated error bounds. The data 
should cover the time period 1982–2010 (this is hard coded 
in the PRMSobjfun.f Fortran code and can be changed at the 
user’s discretion). The PRMSobjfun.f Fortran code (table 1.1) 
expects the following five columns of data in the format for 
runoff: (1) Year, (2) Month, (3) Value, (4) Minimum, and 
(5) Maximum, where Value is the runoff value for a given HRU 
and the Minimum and Maximum represent the error bounds.

The AET file contains monthly values of actual evapo-
transpiration (in inches) from three sources (see table 1 from 
main text). The Fortran code expects to read three different 
sources of data that cover the time period from 1982 to 2010 
(this is hard coded in the PRMSobjfun.f Fortran code). The 
PRMSobjfun.f Fortran code expects the first line of the AET 
file to be a header line, followed by the following five columns 
of data: (1) Year, (2) Month, (3) AET1, (4) AET2, and 
(5) AET3, where AET1–3 refer to the actual evapotranspira-
tion values from three separate data sources. The minimum 
and maximum values of the three datasets for each time step 
are used as error bounds in the calibration procedure. Missing 
values are designated as negative numbers. At least one of 
the actual evapotranspiration sources must have non-missing 
values for each time step.

The RCH file contains normalized (between 0 and 1) 
recharge values from at least two data sources, covering the 
time period from 1990 to 1999. The PRMSobjfun.f Fortran 
code expects the first line of the RCH file to be a header line, 
followed by three columns of data: (1) Year, (2) Minimum, 
and (3) Maximum, where the Minimum column is the 
minimum value from the recharge sources and Maximum 
column is the maximum value from the recharge sources 
for each annual time step. The PRMSobjfun.f Fortran code 
normalizes the PRMS-simulated recharge values over the 
period from 1990 to 1999, so the RCH file must contain 
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normalized annual recharge values over the 1990 to 1999 time 
period with a range of 0 to 1. In the provided example, the 
RCH file contains two columns with the normalized values 
from two sources.

The SOMann file contains normalized (between 0 and 1) 
soil moisture values from four data sources, covering the time 
period between 1982 and 2010 (table 2). The PRMSobjfun.f 
Fortran code expects the first line of the SOMann file to be 
a header line, followed by three columns of data: (1) Year, 
(2) Minimum, and (3) Maximum, where the Minimum 
column is the minimum value from the soil moisture sources 
and the Maximum column is the maximum value from 
the soil moisture sources (for each respective year). The 
PRMSobjfun.f Fortran code normalizes the PRMS-simulated 
soil moisture values over the time period from 1982 to 2010, 
so the SOMann file must contain normalized annual soil 
moisture values over the 1982 to 2010 time period with a 
range of 0 to 1. In the provided example, the SOMann file 
contains two columns with the maximum and minimum 
normalized values from four sources.

The SOMmth file contains normalized (between 0 and 
1) soil moisture values from two data sources, covering the 
time period from 1982 to 2010 (table 2). The PRMSobjfun.f 
Fortran code expects the first line of the SOMmth file to be 

a header line, followed by three columns of data: (1) Year, 
(2) Minimum, and (3) Maximum, where the Minimum column 
is the minimum value from the soil moisture sources and the 
Maximum column is the maximum value from the soil mois-
ture sources (for each respective time-step). The soil moisture 
values are normalized for each month over time (for example, 
all January soil moisture values are normalized so that they 
range from 0 to 1). The PRMSobjfun.f Fortran code normal-
izes the PRMS-simulated soil moisture values over the period 
from 1982 to 2010, so the normalized soil moisture values 
must contain only values from 1982 to 2010 with a range 
of 0 to 1 for each of the months. In the provided example, 
the SOMmth file contains two columns with the normalized 
maximum and minimum values from four data sources.

The SCA file contains daily snow-covered area and an 
associated confidence interval, covering the time period from 
2000 to 2014. The PRMSobjfun.f Fortran code (table 1.1) 
expects the following five columns of data: (1) Year, 
(2) Month, (3) Day, (4) SCA, and (5) CI, where SCA is the 
daily snow-covered area (in decimal percent) and CI is the 
associated confidence interval (in percent), where a confidence 
interval value of 100 indicates clear sky conditions with the 
highest level of confidence.
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Table 1.1.  Files needed for the byHRU calibration procedure.

[AET, actual evapotranspiration; MWBM, Monthly Water Balance Model; MOD16, MODIS Global Evapotranspiration Project; SSEBop, Simplified Surface 
Energy Balance; RCH, recharge; RUN, runoff; SCA, snow-covered area; CI, confidence interval; SOM, soil moisture; PRMS, Precipitation-Runoff Modeling 
System; cbh, climate by hydrologic response unit; HRU, hydrologic response unit]

File name File description

Calibration Target Files (see table 1in main text of report)

AET Monthly actual evapotranspiration (inches): Year, Month, MWBM, MOD16, SSEBop
RCH Normalized annual recharge: Year, Minimum, Maximum
RUN Monthly runoff (cubic feet per second): Year, Month, MWBM, Minimum, Maximum
SCA Daily percent snow-covered area: Year, Month, Day, SCA, CI
SOMann Annual soil moisture: Year, Maximum, Minimum
SOMmth Monthly soil moisture: Year, Month, Minimum, Maximum

  PRMS Input Files (see Markstrom and others [2015] for further details)

control PRMS control file for the byHRU calibration
prcp.cbh Daily precipitation (inches) input data in cbh format
tmax.cbh Daily maximum air temperature (degrees Fahrenheit) input data in cbh format
tmin.cbh Daily minimum air temperature (degrees Fahrenheit) input data in cbh format
params_byHRU PRMS parameter file for a single HRU
NWIS.prms_2016 PRMS master data file

Fortran code files for the byHRU calibration

SCE_setupBYhru.f Setup for byHRU calibration
SCE.f Shuffled Complex Evolution optimization procedure
PRMSobjfun.f Objective function calibration
concatPARAM.f Parameter file configuration

Shell scripts

compile_byHRU.sc Script to compile Fortran code (makes the byHRU.run file)
Executable files

byHRU.run Calibration procedure executable
prmsNHM.exe PRMS model executable

byHRU calibration input files

hru_type Specifies the type of HRU used by PRMS (0=inactive, 1=land, 2=lake, 3=swale)
parameter_info Description of parameters and methods used for calibration by the byHRU.run file
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PRMS Calibration Input Files
The input files required by PRMS are described in detail 

in Markstrom and others (2015). The control file defines 
the PRMS module choices and PRMS input file names 
for the byHRU calibration. For this example, the modules 
precip_module and temp_module are defined in the control 
file as climate_hru. This means the climate files are input 
as climate-by-hru (cbh) files. In this example, the control 
file reads daily precipitation accumulation (in inches) and 
minimum and maximum temperature (in degrees Fahrenheit) 
from the prcp.cbh, tmin.cbh, and tmax.cbh files, respectively. 
The initial parameter values for the byHRU calibration are 
in the params_byHRU file. The PRMS executable expects a 
PRMS data file. The PRMS data file is not used by the calibra-
tion, but the file is required for the PRMS executable to run. 
For this example, the control file defines the expected PRMS 
data file as NWIS.prms_2016. The data in NWIS.prms_2016 
can be designated as missing (typically values of −999), but 
the time period in this data file must cover the time period of 
the PRMS model run defined by the start_time (October 1, 
1980) and end_time (December 31, 2010) in the control file.

Calibration Code and Associated Files for the 
byHRU Calibration

The byHRU calibration code is written in Fortran and 
consists of four programs: SCE_setupBYhru.f (model setup), 
SCE.f (shuffle complex evolution code), PRMSobjfun.f 
(objective function calculations), and concatPARAM.f (creates 
new parameter file). These programs are compiled for a Linux 
machine using the script compile_byHRU.sc, which makes the 
executable byHRU.run.

The executable byHRU.run expects the following 
input files:

(1)	 hru_type: this is an integer value of 0–3, where 
0 = inactive, 1 = land; 2 = lake, and 3 = swale. These 
values can be obtained from the PRMS parameter file. If 
hru_type = 0, then no calibration is performed.

(2)	 parameter_info: lists the PRMS-parameter information 
needed to run the byHRU calibration. The first line of 
this file is a header line. The parameter_info file contains 
seven columns. Column 1 contains the PRMS parameter 
name to be calibrated. Column 2 indicates whether the 
valid range for parameter calibration should be based on 
a percentage of the initial parameter value (%) or on a 
set range (R). Column 3 indicates the percent range from 
the initial value the given parameter can vary (only used 

if column 2 is set to %). Columns 4 and 5 indicate the 
minimum and maximum range that a given parameter 
can vary (if column 2 is set to R). Column 6 indicates 
if the parameter is used in snow processes. If an HRU 
does not have any snow, then snow-process parameters 
are not calibrated. The historical snow-covered area for 
each HRU is calculated at the beginning of the byHRU 
calibration procedure based on the snow-covered area 
calibration target information. Column 7 indicates 
whether the parameter should be calibrated on a seasonal 
basis (1 = yes, 0 = no). Seasonal calibration calibrates 
4 of the 12 monthly parameter values and interpolates 
between them to derive monthly parameter values.

(3)	 PROCESS_weights.HRU<#>: contains the relative 
influence of each calibration target dataset based on the 
sensitivity analysis described in the main text of this 
report and in Markstrom and others (2016). The first 
line is a header line, followed by the relative dominance 
of each calibration target. Column 1 is a header and 
columns 2 to 6 contain the weights for each of the five 
calibration targets. The weights in columns 2 to 6 should 
sum to 1 and are sorted in the beginning of the calibra-
tion procedure to define the order for the calibration 
procedure (highest value to smallest value). Note that if 
the weight of a target dataset is 0, then no calibration to 
that target is performed.

Execution of the byHRU Calibration
The byHRU calibration assumes all the files in table 1.1 

are in a single directory. The RESULTS directory should be 
empty. The Fortran code can be moved to another directory as 
long as the executable remains in place.

To run the byHRU calibration on a Linux machine the 
command is:
./byHRU.run 24001
where 24001 is the number of the HRU that is being cali-
brated. This must match the HRU number for the PROCESS_
weights.HRU# file, where # is the number of the HRU.

All outputs from the byHRU calibration are written in the 
RESULTS directory. Table 1.2 lists and describes the outputs 
from a byHRU calibration. The Objective Functions and 
Parameter Values files contain the objective function values 
for each calibration run within a calibration step. The last line 
of each file contains the final values from that step. Note these 
files are used to determine the parameter ranges for the next 
calibration step based on the top 25 percent of the objective 
function values.
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Table 1.2.  Output files from the byHRU calibration procedure.

[HRU, hydrologic response unit; #, HRU number; AET, actual evapotranspiration; RCH, recharge; RUN, runoff; SCA, snow-covered area; SOM; soil moisture; 
PRMS, Precipitation-Runoff Modeling System]

File name File description

  Objective function files

AET_OFS_HRU#

Objective function values for each run in a byHRU calibration step (calibration steps: AET, 
RCH, RUN, SCA, SOM, ALL)

RCH_OFS_HRU#
RUN_OFS_HRU#
SCA_OFS_HRU#
SOM_OFS_HRU#
ALL_OFS_HRU#

  Parameter value files

AET_PARAMS_HRU#

Calibrated parameter values for each run in a byHRU calibration step (calibration step: AET, 
RCH, RUN, SCA, SOM, ALL)

RCH_PARAMS_HRU#
RUN_PARAMS_HRU#
SCA_PARAMS_HRU#
SOM_PARAMS_HRU#
ALL_PARAMS_HRU#

  Final parameter value files

AET.SCE_HRU#

Final parameter file after each byHRU calibration step

RCH.SCE_HRU#
RUN.SCE_HRU#
SCA.SCE_HRU#
SOM.SCE_HRU#
ALL.SCE_HRU#

  PRMS output files

AET.statvar_HRU#

Final PRMS output file after each byHRU calibration step

RCH.statvar _HRU#
RUN.statvar_HRU#
SCA.statvar_HRU#
SOM.statvar_HRU#
ALL.statvar_HRU#

  Calibration comparison files

AET.aetHRU_#

Comparison of simulated and calibration target values after each of the first five steps of the 
byHRU calibration

RCH.rchHRU_#
RUN.runHRU_#
SCA.scaHRU_#
SOM.somHRU_#

  byHRU calibration input files

ALL.aetHRU_#

Comparison of simulated and calibration target values after the sixth (ALL) step of the 
byHRU calibration

ALL.rchHRU_#
ALL.runHRU_#
ALL.scaHRU_#
ALL.somHRU_#
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Part 2: Calibration by Headwater Watershed 
(byHW calibration)

The Part 1 byHRU calibration was used to produce 
spatially distributed parameter values for every HRU in the 
NHM infrastructure (see fig. 2 in the main text of this report). 
For the Part 2 byHW calibration, these byHRU calibrated 
parameter values are used as the initial parameter estimates. 
In the CONUS, 7,265 basins were identified as headwater 
watersheds with drainage areas less than 1,158 square miles 
(3,000 square kilometers); this area represents an estimated 
upper limit for an instream travel time of one day. The green 
and pink areas in figure 4 in the main text of this report show 
the extent of the headwater watersheds for the CONUS. A 
PRMS model for each of these 7,265 headwater watersheds 
was extracted from the NHM-PRMS using Bandit software 
(Regan and others, 2018) and was individually calibrated. 
The following sections demonstrate how to calibrate one 
headwater watershed. The byHW calibration is considered a 
streamflow timing calibration which uses non-streamflow data 
products as calibration targets as well as statistically generated 
streamflow. Table 1.3 lists the necessary files for calibrating 
one headwater watershed with the byHW procedure.

Calibration Target Files
For this study, the byHW calibration uses statistically 

based daily streamflow simulations developed using ordinary 
kriging (Farmer, 2016) along with the five non-streamflow 
data products (described in table 2 of the main text of this 
report) as calibration targets for each headwater watershed. 
Table 1.3 lists the calibration target files used in the byHW 
calibration procedure. The byHW.run executable is hard 
coded to expect these files in the formats that are described 
in table 1.3. If users want to change these files, then they will 
need to edit and recompile the Fortran code.

The daily time series of statistically based streamflow 
simulations for the byHW calibration targets were constructed 
for 7,265 headwater watersheds using an application of 
ordinary kriging developed by Farmer (2016). The maximum, 
minimum, and median simulated daily streamflow time series 
generated from the ordinary kriging analysis were used for 
the byHW calibration of the NHM-PRMS. The environmental 
flow components (EFC) algorithm developed by The Nature 
Conservancy (2009) was used to categorize the daily statistical 
time series of streamflow into high- and low-flow values. The 
match between PRMS-based and statistically based stream-
flow is optimized by comparing: (step 1) streamflow volume, 
(step 2) timing and magnitude of EFC-categorized high-flow 
days, (step 3) timing and magnitude of EFC-categorized 
low-flow days, and (step 4) timing and magnitude of all days.

The file CAL_DATA.HW#### contains the EFC values 
and the statistically generated streamflow with error bounds. 
The first line of this file is a header line. The first column 
in the file CAL_DATA.HW#### contains either 0 or 1. The 

Fortran code only calibrates on days with a value of 1. 
These files are set up for the calibration period using only 
odd-numbered water years; even-numbered water years are 
reserved for model evaluation. Columns 2 to 4 contain values 
for year, month, and day, respectively. Column 5 contains the 
EFC classification for each day. Columns 6 to 8 contain the 
median, minimum, and maximum values from the statistically 
generated streamflow time series.

PRMS Calibration Input Files
The input files required by PRMS, listed in table 1.3, 

are described in detail in Markstrom and others (2015). The 
template_byHWsetup.control_muskingum is the PRMS control 
file that defines the module choices and input file names for the 
byHW calibration. For this example, the precip_module and 
temp_module are defined as being climate_hru. This means 
the climate files are input as climate-by-hru (cbh) files. In this 
example, the file is reading daily precipitation (in inches) and 
minimum and maximum temperature (in degrees Fahrenheit) 
from the prcp.cbh, tmin.cbh, and tmax.cbh files, respectively. 
The file named template_byHWsetup.control_muskingum is 
the PRMS control file for this example and is set up to perform 
Muskingum routing (muskingum_mann module, described in 
the main text and appendix 2 of this report).

The initial parameter values for the byHW calibration 
are in the bandit.param file. The Part 1 byHRU calibration 
produced spatially distributed parameter values for every 
HRU. These calibrated parameter values were written to the 
NHM-PRMS parameter database and were subsequently 
used as the initial parameter estimates for the Part 2 byHW 
calibration. The PRMS executable expects a PRMS data 
file that contains observed streamflow data. This file is also 
supplied by the Bandit model pull (sf_data) but is not used in 
this byHW calibration. A PRMS data file needs to be supplied 
for the PRMS executable to run.

Calibration Code and Associated Files for the 
byHW Calibration

The byHW calibration code is written in Fortran and 
consists of four programs that can be found in the FORTRAN-
files directory: SCEmusk_setupBYhw_4steps.f, SCE.f, 
PRMSobjfun.f, and concatPARAM.f. These programs are 
compiled for a Linux machine using the script compile_byHW.
sc, which makes the executable byHW.run.

The executable byHW.run expects the following 
input files:

(1)	 HW_calibration.info: lists the PRMS parameter infor-
mation needed to run the byHW calibration. The first 
line of this file is a header line. The HW_calibration.
info file contains five columns. Column 1 contains the 
PRMS parameter name to be calibrated. Columns 2 and 
3 indicate the minimum and maximum range that a given 
parameter can vary during the calibration. Column 4 
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indicates in which step of the calibration the parameter 
of interest should be calibrated. Column 5 indicates if 
the parameter is used in snow processes. Note that if 
a headwater watershed does not have any snow, then 
snow-process parameters are not calibrated. This file can 
be altered by removing and adding parameters.

(2)	 SCAmask: this is a file that contains a column of 0s or 
1s indicating no-snow/snow, respectively, for every HRU 
in the NHM. The first line is a header.

(3)	 HRUnhm_ids: indicates which NHM-PRMS HRUs 
are contained within the chosen headwater watershed. 
The first line contains a value describing the number of 
HRUs in the headwater watershed being calibrated, fol-
lowed by the nhm_id parameter values for each of the 
HRUs within the headwater watershed domain.

(4)	 HRU_pcntAREA: indicates the fraction of the total 
headwater watershed area that each HRU contains. 
The first line contains a value describing the number 
of HRUs in the headwater watershed being calibrated, 
followed by the percent area for each of the HRUs.

(5)	 obsout_segment: this file contains a PRMS param-
eter that gets concatenated to the bottom of the PRMS 
parameter file to avoid warning messages.

Execution of the byHW Calibration
The byHW calibration requires all the files listed in 

table 1.3 to be in a single directory. The RESULTS directory 
should be empty. The Fortran code can be moved to another 
directory as long as the executable remains in place.

The command to run the byHW calibration on a Linux 
machine is:
./byHW.run 0077
where 0077 is the 4-character identifier of the headwater 
watershed that is being calibrated. Note that the program 
expects a 4-digit value, so a watershed with an identification 
number less than 1,000 must be entered with the leading zeros.

All outputs from the byHW calibration are written in 
the RESULTS directory. Some summary files are also written 
in the HW#### directory. Table 1.4 lists and describes the 
outputs from a byHW calibration. The Parameter Values files 
contain the initial and final parameter values (mean value for 
all HRUs in given HW####) for each calibration round (RND) 
within a calibration step. These files are used to determine the 
initial parameter values for the next calibration step. The final 
PRMS parameter file is written to FINALparams_####, where 
#### is the 4-character headwater watershed identification 
number. A summary of the calibration parameter values and 
final objective functions for each calibration round and step 
are found in the SUMMARY_#### file. Baseline calibration 
target values and corresponding PRMS-simulated values can 
be found for each baseline dataset in the RESULTS directory. 
These are produced for every HRU in a given headwater 
watershed and contain the date and range of the baseline and 
corresponding PRMS-simulated values.
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Table 1.3.  Files needed for the byHW calibration procedure.

[####, headwater number; AET, actual evapotranspiration; MWBM, Monthly Water Balance Model; MOD16, MODIS Global Evapotranspiration Project; 
SSEBop, Simplified Surface Energy Balance; RCH, recharge; HRU, hydrologic response unit; HW, headwater; RUN, runoff; SCA, snow-covered area; 
CI, confidence interval; SOM, soil moisture; PRMS, Precipitation-Runoff Modeling System; cbh, climate by hydrologic response unit]

File name File description

  Calibration Target Directories and Files

CAL_DATA.HW#### Statistically generated streamflow for a given headwater watershed (####) with associated Environmental 
Flow Component (EFC) classification

AET/HRU_#### Monthly actual evapotranspiration (inches): Year, Month, MWBM, MOD16, SSEBop
RCH/HRU_#### Normalized annual recharge for each HRU in HW: Year, Minimum, Maximum
RUN/HRU_#### Monthly runoff (cubic feet per second) for each HRU in HW: Year, Month, MWBM, Minimum, Maximum
SCA/HRU_#### Daily percent snow-covered area for each HRU in HW: Year, Month, Day, SCA, CI
SOM/annHRU_#### Annual soil moisture for each HRU in HW: Year, Maximum, Minimum
SOM/mthHRU_#### Monthly soil moisture for each HRU in HW: Year, Month, Minimum, Maximum

  PRMS Input Files (see Markstrom and others [2015] for further details)

Template_byHWsetup.con-
trol_muskingum

PRMS control file for the byHW calibration. This file is configured to use Muskingum streamflow routing

prcp.cbh Daily precipitation (inches) input data in cbh format
tmax.cbh Daily maximum air temperature (degrees Fahrenheit) input data in cbh format
tmin.cbh Daily minimum air temperature (degrees Fahrenheit) input data in cbh format
bandit.param PRMS parameter file for the headwater watershed
sf_data PRMS master data file

  Fortran code files for the byHRU calibration

SCEmusk_
setupBYhw_4steps.f

Setup for byHW calibration

SCE.f Shuffled Complex Evolution optimization procedure
PRMSobjfun.f Objective function calibration
concatPARAM.f Parameter file configuration

  Shell scripts

compile_byHW.sc Script to compile Fortran code (makes the byHW.run file)
  Executable files

byHW.run Calibration procedure executable
prmsNHM.exe PRMS model executable

  byHW calibration input files

HW_calibration.info Description of parameters and methods used for calibration by the byHW.run file
SCAmask File indicating if each HRU has snow (0=no snow, 1=snow)
HRUnhm_ids Number of HRUs in a given headwater watershed, followed by the nhm_id for each HRU
HRU_pcntAREA Number of HRUs in a given headwater watershed, followed by the percent area of the headwater covered 

by each HRU
obsout_segment Missing parameter in the headwater parameter file to avoid PRMS error messages during simulation

  Directories

RESULTS Directory to store results files
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Part 3: Calibration by Headwater Watershed 
with Measured Streamflow (byHWobs 
calibration)

No measured streamflow was used in Part 1 and Part 2 of 
the calibration procedures. Part 3 of the calibration procedure, 
byHWobs, calibrates the PRMS parameter values using 
available observed streamflow for each headwater watershed. 
The byHWobs calibration starts with the final byHW calibra-
tion parameter values for the 1,417 headwater watersheds 
that contained observed streamflow within the calibration 
period (pink areas in fig. 4 of the main text of this report). The 
poi_gage_id and poi_gage_segment parameters respectively 
indicate the USGS streamgage identification number and 
segment index for each streamgage in the NHM-PRMS model 
(Regan and others, 2018). A one-step, one-round procedure 
was used to adjust the final parameter values from the byHW 
calibration based on the available observed streamflow in each 
headwater watershed. The following sections demonstrate 

how to calibrate one headwater basin with the byHWobs 
methodology. Table 1.5 lists the necessary files for calibrating 
one headwater watershed with the byHWobs procedure.

PRMS Calibration Input Files
The input files required by PRMS, listed in table 1.5, 

are described in detail in Markstrom and others (2015). The 
control_HW file is the PRMS control file that defines the 
module choices and input file names for the byHWobs calibra-
tion. For this example, the precip_module and temp_module 
are defined as being climate_hru. This means the climate files 
are input as climate-by-hru (cbh) files. In this example, the 
file is reading daily precipitation accumulation, in inches, and 
minimum and maximum temperature, in degrees Fahrenheit, 
from the prcp.cbh, tmin.cbh, and tmax.cbh files, respectively. 
The PRMS control file for this example is set up to perform 
Muskingum routing using the muskingum_mann module.

Table 1.4.  Output files from the byHW calibration procedure.

[####, headwater number; PRMS, Precipitation-Runoff Modeling System; AET, actual evapotranspiration; RCH, recharge; RUN, runoff; SCA, snow-covered 
area; SOM, soil moisture; HRU, hydrologic response unit]

File name File description

Calibration Parameter Values

RND1_STEP1_finalSCE_####

Initial and final parameter values for each Round (RND) and step of the calibration 
procedure for a headwater watershed (####)

RND1_STEP2_finalSCE_####
RND1_STEP3_finalSCE_####
RND1_STEP4_finalSCE_####
RND2_STEP1_finalSCE_####
RND2_STEP2_finalSCE_####
RND2_STEP3_finalSCE_####
RND2_STEP4_finalSCE_####
RND3_STEP1_finalSCE_####
RND3_STEP2_finalSCE_####
RND3_STEP3_finalSCE_####
RND3_STEP4_finalSCE_####

  Final Parameter Values

FINALparams_#### Final PRMS parameter file
  Calibration Summary File

RESULTS/SUMMARY_#### Summarizes the mean calibrated parameter values for every round and step of the 
calibration. Followed by a summary of the Objective Functions.

  Calibration Comparison Files

AET_HRU#

These files contain the date and range of the baseline and corresponding PRMS simu-
lated value for each HRU in a given headwater watershed.

RCH_HRU#
RUN_HRU#
SCA_HRU#
SOM_HRU#
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The initial parameter values for the byHWobs calibration 
are in the XfromHW_params file. This file needs to be copied 
from the Part 2 byHW calibration (FINALparams_####, 
where #### is the headwater watershed number). The PRMS 
executable expects a PRMS data file. This is supplied by 
the Bandit pull (sf_data) but is not used in this byHWobs 
calibration, since a file needs to be supplied for the PRMS 
executable to run.

Calibration Code and Associated Files for the 
byHWobs Calibration

The byHWobs calibration code is written in Fortran 
and consists of four programs that can be found in the 
FORTRANfiles directory: SCE_setupBYhw_withOBS.f, SCE.f, 
PRMSobjfun_withOBS.f, and concatPARAM_withOBS.f. 
These programs are compiled for a Linux machine using the 
script compile_byHWobs.sc, which makes the executable 
byHWobs.run.

The executable byHWobs.run expects the following 
input files:

(1)	 HW_calibration.info: lists the PRMS-parameter infor-
mation needed to run the byHWobs calibration. The first 
line of this file is a header line. The HW_calibration.info 
file contains four columns; only the first three columns 
are used. Column 1 contains the PRMS parameter name 
to be calibrated. Columns 2 and 3 indicate the minimum 
and maximum range that a given parameter can vary 
during the calibration. Column 4 specifies the step of 
the calibration procedure during which the parameter of 
interest is calibrated. This file can be altered by remov-
ing or adding parameters.

(2)	 fromHW.SUMMARY: this contains the final calibrated 
parameters from the byHW calibration (copied from the 
STEP4_finalSCE_#### file in the byHW directory).

(3)	 GAGEareas: this contains descriptive information for 
USGS streamgages. Column 1 indicates which headwa-
ter watershed the streamgage is in. Column 2 lists the 
streamgage station number. Column 3 indicates whether 
the streamgage is considered a reference-quality (Ref) or 
non-reference-quality (NonRef) streamgage according to 
the classification by Falcone (2011). Column 4 gives the 
disturbance index for each streamgage as computed by 
Falcone (2011). Column 5 lists the streamgage drain-
age area as listed in the National Water Information 
System (NWIS). Column 6 lists the drainage area as 
calculated from the NHM infrastructure geospatial fabric 
(Viger and Bock, 2014).

(4)	 GAGEuse: this file lists any streamgages that should 
not be used in the objective function calculations. This 
file can be empty.

(5)	 HW####_Q########: this file contains the observed 
streamflow for the streamgage specified in the file name 
by Q########.

(6)	 HWgage_info: this file contains descriptive informa-
tion from NWIS for each streamgage such as streamgage 
identification number, latitude, longitude, altitude, drain-
age area, and contributing drainage area.

Execution of the byHWobs Calibration
The byHWobs calibration requires all the files in table 1.5 

to be in a single directory. The RESULTS directory should be 
empty. The Fortran code can be moved to another directory as 
long as the executable remains in place. The byHW calibration 
will need to have been run prior to running the byHWobs 
calibration for a headwater watershed, since the byHWobs 
procedure uses output from that byHW calibration.

To run the byHWobs calibration on a Linux machine, the 
command is:
./byHWobs.run 0077
where 0077 is the 4-character number of the headwater 
watershed being calibrated. Note the program expects a 4-digit 
value, so a watershed with an identification number less than 
1,000 must be entered with the leading zeros.

All outputs from the byHWobs calibration are written 
in the HW#### directory. Table 1.6 lists and describes the 
outputs from a byHWobs calibration. The Parameter Values 
file (finalSCE_####) contains the initial and final parameter 
values (mean value for all HRUs in a given headwater 
watershed). The final PRMS parameter file is written to 
FINALparams_####, where #### is the 4-character headwater 
watershed identification. The simulated and observed 
streamflow can be found in the byHW_GAGE######## 
file for each calibrated streamgage. The stats_#### contains 
the following information for each calibrated streamgage: 
streamgage number, NWIS drainage area, geospatial fabric 
drainage area, number of observations available for calibra-
tion, objective function weighting factors based on the number 
of observations (weightNUM), drainage area (weight), and 
drainage area discrepancies (factor), Nash-Sutcliffe Efficiency 
value using actual values, and Nash-Sutcliffe Efficiency value 
using log-transformed values. The final PRMS output file, csv, 
contains the simulated streamflow at each streamgage that is 
identified in the parameter file (poi_gage_id).
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Table 1.6.  Output files from the byHWobs calibration procedure.

[PRMS, Precipitation-Runoff Modeling System; ####, headwater watershed identification; ########, streamgage number]

File type File name File description

Parameter values finalSCE_#### Initial and final PRMS parameter values for a given headwater (####)
Final parameter values FINALparams_#### Final PRMS parameter file for a given headwater (####)
Simulated and measured streamflow byHW_GAGE######## Contains the daily measured and simulated streamflow for each 

streamgage (########) in a headwater watershed
Calibration summary file Stats_#### Contains the final summary information from the byHWobs calibra-

tion for a headwater watershed (####)
Final PRMS output file prms_summary.csv PRMS output file that contains simulated streamflow for each 

streamgage listed in the PRMS parameter file (PRMS parameter 
poi_gage_id)

Table 1.5.  Files needed for the byHWobs calibration procedure.

[PRMS, Precipitation-Runoff Modeling System; cbh, climate by hydrologic response unit; NWIS, National Water Information System; HW####, headwater 
watershed number; Q########, streamgage station number]

File name File description

  PRMS Input Files (see Markstrom and others [2015] for further details)

control_HW PRMS control file for the byHWobs calibration. This file is configured to use Muskingum 
streamflow routing.

prcp.cbh Daily precipitation (inches) input data in cbh format
tmax.cbh Daily maximum air temperature (degrees Fahrenheit) input data in cbh format
tmin.cbh Daily minimum air temperature (degrees Fahrenheit) input data in cbh format
XfromHW_params PRMS parameter file, copied from the byHW calibration (FINALparams_####)
sf_data PRMS master data file containing measured streamflow for all streamgages located with a 

headwater watershed
  Fortran code files for the byHRU calibration

SCEmusk_setupBYhw_withOBS.f Setup for byHWobs calibration
SCE.f Shuffled Complex Evolution optimization procedure
PRMSobjfun_withOBS.f Objective function calibration
concatPARAM_withOBS.f Parameter file configuration

  Shell scripts

compile_byHWobs.sc Script to compile Fortran code (makes the byHW.run file)
  Executable files

byHWobs.run Calibration procedure executable
prmsNHM.exe PRMS model executable

  byHW calibration input files

HW_calibration.info Description of parameters and methods used for calibration by the byHW.run file
fromHW.SUMMARY Final parameter values from the byHW calibration (STEP4_finalSCE_####)
GAGEareas File containing information about streamgages in each headwater watershed: headwater number, site 

number, reference gage designation, disturbance index, NWIS drainage area, model drainage area
GAGEuse File indicating streamgages that are not to be used in the calibration (may be empty if all 

streamgages in a headwater watershed are to be used)
HW####_Q######## Measured streamflow data for each streamgage to be calibrated. HW#### is the headwater number 

and Q######## is the streamgage number
HWgage_info File containing descriptive information for the streamgages in the headwater watershed: site number, 

latitude, longitude, altitude, drainage area, and contributing drainage area
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Appendix 2.  Documentation of the muskingum_mann Streamflow Routing 
Module for the Precipitation-Runoff Modeling System

Introduction
This appendix documents the new U.S. Geological 

Survey (USGS) Precipitation-Runoff Modeling System 
(PRMS) streamflow routing option, muskingum_mann, 
which is the routing option based on the Muskingum storage-
routing method. This new routing option builds off the 
existing muskingum routing module included in the PRMS. 
Previous versions of PRMS are documented in Leavesley 
and others (1983, 1996), and Markstrom and others (2008, 
2015). This module updates the existing muskingum routing 
module in PRMS with new travel-time parameters derived 
from geomorphologic characteristics (Linsley and others, 
1982). The existing version of PRMS streamflow routing, 
muskingum, is still available as an option. That option uses 
travel time as a user-derived parameter for each segment 
(K_coef) and is documented in Markstrom and others 
(2015). There are no new output variables in the new routing 
module beyond those available in the existing muskingum 
option; all output variables have been previously documented 
in Markstrom and others (2015).

Streamflow Routing Module—
muskingum_mann

To accommodate the use of common river characteristics 
(for example, channel width, depth, and roughness) in the 
computation of in-stream travel times using the Muskingum 
storage-routing method in the PRMS, a new routing module 
called muskingum_mann was developed. This algorithm is 
very similar to the existing muskingum routing module, with 
the primary difference being the computation of the travel-
time coefficient (K_coef) based on channel characteristics 
instead of being specified directly. In the muskingum routing 
method, each segment has a constant travel-time value for the 
simulation, regardless of discharge magnitude in the stream 
segment. That same simplifying assumption is included in 
the muskingum_mann routing option. The muskingum_mann 
option depends on user-specified parameter values of bankfull-
discharge average depth, length, slope, and the Manning’s 
roughness coefficient for each stream segment in the model 
application. Manning’s equation (eq. 2.1) is then used to 
compute velocity as follows:

	​ V ​ =   ​  k _ n​ × ​R​​ 2/3​ × ​S​​ 1/2​​,� (2.1)

where	

	 V	 is average velocity in the stream channel;
	 k	 is conversion factor between International 

System of Units (SI) and U.S. customary 
units (k = 1.0 for SI; k = 1.49 for U.S. 
customary units);

	 n	 is Manning’s roughness coefficient;
	 R	 is hydraulic radius; and
	 S	 is stream segment slope.

The average velocity in the stream channel and the segment 
slope are then used to compute the segment travel-time coef-
ficient, K_coef.

Streamflow Routing Simulation Input and Output

Several new PRMS parameters are required when the 
muskingum_mann routing option is specified: segment depth 
(seg_depth), length (seg_length), slope (seg_slope), and 
Manning’s roughness coefficient (mann_n; see table 2.1). 
Segment depth is computed using the regional regression 
models developed by Blackburn-Lynch and others (2017) for 
the hydrologic landscape regions derived by U.S. Geological 
Survey (1998) and is shown in equation 2.2 as follows:

	​​ D​ bkf​​ ​ =  j × ​A​ w​​ ​​​​ k​​,� (2.2)

where
	 Dbkf	 is bankfull discharge average depth, in meters;
	 j	 is empirically derived regional coefficient;
	 Aw	 is basin drainage area, in square 

kilometers; and
	 k	 is empirically derived regional exponent.

Segment length, including the vertical drop along the 
segment, and segment slope are computed using a digital 
elevation model (DEM) and a geographic information system 
such as ArcMap. Manning’s roughness coefficient is computed 
using the method in Bray (1979), which is based on stream-
channel slope (eq. 2.3).

	​ n ​ =  0.1 × ​S​​ 0.18​​,� (2.3)

where
	 n	 is Manning’s roughness coefficient;
	 S	 is bed slope of the stream segment.

The streamflow routing option is activated by setting 
the strmflow_module parameter to muskingum_mann in the 
PRMS control file and by adding the parameters in table 2.1 to 
the PRMS parameter file.
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Streamflow Routing Computations

Simplifications to the computation of the hydraulic radius 
assume that the stream channel is approximately rectangular, 
and the segment depth is much less than segment width. 
Incorporating those simplifications, the hydraulic radius of 
each stream segment is estimated in equation 2.4 as:

	​​

hydraulic _ radius 

​  ≅ ​ 
seg _ width  ×  seg _ depth

   _________________________   seg _ width +  2  ×  seg _ depth​​   

≅  seg _ depth

  ​​,� (2.4)

where
	 seg_width	 is the segment width in meters; and
	 seg_depth	 is the segment average depth, in meters.

Using Manning’s equation (in SI), equations 2.5 and 2.6 show 
the computation of bankfull velocity and travel-time K_coef, 
respectively:

	​​
velocity ​ =   ​ 

discharge
  ___________________  cross _ sectional _ area ​​   

=   ​  1 _ mann _ n​   ×   ​√ 
_

 seg _ slope ​   ×  seg _ dept ​h​​ ​2 _ 3​​
​​,� (2.5)

where
	 mann_n		  is the Manning’s roughness coefficient;
	 seg_slope		  is the average segment slope; and
	 seg_depth 		  is the segment average depth in meters.

	​ K _ coef  ​ = ​  
seg _ length

  ______________  3600  ×  velocity​​,� (2.6)

where
	 K_coef	 is the bankfull streamflow travel time, in 

hours; and
	seg_length	 is the segment length in meters.

Since only equations 2.5 and 2.6 are used in the module 
code, seg_width is not an input parameter under the musk-
ingum_mann option (neither is K_coef). The K_coef values are 
computed in the initialization of the routing module and are 
not changed throughout the simulation.
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