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1. EXECUTIVE SUMMARY

There is growing concern about the potential effects of climate change on water resources.

The 2007 Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC)
states that warming of the climate system is now unequivocal (IPCC, 2007). Regionally variable
changes in the amount and intensity of precipitation have also been observed in much of the U.S.
(Groisman et al., 2005). Climate modeling experiments suggest these trends will continue
throughout the 21st century, with continued warming accompanied by a general intensification
of the global hydrologic cycle (IPCC, 2007; Karl et al., 2009). Water and watershed systems are
highly sensitive to climate. In many areas, climate change is expected to exacerbate current
stresses on water resources from population growth and economic and land-use change,
including urbanization (IPCC, 2007). Responding to this challenge requires an improved
understanding of how we are vulnerable, and the development of strategies for managing climate
risk.

This report describes watershed modeling in 20 large, U.S. drainage basins (6,000-27,000 mi’) to
characterize the sensitivity of U.S. streamflow, nutrient (N and P) loading, and sediment loading
to a range of potential mid-21st century climate futures, to assess the potential interaction of
climate change and urbanization in these basins, and to improve our understanding of
methodological challenges associated with integrating existing tools (e.g., climate models,
downscaling approaches, and watershed models) and datasets to address these scientific
questions. Study areas were selected to represent a range of geographic, hydroclimatic,
physiographic, and land use conditions together with practical considerations such as the
availability of data to calibrate and validate watershed models. Climate change scenarios are
based on mid-21* century climate model projections downscaled with regional climate models
(RCMs) from the North American Regional Climate Change Assessment Program (NARCCAP)
and the bias-corrected and spatially downscaled (BCSD) data set described by Maurer et al.
(2007). Urban and residential development scenarios are based on EPA’s national-scale
Integrated Climate and Land Use Scenarios (ICLUS) project (U.S. EPA, 2009d). Watershed
modeling was conducted using the Hydrologic Simulation Program-FORTRAN (HSPF) and Soil
and Water Assessment Tool (SWAT) watershed models.

Climate change scenarios based on global climate model (GCM) simulations in the NARCCAP
and BCSD datasets show a continued general warming trend throughout the nation over the next
century, although the magnitude of the warming varies from place to place. Wetter winters and
earlier snowmelt are likely in many of the northern and higher elevation watersheds. Changes in
other aspects of local climate such as the timing and intensity of precipitation show greater
variability and uncertainty. ICLUS urban and residential development scenarios show continued
growth in urban and developed land over the next century throughout the nation with most
growth occurring in and around existing urban areas. Model simulations of watershed response
to these changes provide a national scale perspective on the range of potential changes in
streamflow and water quality in different regions of the nation. Simulations evaluating the
variability in watershed response using different approaches for downscaling climate data and
different watershed models provide guidance on the use of existing models and datasets for
assessing climate change impacts. Key findings are summarized below.
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There is a high degree regional variability in the model simulated responses of different
streamflow and water quality endpoints to a range of potential mid-21st century climatic
conditions throughout the nation. Comparison of watershed simulations in all 20 study areas
for the 2041-2070 time horizon suggests the following hydrologic changes may occur:

e Potential flow volume decreases in the Rockies and interior southwest, and increases in
the east and southeast coasts.

e Higher peak flows will increase erosion and sediment transport; loads of nitrogen and
phosphorus are also likely to increase in many watersheds.

e Streamflow responses are determined by the interaction of changes in precipitation and
evapotranspiration; nutrient and sediment loads are generally correlated with changes in
hydrology.

The simulated responses of streamflow and water quality endpoints to climate change
scenarios based on different climate models and downscaling methodologies in many cases
span a wide range and sometimes do not agree in the direction of change. The ultimate
significance of any given simulation of future change will depend on local context, including the
historical range of variability, thresholds and management targets, management options, and
interaction with other stressors. The simulation results in this study do, however, clearly illustrate
that the potential streamflow and water quality response in many areas could be large. Given
these uncertainties, successful climate change adaptation strategies will likely need to encompass
practices and decisions to reduce vulnerabilities and risk across a range of potential future
climatic conditions.

Simulated responses to urban development scenarios were small relative to those resulting
from climate change in this study. This is likely due to the relatively small changes in
developed lands as a percent of total watershed area at the large spatial scale of watersheds in
this study. At the finest spatial scale evaluated in this study, that of an 8 digit HUC, urban and
residential growth scenarios represented changes on the order of <1 to about 12 percent of total
watershed area. As would be expected, such small changes in development did not have a large
effect on streamflow or water quality. It is well documented, however, that urban and residential
development at higher levels can have significant impacts on streamflow and water quality. At
smaller spatial scales where changes in developed lands represent a larger percentage of
watershed area the effects of urbanization are likely to be greater. The scale at which
urbanization effects may become comparable to the effects of a changing climate is uncertain.

Simulation results are sensitive to methodological choices such as different approaches for
downscaling global climate change simulations and use of different watershed models.
Watershed simulations in this study suggest that the variability in watershed response resulting
from a single GCM downscaled using different RCM models can be of the same order of
magnitude as the ensemble variability between the different GCMs evaluated. Watershed
simulations using different models with different structures and methods for representing
watershed processes (HSPF and SWAT in this study) also resulted in increased variability of
outcomes. SWAT simulations accounting for the influence of increased atmospheric CO, on
evapotranspiration significantly affected results. One notable insight from these results is that, in
many watersheds, increases in precipitation amount and/or intensity, urban development, and
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atmospheric CO; can have similar or additive effects on streamflow and pollutant loading, e.g., a
more flashy runoff response with higher high flows and lower low flows.

Next steps. This study is a significant contribution to our growing understanding of the complex
and context dependent relationships between climate change, urban development, and water
throughout the nation. It is only an incremental step, however, towards fully addressing these
questions. Limitations of model simulations in this study include:

e Several of the study areas are complex, highly managed systems; all infrastructure and
operational aspects of water management are not represented in full detail.

e Changes in agricultural practices, water demand, other human responses, and natural
ecosystem changes such as the prevalence of forest fire or plant disease that will
influence streamflow and water quality are not considered in this study.

e Watershed simulations are constrained by the specific climate change and urban
development scenarios used as input to watershed models; scenarios represent a plausible
range but are not comprehensive of all possible futures.

e The models used in this study each require calibration, and the calibration process
inevitably introduces potential biases related to the approach taken and individual
modeler choices.

Further study is required to fully address the implications of these and other questions.



2. INTRODUCTION

It is now generally accepted that human activities including the combustion of fossil fuels and
land-use change have resulted, and will continue to result in long-term changes in climate (IPCC,
2007; Karl et al., 2009). The 2007 Fourth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC) states that “warming of the climate system is unequivocal, as is now
evident from observations of increases in global average air and ocean temperatures, widespread
melting of snow and ice and rising global average sea level” (IPCC, 2007). Regionally variable
changes in the amount and intensity of precipitation have also been observed in much of the U.S.
(Groisman et al., 2005). Climate modeling experiments suggest these trends will continue
throughout the 21 century, with continued warming accompanied by a general intensification of
the global hydrologic cycle (IPCC, 2007; Karl et al., 2009). While significant uncertainty
remains, particularly with respect to precipitation changes at local and regional spatial scales, the
presence of long-term trends in the record suggests many parts of the U.S. could experience
future climatic conditions unprecedented in recent history. Such changes challenge the
assumption of climate stationarity that has provided the foundation for water management for
decades (e.g., Milly et al., 2008).

Water and watershed systems are highly sensitive to changes in climate. Air temperatures are
anticipated to increase throughout most of the nation. Warmer air temperatures can result in
increased evaporation from soils and surface water; changes in the dynamics of snowfall and
snowmelt affecting runoff; changes in land cover affecting pollutant loading and watershed
biogeochemical cycling. Warming air temperatures are also likely to cause warming of rivers and
lakes with cascading effects on individual species, community composition, and water quality.
Such changes together with decreased precipitation could contribute to more regions
experiencing drought. Precipitation changes are more regionally variable and not as well
understood. Generally, runoff is projected increase at higher latitudes and in some wet tropical
areas, and decrease over dry and semi-arid regions at mid-latitudes due to decreases in rainfall
and higher rates of evapotranspiration (IPCC, 2007). Northern and mountainous areas that
receive snow in the winter are likely to see increased precipitation occurring as rain versus Snow.
In addition, most regions of the U.S. are expected to experience increasing intensity of
precipitation events, i.e., the fraction of total precipitation occurring in large magnitude events,
due to a warming induced general intensification of the global hydrologic cycle. Precipitation
changes can result in hydrologic effects including changes in amount and seasonal timing of
streamflow, changes in soil moisture and groundwater recharge, changes in land cover watershed
biogeochemical cycling, changes in non-point pollutant loading to water bodies, and increased
demands on water infrastructure including urban stormwater and other engineered systems.
Regions exposed to increased storm intensity could experience increased coastal and inland
flooding.

Climate change is expected to exacerbate current stresses on water resources from population
growth and economic and land-use change, including urbanization (IPCC, 2007). Some systems
and regions are likely to be more affected by climate change than others. The effects of climate
change in different regions of the country will vary due to differences in the type of climate
change, watershed physiographic setting, and interaction with local scale land-use, pollutant
sources, and human use and management of water. At the national scale, a relatively large
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literature exists concerning the potential effects of climate change on water quantity. Less is
known about the potential effects of climate change on water quality and aquatic ecosystems.
Earlier studies illustrate the sensitivity of stream nutrients, sediments, and flow characteristics of
relevance to aquatic species and ecosystems to potential changes in climate (e.g., see Poff et al.,
1996; Williams et al., 1996; Wilby et al., 1997; Longfield and Macklin, 1999; Murdoch et al.,
2000; Monteith et al., 2000; Chang et al., 2001; Bouraoui et al., 2002; and SWCS, 2003). A
review (Whitehead et al., 2009) details progress on these questions but emphasizes that still
relatively little is known about the link between climate change and water quality.

Water managers are faced with important questions concerning the implications of long-term
climate change for water resources. U.S. EPA’s National Water Program Strategy: Response to
Climate Change outlines a series of key actions to ensure the continued success of core programs
under a changing climate (U.S. EPA, 2008). Potential concerns include risk to water
management goals including the provision of safe, sustainable water supplies, compliance with
water quality standards, urban drainage and flood control, and the protection and restoration of
aquatic ecosystems. Responding to this challenge requires an improved understanding of how we
are vulnerable, and the development of strategies for managing climate risk. Central to this is an
improved understanding of how future climate and land-use change could impact the hydrology
and water quality of major U.S. watersheds.

Despite continuing advances in our understanding of climate science and modeling, we currently
have a limited ability to predict long-term (multidecadal) future climate at the local and regional
scales needed by decision makers (Sarewitz et al., 2000). It is therefore not possible to know
with certainty the future climatic conditions to which a particular region or water system will be
exposed. In addition, water resources in many areas are also vulnerable to existing, non-climatic
stressors such as land-use change. For example, stormwater runoff from roads, rooftops, parking
lots, and other impervious surfaces in urban and suburban environments is a well-known cause
of stream degradation that is projected to continue throughout the next century. Climate change
will interact with urban development in different settings in complex ways that are not well
understood. An understanding of the extent to which changes in climate will exacerbate or
ameliorate the impacts of other stressors such as urban development is particularly important
because, in many situations the only viable management strategies for adapting to future climatic
conditions involve increased implementation, or improved methods for addressing non-climatic
stressors.

Scenario analysis using computer simulation models is a useful and common approach for
assessing vulnerability to plausible but uncertain future conditions (Lempert et al., 2006;
Sarewitz et al., 2000; Volkery and Ribeiro, 2009). Watershed models such as the Hydrologic
Simulation Program-FORTRAN (HSPF) and Soil and Water Assessment Tool (SWAT) have
been widely applied to simulate watershed response under a range of watershed and
hydroclimatic settings. Current global and regional climate models (GCMs, RCMs) are excellent
tools for understanding the complex interactions and feedbacks associated with future emissions
scenarios and identifying a set of plausible, internally consistent scenarios of future climatic
conditions. Multiple scenarios can be evaluated to capture the full range of underlying
uncertainties associated with different drivers such as future climate and land use change on
water resources. This information can be useful to developing an improved understanding of
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system behavior and sensitivity to a wide range of plausible future climatic conditions and
events, identifying how we are most vulnerable to these changes, and ultimately to guide the
development of robust strategies for reducing risk (Sarewitz et al., 2000).

2.1. ABOUT THIS REPORT

This report describes a large scale, watershed modeling effort designed to address gaps in our
knowledge of the sensitivity of U.S. streamflow, nutrient (nitrogen and phosphorus) and
sediment loading to potential mid-21* century climate change. Modeling also considers the
potential interaction of climate change with future urban and residential development in these
watersheds, and provides insights concerning the effects of different methodological choices
(e.g., method of downscaling climate change data, choice of watershed model) on simulation
results. This report documents the overall structure of this effort — including sites, methods,
models, and scenarios — and provides results for each of the study areas.

A unique feature of this study is the use of a consistent watershed modeling methodology and a
common set of climate and land-use change scenarios in multiple locations across the nation. It
should be noted that several of the study watersheds are complex, highly managed systems.
Given the difficulty and level of effort involved with modeling at this scale it was necessary to
standardize model development for efficiency. We do not attempt to represent these all

operational aspects in full detail. Simulation results are thus not intended as forecasts. Rather, the

intent of this study is to assess the general sensitivity of underlying watershed processes to
changes in climate and urban development and not to develop detailed, place-based models that
represent all management and operational activities in full detail. Potential future changes in
management and operational activities are also not considered in this study.



3. STUDY AREAS

This project evaluates watershed response to climate change in 20 large drainage basins located
throughout the contiguous U.S. and Alaska (Table 1 and Figure 1). Study areas were selected to
represent a range of geographic, physiographic, land use, and hydroclimatic settings (Table 2). A
detailed summary of current land-use and land cover in the 20 study areas is shown Table 3.
Land use summaries are based on 2001 data from the National Land Cover Dataset (NLCD). Site
selection also considered the availability of necessary data for calibration and validation of
watershed models, and opportunities for leveraging the availability of pre-existing watershed
models. Data needs for model calibration and validation include a selection of United States
Geological Survey (USGS) streamflow monitoring gages (at varying spatial scales) and an
adequate set of water quality monitoring data (e.g., USGS National Water Quality Assessment
NAWQA study areas).

The 20 study areas are of a similar scale to HUC4 basins, ranging in size from approximately
6,000 to 27,000 miz, but do not correspond exactly with established HUC 4 basins. In some cases
study areas are composed of a single, contiguous watershed. In other cases, study areas include
several adjacent but non-contiguous watersheds (e.g., separate rivers draining to the coast).
Where possible, watersheds strongly influenced by upstream dams, diversions, or other human
interventions were avoided.

Five of the 20 sites were selected as “pilot” sites. The pilot sites were assessed for a wider range
of climate and land use change scenarios than other study areas, and watershed simulations were
developed independently using both the HSPF and SWAT watershed models. The results of
simulations in the five pilot study watersheds were used to select a single watershed model and a
reduced set of climate change scenarios to be used in simulations of the non-pilot watersheds. In
addition to the general criteria for selection of study sites, the five pilot watersheds were selected
to leverage pre-existing model applications, and to span a geographic range across the country.
The study areas selected as pilot sites are the Minnesota River watershed (Minn), the
Apalachicola-Chattahoochee-Flint River watersheds (ACF), the Willamette River watershed
(Willa), the Salt/Verde/San Pedro River watershed (Ariz), and the Susquehanna River watershed

(Susq).

Table 1. Site names, ID codes, and state locations of the 20 study areas.

Site ID Watershed / Region Location
ACF (pilot site) Apalachicola-Chattahoochee-Flint Basins GA, AL, FL
Ariz (pilot site) Salt, Verde, and San Pedro River Basins AZ
CenNeb Loup/Elkhorn River Basin NE
Cook Cook Inlet Basin AK
Erie Lake Erie Drainages OH, IN, MI
GaFla Georgia-Florida Coastal Plain GA, FL




Site ID Watershed / Region Location
lllin lllinois River Basin IL, WI, IN
Minn (pilot site) Minnesota River Basin MN, SD
NewEng New England Coastal Basins MA, ME, NH
Pont Lake Pontchartrain Drainage LA, MS
RioGra Rio Grande Valley CO,NM
Sac Sacramento River Basin CA
SoCal Coastal Southern California Basins CA
SoPlat South Platte River Basin CO, WY
Susq (pilot site) Susquehanna River Basin PA, MD, NY
TarNeu Tar and Neuse River Basins NC
Trin Trinity River Basin TX
UppCol Upper Colorado River Basin CO, Ut
Willa (pilot site) Willamette River Basin OR
Yellow Powder/Tongue River Basins MT, WY




GCRP Model Areas

Figure 1. Locations of the 20 study areas.



Table 2. Summary of the 20 study areas.

. . Total Elevation Avg Avg

Pilot Location Percent | Percent | Percent . . "
Model Area Area Range (ft > Precip | Temp [ Major Cities

Status | (States) (mi?) MSL) Urban Acric. Forest (niyr) | CF)
ACF Pilot (F;LA AL, 19,258 | 0 — 4,347 9.3 21.6 48.0 54.26 63.43 Atlanta, GA
Coastal Non- Greater Los
Southern CA | pilot CA 6,978 0-11,488 | 36.4 3.9 11.3 20.21 61.2 Angeles, CA
Cook Inlet gi?or:' AK 22,223 | 0-18,882 | 0.8 0.2 24.1 28.50 | 34.16 QEChorage'

. Tallahassee,
Georgia- Non- FL: Tampa
Florida ] GA, FL 15,665 | 0-485 10.1 17.9 36.2 53.21 68.24 ’ mpa,

. pilot FL; Spring
Coastal Plain -
Hill, FL
Non- 365 — Chicago, IL;
Illinois River . IL, IN, WI | 17,004 18.1 68.1 10.3 38.25 49.00 Milwaukee,
pilot 1,183 . :
WI; Peoria, IL
Fort Wayne,
IN;
Lake Erie Ni?or:— 3:—1 IN, 11,419 233985 14.7 67.0 13.0 38.15 49.10 Cleveland,
P ' OH; Akron,
OH
New Orleans,
Lake . N_on- LA, MS 5,570 0-502 11.3 14.7 24.0 66.33 66.64 | LA, Baton
Pontchartrain | pilot
Rouge, LA
Loup/Elkhom | Non- | - 21,730 | 1089 |57 27.8 11 26.10 | 48.35 | Nomajor
Rivers pilot 4,292 cities
Mankato,
Minnesota . MN, IA, 683 — MN,
River Pilot SD 16,898 2.134 6.6 78.0 2.9 28.26 43.90 Minneapolis,
MN
Portland, ME,
New England | Non- | MA,NH, | 1555 | o_5420 | 165 5.6 63.7 4845 | 46.23 | Greater
Coastal pilot ME
Boston, MA
Powder/ .
Tongue Non- | v wy | 18,720 | 2291~ | o5 16 10.0 17.70 | 4415 | Nomajor
Ri pilot 13,138 cities
ivers
Santa Fe,
Rio Grande Non- 4,726 — NM;
Valley pilot NM, CO 15,316 14173 2.8 5.9 43.7 15.18 44,71 Albuguerque,
NM
Sacramento Non- 17 - Chico, CA;
River pilot CA 8,315 10,424 4.3 50.2 22.4 37.47 57.45 Reading, CA
Salt/Verde/ 1918 — Flagstaff, AZ;
San Pedro Pilot AZ 14,895 ; 1.2 0.2 41.8 19.67 56.81 | Sierra Vista,
: 11,407
Rivers AZ
Fort Collins,
SouthPlatte | Non- | oq \yy | 14508 | 4291= |74 18 23.7 16.82 | 43.46 | CO; Denver,
River pilot 14,261 co
Scranton,
Susque- . PA, NY, PA;
hanna River Pilot MD 27,491 | 0-3,141 7.4 27.0 61.1 41.30 48.26 Harrisburg,
PA
Raleigh, NC;
Tar/Neuse Non- 0-854 Durham, NC;
Rivers pilot NC 9,821 9.4 28.6 335 49.91 59.91 Greenville,
NC
Trinity River :;‘”c’ont' 4 13119 | 072150 | 1556 37.7 22.4 4065 | 64.78 | Dallas, TX
Upper ) _ Grand
Colorado N | cout |12 | 153 1.4 43 54.0 16.36 | 41.73 | Junction, CO;
River P ' Edwards, CO
Willamette Portland, OR,;
Ri Pilot OR 11,203 | 0-10,451 | 7.2 20.7 56.2 58.38 51.19 | Salem, OR;
iver
Eugene, OR

Note: Precipitation and temperature are averages over the weather stations used in simulation for the modeling
period (approximately 1970 — 2000, depending on model area).
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Table 3. Current (2001) land use and land cover in the 20 study areas.
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ACF
19,258 185 | 035 | 931 |47.96 | 964 |9.12 12.44 7.28 2.04 0.00
Coastal 6,978 055 | 058 |035 |11.31 | 46.94 | 0.93 2.99 20.87 15.48 0.00
Southern CA
Cook Inlet 22,223 255 | 1899 | 759 | 24.12 | 38.06 | 0.05 0.11 0.58 0.24 7.71
Georgia-
Florida 15,665 077 | 020 | 2464 |36.17 | 10.20 | 6.48 11.42 7.90 2.22 0.00
Coastal Plain
llinois River | 42 404 1.86 | 010 | 144 |1026 | 013 | 554 62.55 11.91 6.19 0.00
Lake Erie 11,419 1.03 | 010 | 270 | 1297 | 150 | 569 61.35 11.19 3.46 0.00
Lake Pont- 5,570 306 | 037 |3174 | 2401 | 1483 | 1044 | 425 8.36 2.95 0.00
chartrain
Loup/
Elkhorn 21,730 082 | 006 |314 |107 |e442]|115 26.60 2.37 0.37 0.00
Rivers
gi'\r/‘gfsma 16,898 297 | 010 | 490 |28 |463 |585 72.14 5.51 1.05 0.00
gﬁ/ﬁ:ﬁar 9,821 456 | 021 | 1373 | 3353 | 9.99 | 7.32 21.26 7.69 1.70 0.00
New England | 4 555 406 | 044 | 759 | 6366 |216 | 452 1.10 10.88 5.59 0.00
Coastal
Powder/
Tongue 18,729 008 | 066 |169 | 1004 | 8550 | 0.58 0.98 0.40 0.08 0.00
Rivers
\Fjgflga”de 15,316 039 | 129 |260 | 4368 |43.35 506 0.83 2.14 0.68 0.00
gﬁgfmemo 8,315 053 | 048 | 199 | 2239 | 2013|3051 | 1966 3.59 0.73 0.00
Salt/Verde/S
an Pedro 14,895 0.16 | 030 | 027 | 4184 |56.05 | 0.07 0.12 1.01 0.19 0.00
Rivers
2.%:::1 Platte | 1/ 508 087 | 103 |228 |2374 | 46.31 | 1.50 16.53 5.03 2.07 0.63
Susque- 27,491 114 | 036 | 124 |6112 | 180 | 17.13 0.83 5.87 1.50 0.00
hanna River
Trinity River | 45 149 510 | 046 | 1066 | 2244 | 506 | 2812 | 9.58 12.88 5.70 0.00
Upper
Colorado 17,772 0.48 | 369 | 165 |53.96 |33.88 |3.17 1.11 1.03 0.38 0.65
River
\Q/iclearmette 11,203 08 |09 |178 |56.18 | 1232|1255 |8.16 4.70 2.50 0.00

*Developed pervious land includes the pervious portion of open space and low, medium, and high density land uses.
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3.1. DESCRIPTION OF STUDY AREAS

3.1.1. Apalachicola-Chattahoochee-Flint (ACF) River Basin (Pilot Study Area)

The Apalachicola-Chattahoochee-Flint (ACF) River basin is located in Georgia, Alabama, and
Florida (Figure 2). The Chattahoochee and Flint Rivers merge to form the Apalachicola River,
which flows through the panhandle of Florida into the Apalachicola Bay and into the Gulf of
Mexico. The study area consists of 12 of the 13 HUCS8s that make up HUC 0313 (excluding one
small, separate coastal drainage), with a total area of 19,869 mi’.

Approximately 64 percent of the basin is forested. Approximately 25 percent of these forests are
timberlands used for manufacturing wood products. Agricultural land represents a mix of
cropland, pasture, orchards, and areas of confined feeding for poultry and livestock production.
The dominant agricultural land use in the Piedmont Province is pasture and confined feeding for
dairy or livestock production. Most of the poultry operations in the ACF River basin are
concentrated in the upper part of the Chattahoochee River basin. Row-crop agriculture, orchards,
and silviculture are most common in the Coastal Plain areas. Common crops in the watershed
include peanuts, corn, soybeans, wheat, and cotton. The largest concentration of urban land in
the basin is in the Atlanta area. Nearly 90 percent of the total population in the basin lives in
Georgia, and nearly 75 percent live in the Atlanta metropolitan area.

The ACF River basin is characterized by a warm and humid, temperate climate. Precipitation is
greatest in the mountains and near the Gulf of Mexico, lowest in the center of the basin. Average
annual precipitation in the basin is about 55 inches, but ranges from a low of 45 inches in the
east-central part of the basin to a high of 60 inches in the Florida panhandle. Throughout the
ACEF River basin, low flows usually occur from September to November and peak flows usually
occur from January to April when rainfall is high and evapotranspiration is low.

The basin is underlain by five major aquifer systems. The aquifers include the Floridan aquifer
system, which is one of the most productive aquifers in the world and underlies about 100,000
mi® in Florida, southern Alabama, southern Georgia, and southern South Carolina. Basin
hydrology is influenced by 16 reservoirs, 13 of which are on the Chattahoochee River. These
reservoirs play a major role in controlling flow and influencing the quality of water in the basin.

12
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Figure 2. Apalachicola-Chattahoochee-Flint (ACF) River basin.
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3.1.2. Minnesota River Basin (Pilot Study Area)

The Minnesota River (HUC 0702) constitutes 12 HUCSs, covering 16,901 mi’, predominantly in
the Western Corn Belt ecoregion (Figure 3). The Minnesota River Basin is located primarily in
southern Minnesota with headwaters in South Dakota and is tributary to the Upper Mississippi
River. Major cities include Mankato and Minneapolis, MN.

Precipitation, evapotranspiration, and air temperature exhibit a gradient from southwest to
northeast, with a warmer, wetter climate to the southeast and a colder, drier climate to the
northwest. Topography is flat to gently rolling, except in the area of the high bluffs adjoining the
Minnesota River mainstem, created by glacial runoff. The dominant land use in the watershed is
row crop agriculture (72 percent; mostly in corn / soybean rotation), with another 6 percent in
pasture and hay. The surficial geology of the watershed consists of glacial till, moraines, and lake
deposits and in its natural state was poorly drained with numerous lakes and wetlands. This
topography was largely drained to establish agriculture and the use of tile drainage is now
prevalent in the watershed.

The maximum streamflow occurs in spring and early summer as a result of rain and melting
snow. Streamflow variation is greatest during late summer and fall, when precipitation ranges
from drought conditions to locally heavy rains. Streamflow varies least during winter, when
groundwater discharge to streams is dominant. Flow from the upper portions of the Minnesota
River is influenced by Lac qui Parle, a U.S. Army Corps of Engineers impoundment of the
Minnesota River near Montevideo, MN.

Water quality in the basin is affected by agricultural activities and point sources. The
combination of extensive corn production and tile drainage results in a high risk of nitrogen
export. Erosion, sedimentation, and turbidity problems are also frequent in the basin; however,
analysis of radionuclide data suggests that only about a third of the sediment transported in
stream channels is derived from upland sheet and rill erosion, with the remainder coming from
gullies (often associated with tile drain outfalls), bank erosion, and bluff collapse.
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Figure 3. Minnesota River watershed.
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3.1.3. Salt/Verde/San Pedro River Basin (Pilot Study Area)

The Central Arizona watersheds include areas dominated by ephemeral streams and significant
impoundments. The selected model area includes perennial portions of the Salt and Verde River
basins (in HUC 1506) that lie upstream of major impoundments, along with the San Pedro River
(HUC 1505), for a total of 10 HUC8s with an area of 16,128 mi’ (Figure 4 and Figure 5).

Land cover is primarily desert scrub and rangeland at low elevations with sparse forest at higher
elevations (USGS, 2004; Cordy et al., 2000). The two major population centers of Arizona,
Phoenix and Tucson, are located just downstream of the model area, while portions of Flagstaff,
Prescott, and several smaller towns are within the Verde River watershed. Population growth is
resulting in increasing demands on the limited water resources of the area. The climate is arid to
semiarid and is characterized by variability from place to place as well as large differences in
precipitation from one year to the next. Precipitation can be three times greater in wet years than
in dry years.

The Verde and Salt River watersheds are in the Central Highlands hydrologic province,
characterized by mountainous terrain with shallow, narrow intermountain basins. Forests and
rangeland cover most of the area with limited areas of agriculture. Perennial streams derive their
flow from mean annual precipitation of more than 25 inches in the mountains. The San Pedro
watershed is in the Basin and Range Lowlands hydrologic province, characterized by deep,
broad alluvial basins separated by mountain ranges of small areal extent characterize this
hydrologic province. There is very little natural streamflow because of an average annual rainfall
of less than 10 to 15 inches except at the highest elevations. With the exception of some small,
higher elevation streams and sections of the San Pedro River supported by regional groundwater
discharge, most perennial streams in the Basin and Range Lowlands are dependent on treated
wastewater effluent for their year-round flow. Rangeland is the predominant land use in the
Basin and Range Lowlands. Because of the general lack of surface water resources in the Basin
and Range Lowlands, groundwater is relied upon heavily to meet agricultural and municipal
demands. More than 50 percent of the water used in the CAZB is groundwater, which is often
the sole source available.
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3.1.4. Susquehanna River Basin (Pilot Study Area)

The entire Susquehanna River basin (upper and lower) was modeled for consistency with
ongoing efforts by the Chesapeake Bay Program (Figure 6). The Susquehanna River drains about
27,500 mi’ in the states of New York, Pennsylvania, and Maryland and includes a total of 19
HUCSs in HUC 2050. The watershed makes up 43 percent of the Chesapeake Bay’s drainage
area, providing 50 percent of its freshwater flows.

The Susquehanna River basin includes three physiographic provinces: the Appalachian Plateau,
the Valley and Ridge, and the Piedmont Provinces (SRBC, 2008). The Appalachian Plateau
Province is characterized by high, flat-topped hills and deep valleys cut by the Susquehanna
River and its tributaries. The Valley and Ridge physiographic province contains steep mountains
and ridges separated by valleys. The Piedmont physiographic province consists of uplands and
lowlands. The Piedmont physiographic province generally has terrain that is gently rolling to
hilly. Sixty-nine percent of the watershed is forested. However, the well-drained areas with
rolling hills and valleys in the southern part of the basin contain most of the population and some
of the most productive agricultural land in the U.S. The population centers are located in and
around Binghamton, New York and Harrisburg, Lancaster, York, Lebanon, and Altoona,
Pennsylvania.

The Susquehanna River basin has a continental type of climate. The average annual temperature
in the basin ranges from about 44 degrees in the northern part of the basin to about 53 degrees in
the southern part. Average annual precipitation is about 40 inches over the entire basin and
ranges from 33 inches in the northern part of the basin to 46 inches in the southern part. Virtually
all the major streams experience their highest flows in March, April, and May, when melting
snows combine with spring rains. These three months account for about one-half of the yearly
runoff. Flows are lowest in these streams during the summer and early fall months, with most
streams falling to their lowest levels in September. The Susquehanna River basin is one of the
country’s most flood prone areas. Generally, floods occur each year somewhere in the basin, and
major floods can occur in all seasons of the year, and a major flood occurs on average every 13
years.

Groundwater flow maintains the base flow of perennial streams during periods of little or no
precipitation and constitutes an average of 50 percent of the flow of most streams at other times.
The use of groundwater resources in the basin is extensive. Groundwater plays a critical role in
supplying drinking water and maintaining economic viability. Outside of the major population
centers, drinking water supplies are heavily dependent on groundwater wells. Approximately 20
percent of the basin population is served by public water suppliers that use groundwater as a
source.
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3.1.5. Willamette River Basin (Pilot Study Area)

The Willamette River basin is located in northwestern Oregon. The model study area is within
HUC 1709, consisting of 11 HUC8s and covering 11,203 mi”. The Willamette River is the 13™
largest river in the conterminous U.S. in terms of streamflow and produces more runoff per unit
area than any of the larger rivers. It discharges to the Columbia River, which flows west to the
Pacific Ocean along Oregon’s northern border (Figure 7).

The basin is bordered on the west by the Coast Range, where elevations exceed 4,000 ft, and on
the east by the Cascade Range, with several peaks higher than 10,000 ft. The Willamette Valley,
with elevations near sea level, lies between the two ranges (USGS, 2001). Forested land covers
approximately 70 percent of the watershed and dominates the foothills and mountains of the
Coast and Cascade Ranges. Agricultural land, mostly cropland, comprises 22 percent of the basin
and is located predominantly in the Willamette Valley. About one-third of the agricultural land is
irrigated, and most of this is adjacent to the main stem Willamette River in the southern basin or
scattered throughout the northern valley. Urban land comprises 6 percent of the watershed and is
located primarily in the valley along the main stem Willamette River. The Willamette River
flows through Portland, Oregon’s largest metropolitan area, before entering the Columbia River.
About 70 percent of Oregon’s population lives in the Willamette basin.

The Willamette basin is characterized by cool, wet winters and warm, dry summers. About 70-80
percent of the annual precipitation falls from October through March. Most precipitation falls as
snow above about the 5,000 ft level of the Cascades; however, the Coast Range and Willamette
Valley receive relatively little snow. Mean monthly air temperatures in the valley range from
about 3-5° C during January to 17-20° C during August. Although annual precipitation averages
62 inches in the Willamette basin, topography strongly influences its distribution. Yearly
amounts range from 40-50 inches in the valley to as much as 200 inches near the crests of the
Coast and Cascade Ranges.

Streamflow in the Willamette basin reflects the seasonal distribution of precipitation, with 60-85
percent of runoff occurring from October through March, but less than 10 percent occurring
during July and August. Releases from 13 tributary reservoirs are managed for water quality
enhancement by maintaining a flow of 6,000 cfs in the Willamette River at Salem during
summer months. Flows in the lower Willamette River watershed are dominated by the effects of
13 reservoirs and their associated dams operated by the U.S. Army Corps of Engineers for water
supply, flood control, and navigation. These reservoirs control much of the runoff from the
southern and eastern mountainous portions of the watershed where precipitation and snow fall
are highest. Incorporation of the reservoirs in the model was a significant part of the model
development effort.
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3.1.6. Coastal Southern California basins

The Coastal Southern California basins encompass a land area of over 11,000 mi” located along the
southern coast of California. The modeled area includes 12 HUCS8s within HUC 1807. Major
subbasins included in this study are the Santa Clara River, Los Angeles River, San Gabriel River,
Santa Ana River, San Juan River, and Santa Margarita River (Figure 8). The Coastal Southern
California watersheds are characterized by a mild semi-arid climate with an average rainfall of
15 inches per year. The region is highly urbanized, with substantial amounts of residential,
commercial, and industrial developed land (36 percent) on flatter terrain at lower elevations; the
rugged mountains in the watershed are primarily in forest and rangeland, which together account
for 58 percent of the area.

The Santa Clara River is the largest river system in southern California that remains in a
relatively natural state. The watershed drains 1,634 mi” from its headwaters in the San Gabriel
Mountains to its mouth at the Pacific Ocean. Ninety percent of the watershed consists of rugged
mountains, ranging up to 8,800 feet high; the reminder consists of valley floor and coastal plain.
The climate in the watershed varies from moist, Mediterranean in Ventura County near the
Pacific coast to near desert at the extreme eastern boundary in Los Angeles County.

The Los Angeles and San Gabriel River watersheds are highly urbanized watersheds that
encompass 835 mi” and 640 mi’, respectively. The Los Angeles and San Gabriel Rivers both
originate in mountainous areas including a large portion of the Angeles National Forest. They
flow from the mountains into the San Fernando and San Gabriel Valleys. The rivers then
continue on over the coastal plain of Los Angeles and eventually into the Pacific Ocean. Both
rivers have been highly modified with dams (51 in the Los Angeles River watershed and 26 in
San Gabriel River watershed). Virtually the entire Los Angeles River has been channelized and
paved. The San Gabriel River is also channelized and developed for much of its length. These
modifications have resulted in a loss of habitat and human access to the rivers. Diversion of
water for use in groundwater recharge, significant discharges of sewage treatment plant
reclaimed waters, and urban runoff have dramatically changed the natural hydrology of the
rivers.

The Santa Ana River is the largest stream system in southern California and encompasses an area
of about 2,700 mi® in parts of Orange, San Bernardino, Riverside, and Los Angeles Counties.
The headwaters are in the San Bernardino Mountains, which reach altitudes over 10,000 feet.
The river flows more than 100 miles to the Pacific Ocean. The population of over 4 million
people relies on water resources that originate within the watershed as well as water imported
from northern California and the Colorado River. The Santa Ana watershed is highly urbanized
with about 32 percent of the land use residential, commercial, or industrial. Agricultural land use
accounts for about 10 percent of the watershed. Under natural conditions, the Santa Ana River
would be intermittent with little or no flow in the summer months. Groundwater is the main
source of water supply in the watershed, providing about 66 percent of the consumptive water
demand. Imported water from northern California and the Colorado River account for 27 percent
of the consumptive demand. Other sources of supply include surface water derived from
precipitation within the watershed (4 percent) and recycled water (3 percent).
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The San Juan River watershed encompasses about 500 mi®. Watershed concerns include
channelization, poor surface water quality from discharge of nonpoint sources, loss of habitat in
the floodplain, loss of riparian habitat, paving of the flood plain, decline of water supply and
flows, biodiversity loss, invasive species, surface erosion, and over use of existing resources. The
majority of the watershed is urbanized.

The Santa Margarita River watershed encompasses 750 mi’. The headwaters are on Palomar
Mountain and there are 27 miles of free-flowing river. It is the least disturbed river system south
of the Santa Ynez River in Santa Barbara County. Unlike most of the rivers of the southern coast
of California, the riparian habitat is of particularly high quality, and is essential for the protection
of waterfowl and a number of endangered plants and animals.
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3.1.7. Cook Inlet basin

The Cook Inlet stretches 180 miles (290 km) from the Gulf of Alaska to Anchorage in south-central
Alaska. The watershed draining to Cook Inlet covers 47,000 square miles east of the Aleutian Range and
south of the Alaska Range including the drainage area of Mount McKinley (Figure 9). The model area
includes seven HUCS8s within HUC 1902. The Cook Inlet watershed receives water from its tributaries
the Kenai, the Susitna and Matanuska rivers from the melting snow and ice from Mount McKinley, the
Chugach Mountains, and the Aleutian Range. Cook Inlet branches into the Knik Arm and Turnagain
Arm at its northern end, almost surrounding Anchorage.

The watershed is dominated by igneous rocks in the mountains and by continental shelf and alluvial
deposits in the lowlands. Glaciation has dramatically altered the landscape and glaciers are extensive on
the southeastern and northwestern boundaries of the watershed. Five physiographic regions — grading
from plains and lowlands to extremely high rugged mountains — are represented in the watershed.
Altitude ranges from sea level to 20,320 ft at the highest point in North America, Mount McKinley.
Rugged mountains surround Cook Inlet and include four active volcanoes on the western side of the
inlet. Precipitation is closely associated with altitude and ranges from about 15 to more than 200 inches
annually (USGS, 2008b).

Numerous river systems drain the watershed, including the Susitna, Matanuska, and Kenai Rivers. The
largest river, the Susitna, drains about half of the watershed. Most rivers have relatively small drainages
but yield large quantities of water because of substantial snowfall in the mountains. Many streams are
fed by glaciers and have different physical characteristics than streams that do not have glacial
contributions. Glacier-fed streams have periods of sustained high flow during summers and are more
turbid than streams lacking glacial contributions. Numerous wetlands and lakes also influence the
physical and chemical characteristics of streams by moderating peak flows and trapping sediment and
nutrients.

Land cover is dominated by forests (30 percent). Glaciers cover 20 percent of the area, and lakes and
wetlands cover another 12 percent. Less than 1 percent of the basin is used for agricultural purposes.
The Municipality of Anchorage dominates the urban and residential features of the basin; however, the
total urban and residential land cover is less than 1 percent of the basin. More than half of the state’s
population lives in the metropolitan Anchorage area. Expansion of suburban areas continues to the north
of Anchorage and residential density is increasing throughout the municipality. The remainder of the
basin is largely unpopulated; however, native villages exist at a number of locations.

Watersheds of the Cook Inlet basin are largely undeveloped and contain parts of four national parks

totaling about 6,300 mi’. Nearly 1,800 mi” of the Chugach National Forest and the 3,000 mi* Kenai
National Wildlife Refuge also are within the boundaries of the watershed.
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3.1.8. Georgia-Florida Coastal basins

The Georgia-Florida Coastal Plain basins model covers an area about 15,665 mi’ in portions of Georgia
and Florida. The modeled area includes 15 HUCSs in two groups, one group draining to Tampa Bay
(HUC 0310) and the remainder in southern Georgia and northwest Florida (in HUC 0311 and 0312;
Figure 10). The watershed contains an EPA ORD Ecosystems Research Area (in the Tampa Bay
drainage) and Tampa Bay is part of EPA’s National Estuary Program.

Climate in the watershed is humid subtropical and influenced by air masses from the Gulf of Mexico.
Average annual rainfall is around 45 to 53 inches per year, while the average annual temperatures is
around 70 — 72 °F. The majority of precipitation is associated with summer convective storms, and
tropical storms cross the area frequently.

The major land uses in the watershed include forest, agriculture (citrus and row crops), wetlands, urban,
and rangeland. Forested areas cover approximately 36 percent of the watershed. Much of the forest lands
are softwood pines used to manufacture paper products (facial tissue, toilet paper, hand towels, bags,
and boxes). Wetlands occupy about 25 percent of the watershed. Cultivated land covers approximately
11 percent, while developed land occupies over 10 percent of the area.

The populations of cities in the watershed increased from 10 to 30 percent between 1990 and 1999. The

largest city in the watershed is Tampa, FL. Most water used in the watershed is derived from
groundwater, primarily from the highly productive Floridan aquifer system.
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3.1.9. Upper lllinois River basin

The Illinois River is approximately 273 miles in length and is one of the major tributaries to the
Mississippi River. The Illinois River joins the Mississippi River near Grafton, IL, about 20 miles
upstream from the confluence of the Missouri and the Mississippi rivers. This study addresses the upper
portion of the basin (Figure 11), which has a drainage area of 17,004 mi* (44,040 km?®) and includes
eleven HUCS8s within HUC 0712 and HUC 0713 (Figure 11).

Within the upper portion of the basin (HUC 0712), over 80 percent of the land area is classified as part
of the Central Corn Belt Plains ecoregion. With the exception of the Chicago metropolitan area, land use
in the Central Corn Belt Plains is mostly corn and soybean cultivation for livestock feed crops and some
livestock production. The flat topography of the lower portion of the basin (HUC 0713) is in the Till
Plains Section of the Central Lowland physiographic province. The altitude of the land surface ranges
from 600 to 800 ft above sea level. The area of greatest topographic relief is along the river valley,
where topographic relief can range from 200 to 400 ft. The majority of the basin is extremely flat with
less than 20 ft of relief.

Agriculture accounts for about 63 percent of the land use in the study area. Most of the recent
urbanization is the result of development of new suburban and residential areas. Urban areas account for
about 18 percent of the land use in the basin and are mainly concentrated in the metropolitan areas in
and around Chicago. Forests cover about 10 percent of the study area and are concentrated along large-
stream riparian areas.

Wetlands now make up a relatively small amount (1 percent) of land cover, but were once a major
feature of the basin. The majority of wetlands in the basin were drained prior to the 1850°s for the
development of farmland. Remaining wetlands in the basin are mainly in riparian areas.

The climate of the Illinois River basin is classified as humid continental because of the cool, dry winters
and warm, humid summers. The average annual temperature for the UIRB ranges from 46° F in the
north of the basin to 55° F in the south of the study area. Lake Michigan has a moderating effect on
temperature near the shoreline. Average annual precipitation, including snowfall, ranges from less than
32 inches in the northern Wisconsin part of the basin to more than 38 inches near the southern and
eastern Lake Michigan shoreline in the Indiana part of the basin.

Streamflow in the study area consists of overland flow, groundwater discharge, agricultural drainage,
and point-source return flow. Local flooding generally is caused by isolated thunderstorms, whereas
widespread flooding is caused by more extensive thunderstorms that cover a wide area, by rapid
snowmelt in the spring, or by a combination of these factors. Flooding is common in the basin, in some
years resulting in significant loss of life and property.
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3.1.10. Lake Erie Drainages

Lake Erie is the eleventh largest freshwater lake in the world. About two-thirds of the contributing
watershed is in the United States, and includes portions of Michigan, Indiana, Ohio, Pennsylvania, and
New York. The model study area focuses on drainages to the southwestern portion of Lake Erie and
encompasses over 11,400 mi” in 11 HUCSs, all within HUC 0411 (Figure 12).

Situated in two major physiographic provinces, the Appalachian Plateaus and the Central Lowland, the
watershed includes varied topographic and geomorphic features that affect the hydrology. The
watershed consists of multiple independent drainages. The principal river in the study unit, the Maumee
River, drains an area of 6,608 mi?, or roughly one-third of the model study area. Other principal streams
and their drainage areas in Ohio are the Sandusky River (1,420 mi 2, the Cuyahoga River (809 mi ?), and
the Grand River (705 mi?). The land surface is gently rolling to nearly flat (Myers et al., 2000).

The majority of the land use in the model area is agriculture (61 percent). The remaining land uses are
urban land (18 percent), forest (10 percent), and open water or wetlands (3 percent). Corn, soybeans, and
wheat are the typical parts in the western part of the basin. Other agricultural land uses include pasture
and forage crops, grown predominantly in the eastern part of the basin. Forest and wetlands have been
greatly reduced in the watershed since the mid-1800s. Major urban areas in the model area include
Cleveland, Toledo, and Akron, Ohio, along with Fort Wayne, Indiana. These cities are important
industrial and manufacturing centers. Major urban centers rely on abundant supplies of water for
shipping, electric power generation, industry, domestic consumption, and waste assimilation.

Average annual precipitation across the model study area ranges from about 30 to 45 inches.
Precipitation is highest to the northeast because of lake effect. The lowest amounts of precipitation are in
the northwestern part of the basin near the Michigan border. The highest streamflows are typically in
February, March, and April, as a result of increased precipitation, cold temperatures and little vegetative
growth. The lowest streamflows are in August, September, and October. During low streamflow,
groundwater typically contributes most of the flow.

Cooling during power generation accounts for 71 percent of the water use in the watershed. Public and
domestic supply account for 17 percent, and industry and mining account for 10 percent of the total
water use. Normal precipitation is generally adequate for agriculture, so irrigation accounts for less than
1 percent of water use. Most of the major cities are near Lake Erie and Lake Saint Clair and derive their
water from the lakes or their connecting channels.
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3.1.11. Lake Pontchartrain basin

The Acadian-Pontchartrain NAWQA study area encompasses 26,408 mi” in the southern half of
Louisiana and includes downstream portions of major rivers, such as the Mississippi with drainage areas
far larger than the target size for this project. Therefore, the focus of modeling in this study was the
Pontchartrain portion of the study area, including the rivers that drain to Lake Pontchartrain and the
cities of New Orleans and Baton Rouge (Figure 13). The resulting model area encompasses over 5,500
mi’ and seven HUC8s within HUCs 0807 and 0809.

The entire model area is near sea level and frequently impacted by tropical storms from the Gulf of
Mexico. The climate is classified as humid subtropical, with an average annual temperature around 70
°F and average annual precipitation of 64 inches per year (USGS, 2002).

Ecosystems and communities in the watershed include cypress-tupelo swamp; freshwater marsh;
saltwater marsh; wet prairie; oak cheniers; bottomland hardwood forest; Piney Hills; and longleaf pine
savanna. The coastal zone of the watershed is affected by the ocean and its tides. Different wetland types
are determined by the salinity of the water in them, which may infiltrate naturally through bayous or
reach further inland through canals.

32



0N N kW

b e ek ke
OO\ WU N W — OO

Land uses include a mixture of urban and rapidly urbanizing/industrial areas (11 percent), large areas of
mixed forest and pasture (34 percent), wetlands (32 percent) and areas of rice and sugarcane crops (4
percent). Population is rapidly increasing on the north shore of Lake Pontchartrain and surrounding
Baton Rouge, causing changes in rainfall-runoff characteristics and quality. Urban streams in the Baton
Rouge area are usually channelized, and cleared of woody vegetation to speed drainage during high
water.

Surface water in the watershed includes the lower Mississippi delta and wet prairie streams as well as
upland streams. Lower Mississippi delta and wet prairie streams tend to have very slow flow, and water
can also be pushed upstream by tides or wind causing generally stagnant, backwater conditions.
Wetlands develop naturally in poorly drained areas. Streams in the uplands have a moderate flow
gradient and sandy, shifting beds that are reshaped quickly in the fast water that is usual for flood
conditions.

Modifications to flow include levees, and canals and drainage. Levees are created both naturally during

the flooding process (sediment drops out of floodwater next to the waterbody) and by man along many
bayous and rivers to reduce floods and to maintain a deeper channel for shipping.
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3.1.12. Loup/Elkhorn River basin

The Loup and Elkhorn River basins are tributary to the Platte River in the Central Nebraska NAWQA
study area (Huntzinger and Ellis, 1993). Together they include 15 HUCS8s within HUC 1021 and 1022
and cover approximately 21,500 mi” (Figure 14).

The watershed provides representation of rangeland and cropland in the Central Plains ecoregion
(Huntzinger and Ellis, 1993). The city of Omabha lies just outside the watershed. The portion of the
watershed along the eastern boundary is influenced by the Omaha suburban area and is located near the
mouth of the Platte River. Most of the water in the watershed is consumed by irrigation or used for
power generation and returned to the stream for reuse. The water used for irrigation is primarily from
groundwater. The few urban areas within the watershed, such as Lincoln and Grand Island, use
groundwater as a municipal water supply. The city of Omaha obtains part of its water supply from wells
in the Elkhorn and Platte River Valleys.

The watershed is dominated by rural areas. The land use is predominantly pasture and rangeland (64
percent) and croplands of row-cropped feed grains (27 percent). Groundwater development for irrigation
has increased the productivity of agriculture in the valleys and uplands. Large areas have soils well
suited to cultivated crops whereas other large areas are not suited to crops but to productive grasslands.
Counties that are primarily cropland agriculture without urban areas have population densities of 50
persons per square mile or less. Areas in the west that are primarily rangeland have population densities
of less than five persons per square mile.

The Loup River and its major tributaries originate in the Nebraska Sandhills, a region of steep grass-
covered dunes, and then flows through dissected plains with broad valleys. Permeable soils and
subsurface materials in the Loup River basin provide flows sustained by shallow groundwater and little
if any runoff. The Elkhorn River, in the eastern and northeastern part of the watershed, flows through
rolling hills and well-defined valleys of stable glacial material in the Western Corn Belt Plains except
where it originates in the Sandhills. Runoff in the Elkhorn basin is the largest in the watershed because
of the steeper slopes and fine-grained soils.

The central Nebraska climate ranges from semiarid in the northwest to subhumid in the east. Hot
summers, cold winters, and large daily and annual variations in temperature are typical. Precipitation is
greatest in May and June. Mean annual precipitation varies from about 18 inches in the western part of
the watershed to about 30 inches in the eastern part. Most of the study unit has at least 20 inches of
annual precipitation, and more than one-half occurs during the growing season, April through
September. Snowfall is a dominant climatic characteristic of central Nebraska. Mean annual snowfall
ranges from about 25 inches in the southeast to about 35 inches in the northwest.
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3.1.13. Tar/Neuse River basins

The Tar and Neuse River drainages (Figure 15) are located entirely within North Carolina, and drain to
two important estuaries (Pamlico and Neuse Estuaries) that have been impacted by excess nutrient loads.
The watershed covers an area of 9,821 mi® in 8 HUCSs, all within HUC 0302. The watershed is divided
between the Piedmont, and Coastal Plain physiographic provinces. Land-surface elevations range from
about 885 feet above sea level in the Piedmont northwest of Durham to sea level in the eastern Coastal
Plain (McMahon and Lloyd, 1995).

The watershed as a whole is dominated by forested (34 percent) and agricultural crop and pasture land
(29 percent). Agricultural land in the study area is used primarily for growing crops (soybeans, corn,
wheat, peanuts, tobacco, and cotton) and raising livestock (chickens, turkeys, hogs, and cattle.)

Less than 10 percent of the watershed consists of developed land, primarily in and around the cities of
Raleigh, Durham, and Greenville, NC are prominent in the eastern third of the watershed and occupy 13
percent of the study area.

Average annual temperatures in the watershed range from about 58 °F in the western headwaters to
slightly more than 62° F along Pamlico Sound in the eastern part of the Coastal Plain. Average annual
precipitation ranges from about 44 to about 55 inches per year, but can be much greater in years
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impacted by tropical storms. The highest average monthly streamflow typically occurs during the
months that include the non-growing season when temperatures are low and evapotranspiration rates are
low. The lowest average monthly streamflow occurs during the growing season when evapotranspiration
rates are high. Groundwater is a significant component of the total water discharged to the Albemarle-
Pamlico estuarine system.

The greatest uses of surface water in the Albemarle-Pamlico drainage basin are for public water supplies
and thermoelectric power. Domestic groundwater use and agricultural surface water use are comparable
in size, and both are slightly less than groundwater use for public water supplies. Surface water use is
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highest in areas with large urban populations served by surface water diversions for public water

supplies (e.g., Neuse River basin) and in areas with large commercial, industrial, or mining water users

(e.g., the Tar-Pamlico River basin). Groundwater use is generally highest in the Coastal Plain.
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Figure 15. Tar/Neuse River basin model area.

3.1.14. New England Coastal basins

The New England Coastal basins study area encompasses 10 HUC8s and 10,225 mi® in Massachusetts,

Maine, and New Hampshire (Figure 16).The watershed includes one of EPA’s National Estuary

Program sites (Massachusetts Bays), which is also one of EPA’s Climate Ready Estuaries sites. The
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entire model area is in the New England Physiographic Province. Elevations in the watershed range
from sea level along the coast to greater than 6,000 ft in the White Mountains of New Hampshire.

Average annual precipitation in the watershed ranges from 40 to 50 inches, with higher amounts in the
mountainous regions — up to 100 inches per year at the summit of Mount Washington. About one-half of
this precipitation becomes surface runoff. Average annual air temperature varies from about 43° F in the
north to about 50° F in the south.

Most of the rivers in this watershed originate in mountainous forested areas with headwaters defined by
fast-flowing water with cobble and boulder-bottom streams. Flow in these rivers is generally regulated
by upstream lakes, reservoirs, flood-control dams, and power plants. The watershed also contains a large
number of natural lakes, many of which are enlarged and controlled by dams.

The land uses in the watershed are approximately 64 percent forested; 16 percent residential,
commercial, and industrial; and 6 percent agricultural. Cities include Boston, MA, Portland, ME,
Worcester, MA, and a variety of smaller cities near the Boston area. Major industries include light
manufacturing, pulp and paper production, silviculture, hydroelectric-power generation, tourism, and
seasonal recreation.
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Figure 16. New England Coastal basins model area.
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3.1.15. Powder/Tongue River basin

The Powder River and Tongue River are major tributaries to the Yellowstone River, which in turn is part
of the Missouri River system on the east side of the Rocky Mountains. The model study area consists of
almost 19,000 mi” in Montana and Wyoming and consists of 12 HUC8s in HUC 1009 (Figure 17).

The watershed lies in parts of the Great Plains, Middle Rocky Mountains, Wyoming Basin, and
Northern Rocky Mountains physiographic provinces (Zelt et al., 1999). Elevation ranges from over
13,000 ft on the crest of the Big Horn Range to less than 3,000 ft at the confluence of the Powder and
Yellowstone Rivers. This large elevation range has important impacts on climate in the watershed,
which ranges from cold and moist in the mountainous areas to temperate and semiarid in the plains
areas. Mean annual temperatures range from less than 32° F at the highest elevations to about 50° F
along the river valleys in Montana. Annual temperature extremes range from about -40° F during the
winter to hotter than 100° F during the summer. Mean annual precipitation ranges from about 12 inches
in the plains to more than 35 inches at high elevations. Snowfall composes a substantial part of annual
precipitation in most years.

Streams in the mountainous areas of the basin generally are perennial and derived primarily from
snowmelt runoff. Most streams originating in the plains areas of the basin are ephemeral, flowing only
as a result of local snowmelt or intense rainstorms. In some subbasins, where irrigated agriculture is a
major land use, most of the streamflow results from agricultural return flow and sustained base flows.

Rangeland is the dominant land cover (85 percent of the watershed). Cropland and pasture compose less
than 2 percent of the watershed. Silviculture is another important land use activity and forests cover
about 10 percent of the model study area. The watershed is sparsely populated and developed land
accounts for only 0.5 percent of the watershed.

In addition to agriculture, silviculture, and urban uses, other important land uses in the watershed
include metals and coal mining and hydrocarbon production. One of the nation’s largest natural gas
fields lies in the watershed and production from the low-sulfur coal beds in the Powder River basin is
increasing rapidly in response to the demand for low-sulfur steam coal by electric utility consumers. All
of the active coal mines in the watershed are surface (strip) mines.

There are no major storage reservoirs in the watershed, although the Tongue River is impounded near

the state line. However, hundreds of small impoundments for water supply, recreation, power, and flood
control have been constructed in the watershed.
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3.1.16. Rio Grande Valley basin

The Rio Grande flows from southwestern Colorado to the Gulf of Mexico. The model study area is the
upstream portion of the Rio Grande Valley, spanning parts of Colorado and New Mexico (Figure 18).
This includes an area of more than 15,300 mi” in ten HUCS8s within HUCs 1301 and 1302.

The watershed is located in three physiographic provinces: Southern Rocky Mountains; Basin and
Range Provinces; and Colorado Plateaus Provinces. Extreme contrasts in precipitation, runoff, and
temperature characteristics exist between the Southern Rocky Mountains and the Basin and Range
Provinces. These characteristics strongly affect land and water use in the watershed (Levings et al.,
1998; USGS, 2009a).

The headwaters of the Rio Grande originate in the mountains of southern Colorado at an altitude of over
13,000 ft. At the lower end of the watershed, just downstream of Albuquerque, NM, the altitude is
approximately 3,700 ft. The climate in the high mountain headwater areas of the Rio Grande and its
northern tributaries is alpine tundra where average annual precipitation can exceed 50 inches, most in
the form of snow. In contrast, near the lower boundary of the model area, the Rio Grande flows through
desert where average annual precipitation is less than 9 inches, most in the form of summer
thunderstorms.

Rangeland is dominant in the Basin and Range Province, and forest is dominant in the Southern Rocky
Mountains and Colorado Plateaus Provinces; each occupies 43 percent of the model study area. The
cities of Taos, Santa Fe, Albuquerque, and Las Cruces, NM are located in the watershed but developed
land constitutes less than 3 percent of the land area. Agricultural land use (6 percent) is limited primarily
to areas where surface water or shallow groundwater is available for irrigation. Almost all public and
domestic water supplies rely on groundwater, primarily from deeper aquifers. Surface water availability
typically is necessary for agriculture with the exception of a few areas where groundwater is available in
sufficient quantities.

Historically, streamflow in the Rio Grande was caused by spring snowmelt and summer monsoon
thunderstorms. This natural streamflow pattern has been altered and regulated by the construction of
reservoirs on the main stem and tributaries that impound and store water for later use, primarily
irrigation. Complex interactions occur between groundwater and surface water in the Rio Grande flood
plain. A system of canals distributes surface water for agricultural irrigation and a system of drains
intercepts shallow groundwater and returns it to the Rio Grande. Surface water leaks from the Rio
Grande and canals to recharge the shallow groundwater system. In places, deeper groundwater flows
upward to recharge the shallow groundwater system and/or to contribute flow to the Rio Grande. In
addition, excess applied irrigation water infiltrates and recharges the shallow groundwater system.
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3.1.17. Sacramento River basin

The Sacramento River in northern California is vital to the state's economy and for providing freshwater
flow to the San Francisco Bay. Lake Shasta impounds the mainstem and is subject to complex
operational rules. This study considers only the portion of the Sacramento River basin from Lake Shasta
to just before the confluence with the Feather River (Figure 19). Information was not available for this
study to represent changes in reservoir operations in response to climate change. Lake Shasta outflow
time series were thus considered a fixed upstream boundary condition. The resulting model area
contains over 8,300 mi®in 11 HUCSEs, all within HUC 1802.

The average annual precipitation in the entire watershed ranges from 18 in/yr near Sacramento to about
75 in/yr at the highest elevations, mostly occurring from November through March. Snow melt is the
major source of flow for the rivers of the watershed.

The Sacramento River is a major source of drinking water for residents of northern and southern
California, and is a principal source of irrigation water for Sacramento and San Joaquin Valley farmers.
The land uses in the valley portion of the Sacramento River basin model area are dominated by
agriculture (31 percent pasture/hay, 21 percent cultivated). The Sacramento Valley supports a diverse
agricultural economy, much of which depends on the availability of irrigation water. Dairy products and
crops including rice, fruits and nuts, tomatoes, sugar beets, corn, alfalfa, and wheat are important
agricultural commodities. The larger cities in the watershed, located in the Sacramento Valley, include
Chico and Redding, with developed land occupying a little over 4 percent of the watershed. The
remaining areas are primarily forest and range.

Agriculture is the largest consumer of water in the basin. Up to about 6 million acre-feet per year of
water also is exported from the basin, principally to areas in southern California. Part of the runoff from
winter rains and spring snowmelt is stored in reservoirs and released during the normally dry summer
months. Most of the water supplies are derived from these reservoirs. The water is mainly used to
provide irrigation water to the Sacramento and San Joaquin Valley agricultural communities, and to
provide drinking water to Central Valley residents and residents of southern California, and to protect
water quality of the delta of the Sacramento and San Joaquin Rivers.
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Figure 19. Sacramento River basin model area. Lake Shasta is located upstream of the modeled study
area, north of Reading, CA.
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3.1.18. South Platte River basin

The South Platte River originates in the mountains of central Colorado at the Continental Divide and
flows about 450 miles northeast across the Great Plains to its confluence with the North Platte River at
North Platte, Nebraska. The model study area is almost 15,000 mi’ in size and extends from the
headwaters to the plains of central Colorado, consisting of 11 HUC8s within HUC 1019 (Figure 20).

Elevation in the model study area ranges from 14,286 ft at Mt. Lincoln on the Continental Divide to
about 4,400 ft at the downstream end of the model area. The basin includes two physiographic
provinces, the Front Range Section of the Southern Rocky Mountain Province and the Colorado
Piedmont Section of the Great Plains Province (Dennehy et al., 1998; USGS, 2008c).

The basin has a continental-type climate modified by topography, in which there are large temperature
ranges and irregular seasonal and annual precipitation. Mean temperatures increase from west to east
and on the plains from north to south. Areas along the Continental Divide average 30 inches or more of
precipitation annually, which includes snowfall in excess of 300 inches. In contrast, the annual
precipitation on the plains east of Denver, Colorado, and in the South Park area in the southwest part of
the basin, ranges from 7 to 15 inches. Most of the precipitation on the plains occurs as rain, which
typically falls between April and September, while most of the precipitation in the mountains occurs as
snow, which typically falls between October and March.

Land use and land cover in the South Platte River basin is divided into rangeland (41 percent),
agricultural land (37 percent), forest land (16 percent), urban land (3 percent), and other land (3 percent).
Rangeland is present across all areas of the basin except over the high mountain forests. Agricultural
land is somewhat more restricted to the plains and the South Park area near Fairplay, Colorado. Forest
land occurs in a north-south band in the mountains. Urban land is present primarily in the Front Range
urban corridor. Irrigated agriculture comprises only 8 percent of the basin but accounts for 71 percent of
the water use. Urban lands comprise only 3 percent of the basin but account for 12 percent of the water
use (or 27 percent if power generation is considered an urban water use).

To augment water supplies in the basin there are significant diversions of water into the South Platte
tributaries from tunnels that connect to the wetter, western side of the Continental Divide, most notably
the Colorado-Big Thompson Project (Adams Tunnel) which transports about 285,000 acre-feet per year
of Colorado River water through a 13-mile tunnel under the Continental Divide into the Big Thompson
River. Overall there are 15 inter-basin transfers into the basin and almost 1,000 reservoirs. Only the
three largest mainstem reservoirs are explicitly represented in the model. The limited data available on
reservoirs and inter-basin transfers creates significant challenges for hydrologic simulation in this
watershed.

The population of the South Platte River basin is about 2.8 million people, over 95 percent of them in
Colorado. The basin contains the most concentrated population density in the Rocky Mountain region,
located in the Denver metropolitan area and along the Front Range urban corridor in Colorado where the
mountains meet the plains. Population densities outside the urban corridor are small and centered in
small towns located along the principal streams. The principal economy in the mountainous headwaters
is based on tourism and recreation; the economy in the urbanized south-central region mostly is related
to manufacturing, service and trade industries, and government services; and the economy of the basin
downstream from Denver is based on agriculture and livestock production.
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3.1.19. Trinity River basin

The Trinity River basin is located in east central Texas. It extends on a southeast diagonal, from
immediately south of the Oklahoma-Texas border to the Trinity Bay at the Gulf of Mexico. The model
study area encompasses a little over 13,000 mi® in 12 HUC8s in HUC 1203 (Figure 21). The watershed
is dissected by alternate bands of rolling, treeless prairies, smooth to slightly rolling prairies, rolling
timbered hills, and a relatively flat coastal plain. The watershed slopes gradually from about 1,200 ft
above sea level in the northwest, to about 600 ft mid-basin, and on to sea level in the southeastern
section of the area, at Trinity Bay (Land et al., 1998; Ulery et al., 1993).

Past and current human activities, including construction of reservoirs, urbanization, farming, ranching,
and oil and gas production, have greatly altered the natural environment in the Trinity River basin.
Approximately 37 percent of the watershed is cropland or pasture. Major crops include corn, cotton,
peanuts, sorghum, soybeans, rice, and wheat. Wheat and cotton are dry cropland crops, while rice is an
irrigated crop. Forest and wetlands represent about 33 percent of the watershed and developed land
makes up about 19 percent of the watershed. The population in the watershed is mainly clustered in the
Dallas-Fort Worth metropolitan area, with a few secondary population clusters (Denton, McKinney,
Corsicana, and Waxahachie).

The climate of the basin is described as modified-marine, subtropical-humid, having warm summers and
a predominant onshore flow of tropical maritime air from the Gulf of Mexico. Precipitation varies
considerably across the watershed. Average annual precipitation ranges from less than 27 inches in the
northwest part of the watershed to greater than 52 inches in the southeast. On average, the watershed
experiences a winter surplus and a summer deficiency of precipitation. Average annual temperature is
fairly uniform throughout the basin, ranging from about 69° F in the southeastern area of the watershed
to about 65° F in the northwest.

There are 22 large reservoirs in the Trinity River basin and hundreds of smaller reservoirs, mostly flood
control structures. Reservoirs have been built to retain runoff on all major tributaries and the mainstem
of the Trinity River. Diversions move water within the basin and to and from adjacent river basins. The
largest interbasin diversion is out of the basin, from the Trinity River below Livingston Reservoir to the
Houston metropolitan area. There are numerous other inter- and intrabasin diversions.

The largest consumptive use in the watershed is domestic with the majority being used in Dallas and
Tarrant counties because of their large populations. Surface water, almost entirely from reservoirs,
supplies more than 90 percent of the water used in the basin. Groundwater is used for municipal and
domestic supply in some of the smaller towns and in rural areas. Transfers of water, from the adjoining
basins and from reservoirs below Dallas and Fort Worth, are required to meet the needs of the Dallas-
Fort Worth area. Relatively little water is used for irrigating crops.
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3.1.20. Upper Colorado River basins

The Upper Colorado River basin model area has a drainage area of about 17,800 mi? and contains 12
HUCSs within HUC 1401 and 1402. All except 100 mi? of this area is in Colorado (Figure 22).

The Colorado River and its tributaries originate in the mountains of central Colorado and flow about
southwest into Utah. The Continental Divide marks the eastern and southern boundary of the basin, with
altitudes over 14,000 ft. Topography in the western part of the basin generally consists of high plateaus
bordered by steep cliffs along the valleys, and the lowest altitude (4,300 ft) is near the Colorado-Utah
border. The basin is divided almost equally into two physiographic provinces: the Southern Rocky
Mountains in the east and the Colorado Plateau in the west (USGS, 2006; Apodaca et al., 1996).

Because of large changes in altitude, the climate in the basin varies from alpine conditions in the east to
semiarid in the west. Mean annual temperatures range from as low as 32.8° F in Gunnison County near
the Continental Divide to as high as 54.1° F near Grand Junction, Colorado. Precipitation in the basin
ranges from more than 40 inches per year in the eastern mountainous regions to less than 10 inches per
year in the lower altitude western regions. Mountain areas receive most of their precipitation during the
winter months when accumulation of snow can exceed an annual average of 100 inches.

The Upper Colorado River basin is largely rural. Rangeland and forest occupy about 88 percent of the
basin. Livestock (sheep and cattle) use large areas of rangeland for foraging. Forest land that includes
most of the mountain and plateau areas is used for some commercial lumber production. Large parts of
the watershed are set aside for recreational use, including all or parts of 4 National Park Service areas, 5
National Forests and numerous wilderness areas, 11 state parks, numerous State Wildlife Management
areas, and 17 ski areas. Mining activities are also an important land use and have included the extraction
of metals and energy fuels.

Less than 2 percent of the land area is developed. The largest population center is Grand Junction
(population less than 60,000 in 2010), which is located at the confluence of the Colorado and Gunnison
Rivers. The larger cities in the basin are located predominantly near agricultural lands or in mountain
recreational communities. Agricultural activities (about 4 percent of the area) include production of
crops such as alfalfa, fruits, grains, hay, and vegetables. Little crop production is possible without
irrigation because of the semiarid climate. Irrigated lands are predominantly in river valleys or low-
altitude regions where the water is supplied by an extensive system of canals and ditches.

The natural hydrology of the Upper Colorado River basin has been considerably altered by water
development, which includes numerous reservoirs and diversions. In the watershed, there are 9 major
interbasin water transfers, 7 major water diversions, 9 major reservoirs, and 10 major municipal
discharges. The interbasin water transfers provide supplementary irrigation and municipal water supplies
to the South Platte, Arkansas, and Rio Grande drainages. About 25 percent of the interbasin water
transfers are to the South Platte watershed for the municipal water supply for the Denver metropolitan
area. Most of the water used in the watershed comes from surface water sources. Groundwater sources
account for less than 1 percent of the water used. Irrigation accounts for about 97 percent of off-stream
water use. Besides off-stream water uses, there are in-stream water uses such as hydroelectric power
generation.
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4. MODELING APPROACH

This study involves application of dynamic watershed models to simulate the watershed response
to potential changes in climate, changes in urban development, and the combined effects of
changes in climate change and urban development. Watershed modeling was conducted using
two watershed models, Hydrologic Simulation Program — FORTRAN (HSPF; Bicknell et al.
2001) and Soil and Water Assessment Tool (SWAT; Neitsch et al., 2005). The SWAT model
was applied in all 20 study areas. In a subset of five of the 20 sites (hereafter referred to as “Pilot
Sites™), simulations were also conducted independently using HSPF. Simulations focus on
changes in streamflow, nutrient (nitrogen and phosphorus) and sediment loads.

A watershed model is a useful tool for providing a quantitative linkage between external forcing
and in-stream response. It is essentially a series of algorithms applied to watershed
characteristics and meteorological data to simulate naturally occurring, land-based processes
over an extended period, including hydrology and pollutant transport. Many watershed models
are also capable of simulating in-stream processes. After a model has been set up and calibrated
for a watershed, it can be used to quantify the existing loading of pollutants from subbasins or
from land use categories and can also be used to assess the effects of a variety of management
scenarios.

The results of watershed assessment are shaped by the characteristics of the watershed model
that serves to translate climate forcing into hydrologic and water quality responses. Two
watershed models were selected for initial application to the five pilot study sites: Hydrological
Simulation Program — FORTRAN (HSPF) (Bicknell et al., 2001) and Soil Water Assessment
Tool (SWAT) (Neitsch et al., 2005). These models were selected because they met the following
criteria:

e Dynamic simulation with a sub-daily or daily time step to give an indication of changes in
frequency of extreme events

e Process-based, but at a level that model parameters can be easily identified from available data
e Able to simulate water quality responses

e  Widely used and accepted for hydrologic and water quality applications

e In the public domain to enable ready replication of results

Application of both HSPF and SWAT to the five pilot watersheds allowed assessment of the
variability associated with use of different watershed models in simulating watershed response to
climate change. The two watershed models are described below. The rationale for selecting the
SWAT model for use in non-pilot watersheds is discussed in Section 6.1 (Comparison of
Models).
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4.1. MODEL BACKGROUND
4.1.1. HSPF

The Hydrological Simulation Program — FORTRAN (HSPF; Bicknell et al., 2001) is a
comprehensive, dynamic watershed and receiving water quality modeling framework that was
originally developed in the mid-1970s. During the past several decades, it has been used to
develop hundreds of EPA-approved Total Maximum Daily Loads (TMDLs), and it is generally
considered among the most advanced hydrologic and watershed loading models available. The
hydrologic portion of HSPF is based on the Stanford Watershed Model (Crawford and Linsley,
1966), which was one of the pioneering watershed models developed in the 1960s. The HSPF
framework is developed modularly with many different components that can be assembled in
different ways, depending on the objectives of a project. The model includes three major
modules:

e PERLND for simulating watershed processes on pervious land areas

e IMPLND for simulating processes on impervious land areas
e RCHRES for simulating processes in streams and vertically mixed lakes

All three of these modules include many subroutines that calculate the various hydrologic and
water quality processes in the watershed. Many options are available for both simplified and
complex process formulations.

HSPF models hydrology as a water balance in multiple surface and subsurface layers and is
typically implemented in large watersheds at an hourly time step. The water balance is simulated
based on Philip’s infiltration (Bicknell et al., 2001, 2005) coupled with multiple surface and
subsurface stores (interception storage, surface storage, upper zone soil storage, lower zone soil
storage, active groundwater, inactive (deep) groundwater). Potential evapotranspiration (PET) is
externally specified to the model.

Sediment erosion in HSPF uses a method that is formally similar to, but distinct from the USLE
sediment-detachment approach coupled with transport capacity based on overland flow.
Nutrients may be simulated at varying levels of complexity, but are most typically represented
by either buildup/washoff or sediment potency approaches on the land surface coupled with user-
specified monthly concentrations in interflow and groundwater.

Spatially, the watershed is divided into a series of subbasins representing the drainage areas that
contribute to each of the stream reaches. The stream network (RCHRES) links the surface runoff
and groundwater flow contributions from each of the land segments and sub-basins and routes
them through waterbodies. The stream model includes precipitation and evaporation from the
water surfaces as well as flow contributions from the watershed, tributaries, and upstream stream
reaches. It also simulates a full range of stream sediment and nutrient processes, including
detailed representations of scour, deposition, and algal growth.

The version of HSPF used in this study is WinHSPF as distributed with BASINS version 4.0.
WinHSPF is a Windows interface to HSPF and is a component of the EPA’s Better Assessment
Science Integrating point and Nonpoint Sources (BASINS) Version 4.0 (U.S. EPA, 2009b,
2009c). WinHSPF itself is a user interface to HSPF that assists the user in building User Control
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Input (UC]) files (containing model input parameters) from GIS data (Duda et al., 2001). After
the UCI file is built, WinHSPF is used to view, understand, and modify the model representation
of a watershed. HSPF can be run from within WinHSPF. The actual model executable engine
distributed with BASINS is called WinHSPFLt, which can be run in batch mode independent of
the BASINS/WinHSPF interface. The model code for HSPF is stable and well-documented.
Detailed descriptions of the model theory and user control input are provided in Bicknell et al.,
(2001, 2005).

WinHSPF also provides access to the Climate Assessment Tool (CAT), which is a component of
BASINS 4.0. BASINS CAT facilitates watershed-based assessments of the potential effects of
climate variability and change on water and watershed systems (namely streamflow and pollutant
loads) using the HSPF model (U.S. EPA, 2009b, 2009c). BASINS CAT is capable of creating
climate change scenarios that allow users to assess a wide range of what if questions related to
climate change.

4.1.2. SWAT

The Soil Water Assessment Tool (SWAT, version 2005) model (Neitsch et al., 2005) was also
applied to the watersheds to simulate flow and nitrogen, phosphorus and sediment loads. SWAT
was developed by the U.S. Department of Agriculture to simulate the effect of land management
practices on water, sediment, and agricultural chemical yields in large, complex watersheds with
varying soils, land use, and management conditions over long periods of time (Neitsch et al.,
2005). SWAT requires data inputs for weather, soils, topography, vegetation, and land use to
model water and sediment movement, nutrient cycling, and numerous other watershed processes.
SWAT is a continuous model appropriate to long-term simulations.

SWAT, as implemented here, employs a curve number approach to estimate surface runoft and
then completes the water balance through simulation of subsurface flows, evapotranspiration,
soil storages, and deep seepage losses. The curve number approach requires a daily time step.
PET is typically calculated internally by SWAT based on other weather inputs.

Sediment yield and erosion are calculated by SWAT using the Modified Universal Soil Loss
Equation (MUSLE) (Williams, 1975). The MUSLE is based on several factors including surface
runoff volume, peak runoff rate, area of hydrologic response unit (HRU), soil erodibility, land
cover and management, support practice, topography, and a coarse fragment factor and implicitly
combines the processes of sediment detachment and delivery. Nutrient load generation and
movement is simulated using overland runoff and subsurface flow.

A key feature of SWAT is the incorporation of an explicit plant growth model, including plant
interactions with water and nutrient stores. The transformation of various nitrogen and
phosphorus species is simulated in detail in the soil; however, concentrations of nutrients in
groundwater discharges are user-specified, as in HSPF.

Instream simulation of sediment in SWAT 2005 includes a highly simplified representation of

scour and deposition processes. Nutrient kinetics in receiving waters are based on the numeric
representation used in the QUAL2E model but implemented only at a daily time step.
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An important component of the SWAT model is the weather generator (WXGEN). SWAT
requires daily values of precipitation, maximum and minimum temperature, solar radiation,
relative humidity, and wind speed. The user may read these inputs from a file or generate the
values using SWAT’s weather generator model based on monthly average data summarized over
a number of years (Neitsch et al., 2005). The weather generator model (Sharpley and Williams,
1990) can be used to generate climatic data or to fill in gaps in weather data. The weather
generator first independently generates precipitation for the day. Maximum temperature,
minimum temperature, solar radiation, and relative humidity are then generated based on the
presence or absence of rain for the day. Finally, wind speed is generated independently.

The version SWAT used in this study is SWAT2005 as distributed with ArcSWAT 2.1, which
was the most recent stable version of SWAT available at the start of this study. ArcSWAT 2.1 is
an ArcGIS-ArcView extension and a graphical user input interface for the SWAT watershed
model (TAMU, 2010). As with HSPF, the underlying executable code can be run in batch mode
independent of the user interface. Unlike HSPF, the SWAT code is continuously evolving, with
frequent enhancements and bug fixes. For a detailed description of the version of SWAT used
here, see Neitsch et al. (2005).

4.2. MODEL SETUP

The watershed models were configured to simulate the study areas as a series of hydrologically
connected subbasins. Configuration of the models involved subdivision of the watersheds into
modeling units, followed by continuous simulation of flow and water quality for these units
using meteorological, land use, soil, and stream data. The specific pollutants modeled were
nitrogen, phosphorus, and sediment.

Many study areas are highly managed systems influenced by humans including dams, water
transfers and withdrawals, point source discharges and other factors. Given the difficulty
modeling at the large spatial scale in this study, detailed representation of all management was
not possible. The following assumptions were made to simplify modeling among all 20 study
areas:

e External boundary conditions (where needed), such as upstream inflows and pollutant loads, are
assumed constant.

e Interactions with deep groundwater systems are assumed constant.
e Large-scale shifts in natural cover type in response to climate change are not simulated.
e Point source discharges and water withdrawals are assumed constant at current levels.

e Only large dams that have a significant impact on hydrology at the HUCS scale are included in
the models. Where these dams are simulated an approximation of current operating rules (using a
target storage approach) is assumed to apply in all future scenarios.

e Human adaptation response to climate change, such as shifts in water use or cropping practices,
are not simulated.
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Results therefore represent the behavior and potential responses of watersheds to different
change scenarios but should not be considered quantitative forecasts of future conditions.

The modeling effort in this study was extensive and involved multiple modelers. To ensure
consistency of results, a common set of procedures and assumptions was established as follows
(e.g., see appendix A). Both HSPF and SWAT were implemented using a hydrologic response
unit (HRU) approach to upland simulation. An HRU consists of a unique combination of land
use/land cover, soil, and land management practice characteristics, and thus represents areas of
similar hydrologic response. This is the default for SWAT, but is also good practice with HSPF.
Consistent with the broad spatial scale of the models, the land cover component is interpreted to
a relatively small number of categories (e.g., forest, wetland, range, grass/pastureland, crop,
developed pervious, low-density impervious, and high-density impervious).

Initial processing took place primarily in ArcGIS for the entire study area. Processed GIS inputs
were then used in ArcSWAT (which runs as an extension in ArcGIS), and imported into
BASINS4 (which uses MapWindow GIS). Spatial data sources are discussed in more detail in
Section 4.2.3. Additional initial setup tasks included:

1. Identification of BASINS4 weather stations in proximity of model watersheds

2. Identification of locations and characteristics of any major reservoirs or needed
calibration points

3. Identification of locations and characteristics of any major features in the watershed

affecting water balance (e.g., diversions, upstream areas not modeled, reaches that lose

flow to groundwater). Irrigation was considered only where needed (e.g., Rio Grande)

Identification of locations of major point sources

Identification of flow gaging station and water quality monitoring station locations

Modification of subbasin boundaries as needed to accommodate the previous four items

Identification of nearest precipitation weather station to each subbasin, and identification

of subbasin assignment for elevation bands and other characteristics (e.g., soil and

geology) that needed to be represented on a regional basis in the models

8. Atmospheric deposition of nitrogen — each model was set up appropriately to model a
constant concentration for wet deposition and a constant load for dry deposition

Nowke

4.2.1. SWAT Setup Process

SWAT model setup followed directly from the initial setup, using the ArcSWAT extension in
ArcGIS. The following steps were implemented first for the calibration HUCS subbasins then
repeated for the entire modeled watershed. A detailed description of the SWAT model setup for
the 15 non-pilot watersheds is included in Appendix A.

The first step was watershed delineation. In general, subbasin boundaries and reach hydrography
were defined from NHDPIlus catchments (U.S. EPA, 2010), aggregated to approximately the
HUCIO0 scale. The subbasin and reach shapefiles were imported into the SWAT interface and
subbasin parameters were calculated automatically. The next step was to add major reservoirs in
the watershed. Study sites were selected to minimize the presence of reservoirs to reduce the
difficulty of representing operational rules, and model included only major reservoirs that have a
significant effect on flows at the scale of HUCSs or greater. Inclusion of reservoirs was left to the
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discretion of individual modelers; however, reservoirs included are generally those that drain an
area greater than a single HUCS8 and provide a retention time of half a year or greater. If a
reservoir was located at the terminus of the model area it was generally ignored so that the model
represented input to, rather than output from, the terminal reservoir.

Only those permitted point sources identified as major facilities (greater than 1 MGD discharge)
were included in the model. It was also necessary to define an upstream boundary condition
“point source” for some watersheds.

Land use for the model comes from the 2001 NLCD (Homer et al., 2004; Homer et al., 2007),
while soils use the STATSGO state soils coverage (USDA, 1991) distributed with ArcSWAT.
Topography was represented by digital elevation models (DEMs) with a resolution of 30 meters.
The next step was development of HRUs from an intersection of land use, slope, and major soils.
Individual land parcels included within an HRU are expected to possess similar hydrologic and
load generating characteristics and can thus be simulated as a unit. These soil/land use
combinations are then assigned appropriate curve numbers and other physical and chemical
parameter values.

In the HRU analysis, SWAT was used to classify the slopes into two categories: above and
below 10 percent. A single breakpoint was chosen to represent major differences in runoff and
erosive energy without creating an unmanageable number of individual HRUs. The STATSGO
soils coverage was assigned using the dominant component method in which each soil polygon is
represented by the properties of the dominant constituent soil. The NLCD 2001 land use
coverage was loaded directly into ArcSWAT without modification. The default NLCD class to
SWAT class mapping was appropriate for most areas. Impervious percentage was assigned to
developed land use classes in the SWAT urban database using values calculated from the NLCD
impervious coverage. The same assumptions were applied for the future developed land use
classes (i.e., the future classes have the same total and connected impervious fractions as the
corresponding existing urban land uses). HRUs were created by overlaying land use, soil, and
slope at appropriate cutoff tolerance levels to prevent the creation of large numbers of
insignificant HRUs. Land use classes were retained if they occupied at least 5 percent of the area
of a subbasin (with the exception of developed land uses, which were retained regardless of
area). Soils were retained if they occupied at least 10 percent of the area within a given land use
in a subbasin. Slope classes were retained if they occupied at least 5 percent of the area within a
given soil polygon. Land uses, soils, and slope classes that fall below the cutoff value are
reapportioned to the dominant classes so that 100 percent of the watershed area is modeled
(Winchell et al., 2008).

The SWAT models were linked to the BASINS4 meteorological station locations (U.S. EPA,
2008). The models used observed time series for precipitation and temperature; other weather
data were simulated with the SWAT weather generator. Potential evapotranspiration (PET)
option was specified as Penman/Monteith in General Watershed Parameters. Elevation bands
were turned on if necessary to account for orographic effects in areas with a sparse precipitation
network and significant elevation changes. This was generally appropriate where elevations
within subbasins spanned a range of 250 m or more. Daily Curve Number hydrology with
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observed precipitation and air temperature were used. Atmospheric nitrogen wet deposition
concentrations were specified.

Next, land management operations were assigned, primarily to account for agricultural practices.
For urban lands, the USGS regression method for pollutant load estimation was specified. In-
stream water quality options started with program defaults.

The target time period for simulation was 31 water years, with the first year dropped from
analysis to account for model spinup (initialization). Some weather stations may have been
absent for the spinup year, but SWAT fills in the missing records using the weather generator.
The remaining 30 years span a period for which the supplied weather data were complete and
included the year 2000 (with the exception of the Loup/Elkhorn basins in Nebraska, for which
the simulation period ended in 1999 due to the termination of a number of precipitation gauges
prior to the end of 2000).

4.2.2. HSPF Setup Process

The HSPF models were developed from the same spatial coverages used to set up the SWAT
models. The model segmentation is identical for the two models. The HRUs for HSPF were
calculated from the SWAT HRU s, but differ in that soils were aggregated to hydrologic soil
group, while pervious (PERLND) and impervious (IMPLND) land fractions were specified
separately.

Setup of the HSPF model used the WinHSPF interface to create the user control input (UCI) and
water data management (WDM) files. A starter UCI file was prepared that defined default values
for HRUs. Initial parameter values were based on previous modeling where available. For areas
without previous modeling, hydrologic parameters were based on recommended ranges in
BASINS Technical Note 6 (U.S. EPA, 2000) and related to soil and meteorological
characteristics where appropriate. Snowmelt simulation used the simplified degree-day method.

The stage-storage-discharge hydraulic functional tables (FTables) for stream reaches were
generated automatically during model creation. The WinHSPF FTable tool calculates the tables
using relationships to drainage area. FTables were adjusted in WinHSPF if specific information
was available to the modeler. Hydraulic characteristics for major reservoirs and flow/load
characteristics for major point sources were defined manually based on available information.

Nutrients on the land surface were modeled as inorganic nitrogen, inorganic phosphorus, and
total organic matter. The latter was transformed to appropriate fractions of organic nitrogen and
organic phosphorus in the linkage to the stream. The in-stream simulation represented total
nitrogen and total phosphorus as general quality constituents (GQUALS) subject to removal
approximated as an exponential decay process. Initial values for decay rates were taken from
USGS SPARROW studies (e.g., Alexander et al., 2008).

4.2.3. Watershed Data Sources

4.2.3.1. Watershed Boundaries and Reach Hydrography
Subbasin boundaries and reach hydrography (with connectivity) for both SWAT and HSPF were
defined using NHDPlus data (U.S. EPA, 2010), a comprehensive set of digital spatial data

58



0NN N KW

A BB PBA D WLWLWLWUWWWLWLWUWUWWERNRNDNPNDODNNNNNDND R
N DL WD, OOV NP WD, OOXOINNKEWNORL OOV W —O o

representing the surface water of the U.S. including lakes, ponds, streams, rivers, canals, and
oceans. NHDPIlus provided catchment/reach flow connectivity, allowing for creation of large
model subbasins with automation. NHDPlus incorporates the National Hydrography Dataset
(NHD), the National Elevation Dataset (NED), the National Land Cover Dataset (NLCD), and
the Watershed Boundary Dataset (WBD). A MapWindow script was developed to automate
(with supervision) the aggregation of NHDPIlus catchments/reaches into model subbasins and
reaches. The general approach was to first run the aggregation script with a smaller target
subbasin size (i.e., create several hundred to a thousand subbasins), then run the script again to
create watersheds of the target model size (comparable to the HUC10 scale). The two tiered
approach has several benefits; it was found to be more time efficient, it allowed for greater
control over the final basin size, and it provided a midpoint that could be used to redefine
subbasin boundaries to match specified locations, such as gaging stations and dams/diversions.

Each delineated subbasin was conceptually represented with a single stream assumed to be a
completely mixed, one-dimensional segment with a constant cross-section. For the HSPF model,
reach slopes were calculated based on Digital Elevation Model (DEM) data and stream lengths
were measured from the original NHD stream coverage. Assuming representative trapezoidal
geometry for all streams, mean stream depth and channel width were estimated using regression
curves that relate upstream drainage area to stream dimensions developed for three regions in the
Eastern United States. Existing and more detailed models provided additional site-specific
information on channel characteristics for some watersheds (e.g., Minnesota River; Tetra Tech,
2008Db).

The SWAT model also automatically calculates the initial stream geometric values based on
subbasin drainage areas, standard channel forms, and elevation, using relationships developed for
numerous areas of the United States. Channel slope is automatically calculated from the DEM.

4.2.3.2. Elevation

Topography was represented by digital elevation models (DEMs) with a resolution of 30 meters
obtained from USGS’ National Elevation Dataset (Gesch et al., 2002). Multiple DEM coverages
were grouped and clipped to the extent of the model watershed area (with a 10-mile buffer to
allow for unforeseen changes to watershed boundaries).

4.2.3.3. Land Use and Land Cover

The SWAT and HSPF models use a common land use platform representing current (calibration)
conditions and derived from the 2001 National Land Cover Database or NLCD (Homer et al.,
2004; Homer et al., 2007). The 2001 NLCD land cover was used to ensure consistency between
all models for the project. The 2001 land use was chosen rather than the 2006 coverage because
it is closer in time to the calibration period of the models, which typically runs through 2002/3.
The 2001 land use is assumed to apply throughout the baseline model application period.

Some additional processing of the NLCD data was necessary. Several of the land use classes
were aggregated into more general categories to provide a more manageable set of HRUs. The
developed land classes were kept separate for SWAT but aggregated for HSPF. This is because
SWAT assigns percent imperviousness to total developed area, whereas HSPF explicitly
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separates developed pervious and impervious areas. The regrouping of the NLCD classes for

SWAT and HSPF is shown in Table 4.

Table 4. Regrouping of the NLCD 2001 land-use classes for the HSPF and SWAT models.

NLCD Class SWAT class HSPF class
11 Water® WATR (water) WATER
12 Perennial ice/snow WATR (water) BARREN

21 Developed open space

URLD (Urban Residential-Low
Density)

22 Dev. Low Intensity

URMD (Urban Residential-
Medium Density)

23 Dev. Med. Intensity

URHD (Urban Residential — High
Density)

24 Dev. High Intensity

UIDU (Urban Industrial and High
Intensity)

DEVPERYV (Developed Pervious)
IMPERYV (Impervious)

SWRN (Range-Southwestern

31 Barren Land U.S) BARREN
41 Forest - Deciduous FRSD (Forest-Deciduous)

42 Forest - Evergreen FRSE (Forest-Evergreen) FOREST
43 Forest - Mixed FRST (Forest-Mixed)

51-52 Shrubland RNGB (Range-Brush) SHRUB
71-74 Herbaceous Upland RNGE (Range grasses) (BBARQSEN
81 Pasture/Hay HAY GRASS

82 Cultivated

AGRR (Agricultural Land-Row
Crops)

AGRI (Agriculture)

91-97 Wetland (emergent)

WETF (Wetlands-Forested),
WETL (Wetlands),
WETN (Wetlands—Non-forested)

WETL (Wetlands)

98-99 Wetland (non-emergent)

WATR (water)

WATER

#Water surface area is usually accounted for as reach area

The percent impervious area was specified for each developed land class from the NLCD Urban

Impervious data coverage.

The NLCD 2001 Urban Imperviousness coverage was mosaic-ed and clipped to the extent of the

model watershed area (with 10-mile buffer) to calculate the impervious area. The percent

impervious area was then specified by combining data from the 2001 NLCD Land Cover and
Urban Impervious data products. Specifically, average percent impervious area was calculated
over the whole basin for each of the four developed land use classes. These percentages were
then used to separate out impervious land. The analysis was performed separately for each of the
20 study areas, since regional differences occur. Table 5 presents the calculated impervious areas

for each study area.
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1 Table 5. Calculated fraction impervious cover by developed land class for each study area.

Medium
Site ID Open Space | Low Intensity Intensity High Intensity
ACF 8.04% 30.16% 60.71% 89.90%
Ariz 7.37% 29.66% 53.71% 73.85%
CenNeb 8.34% 29.68% 60.14% 86.59%
Cook 10.11% 29.79% 61.48% 87.17%
Erie 7.30% 32.53% 60.72% 86.75%
GaFla 7.20% 31.87% 60.14% 87.47%
Illin 8.83% 32.36% 61.24% 88.70%
Minn 6.59% 29.20% 55.01% 83.31%
NewEng 8.22% 32.81% 60.90% 87.25%
Pont 7.53% 32.91% 60.11% 88.08%
RioGra 8.76% 32.36% 60.49% 84.32%
Sac 5.95% 30.02% 55.41% 81.20%
SoCal 7.75% 35.39% 61.31% 88.83%
SoPlat 6.41% 33.46% 60.79% 86.76%
Susq 6.90% 31.26% 60.90% 85.41%
TarNeu 7.17% 30.90% 61.05% 87.31%
Trin 7.74% 31.65% 60.78% 89.15%
UppCol 9.78% 31.89% 60.48% 87.41%
Willa 9.56% 32.31% 61.49% 88.94%
Yellow 7.42% 31.64% 59.16% 85.99%

2

3  4.2.3.4. Soils

4 Soils data were implemented using SWAT’s built-in STATSGO (USDA, 1991) national soils

5  database. The SWAT model uses the full set of characteristics of dominant soil groups directly,

6  including information on infiltration, water holding capacity, erodibility, and soil chemistry. A

7  key input is infiltration capacity, which is used, among other things, to estimate the runoff curve

8  number. Curve numbers are a function of hydrologic soil group, vegetation, land use, cultivation
9 practice, and antecedent moisture conditions. The NRCS (SCS, 1972) has classified more than

10 4,000 soils into four hydrologic soil groups (HSGs) according to their minimum infiltration rate

11 for bare soil after prolonged wetting. The characteristics associated with each HSG are provided

12 in Table 6.

13 Table 6. Characteristics of soil hydrologic groups.

Minimum Infiltration

Soil Group Characteristics Capacity (in/hr)

Sandy, deep, well drained soils; deep loess; aggregated silty soils 0.30-0.45

B Sar_1dy Ioams, shallow loess, moderately deep and moderately well 0.15-0.30
drained soils
Clay loam soils, shallow sandy loams with a low permeability horizon

C impeding drainage (soils with a high clay content), soils low in organic 0.05-0.15
content

D Heavy clay soils with swelling potential (heavy plastic clays), water-logged 0.00-0.05

soils, certain saline soils, or shallow soils over an impermeable layer

14
15  Inthe HSPF setup the HRUs are not based directly on dominant soils; instead, these were
16  aggregated to represent HSGs. The HSGs include special agricultural classes (A/D, B/D, and
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C/D) in which the first letter represents conditions with artificial drainage and the second letter
represents conditions without drainage. The first designator was assumed to apply to all crop
land, while the second designator was assumed for all other land uses.

4.2.3.5. Point Source Discharges

The primary objective of this study is to examine relative changes that are potentially associated
with changes in climate and land use. From that perspective, point source discharges can be
characterized as a nuisance parameter. However, point sources that are large enough relative to
native flows to affect the observed flows and nutrient loads in river systems need to be included
to calibrate the models. This is done in a simplified way, and the point sources were then held
constant for future conditions, allowing analysis of relative change. Only the major dischargers,
typically those with a discharge rate greater than 1 million gallons per day (MGD) were included
in the models. The major dischargers account for the majority of the total flow from all permitted
discharges in most watersheds, so the effect on the calibration of omitting smaller sources is
relatively small, except perhaps during extreme low flow conditions. Data were sought from the
EPA’s Permit Compliance System (PCS) database for the major dischargers in the watersheds.
Facilities that were missing TN, TP, or TSS concentrations were filled with a typical pollutant
concentration value from literature based on Standard Industrial Classification (SIC) code. The
major dischargers were represented at long-term average flows, without accounting for changes
over time or seasonal variations.

4.2.3.6. Atmospheric Deposition

Atmospheric deposition can be a significant source of inorganic nitrogen to watersheds and
waterbodies. SWAT2005 allows the user to specify wet atmospheric deposition of nitrate
nitrogen. This is specified as a constant concentration across the entire watershed. Wet
deposition of ammonia and dry deposition of nitrogen is not addressed in the SWAT2005 model.

HSPF allows the specification of both wet and dry deposition of both nitrate nitrogen and
ammonia nitrogen and both were included in the model. Dry deposition is specified as a loading
series, rather than concentration series. Because wet deposition is specified as a concentration it
will vary in accordance with precipitation changes in future climate scenarios, whereas the dry
deposition series (HSPF only) is assumed constant for future scenarios.

Total oxidized nitrogen (NOx) emissions in the U.S. remained relatively constant to a first
approximation across the model period considered in this study from the early 1970s up through
2002 (U.S. EPA, 2002). There is strong geographic variability in atmospheric deposition, but
much smaller year to year variability at the national scale over this period (Suddick and
Davidson, 2012). The National Acid Deposition Program (NADP; http://nadp.sws.uiuc.edu/)
monitors wet deposition across the country and produces yearly gridded maps of NO3 and NH4
wet deposition concentrations. Dry deposition rates are monitored (and interpreted with models)
by the EPA Clean Air Status and Trends Network (CASTNET;
http://epa.gov/castnet/javaweb/index.html). Results for year 2000 were selected as generally
representative and each study watershed was characterized by a spatial average wet deposition
concentration (and dry deposition loading rate for HSPF). Atmospheric deposition of phosphorus
and sediment was not considered a significant potential source and is not addressed in the
models.
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4.2.3.7. Impoundments, Diversions, and Withdrawals

The hydrology of many large watersheds in the United States is strongly impacted by
anthropogenic modifications, including large impoundments and withdrawals for consumptive
use. It is necessary to take these factors into account to develop a calibrated model. At the same
time, these anthropogenic factors constitute a problem for evaluating response to future changes,
as there is no clear basis for evaluating future changes in reservoir operations or water
withdrawals. In addition, information on impoundments, withdrawals, and trans-basin water
imports is often difficult to obtain. The approach taken in this project is to minimize the
importance of impoundments and withdrawals by focusing on relative changes between present
and future conditions with these factors held constant. In this way, the results that are presented
are estimates of the change that may be anticipated based on changes to meteorological and land
use forcing within the subject study area, with other factors held constant. The results provided
here are not complete estimates of future hydrology and pollutant conditions because the
adaptive response of human society to water resources management is not included.

The general approach adopted for this project was to select study areas avoiding major human
interventions (e.g., reservoirs) in the flow system where possible, to ignore relatively minor
interventions, and where necessary to represent significant interventions in a simplified manner.
In the first instance, study watersheds were delineated to avoid major reservoirs where possible.
For example, the model of the Verde River watershed in the Central Arizona basins is terminated
at the inflow to Horseshoe Reservoir. In some cases, as in the Sacramento River watershed, an
upstream reservoir is treated as a constant boundary condition because information on future
reservoir management responses to climate change was not available.

Impoundments, withdrawals, and water imports that do not have a major impact on downstream
flows were generally omitted from the large scale models. Inclusion or omission of such features
was a subjective choice of individual modelers; however, it was generally necessary to include
such features if they resulted in a modification of flow at downstream gages on the order of 10
percent or more. Where these features were included they were represented in a simplified
manner: (1) impoundments were represented by simplified (two-season) stage-discharge
operating rules, developed either from documented operational procedures or from analysis of
monitored discharge; (2) large withdrawals were represented as either annual or monthly
constant average rates; and (3) major trans-basin water imports were also represented as either
annual or monthly constant average rates depending on availability of data. Use of surface water
for irrigation was simulated only in those basins where it was determined during calibration that
it was a significant factor in the overall water balance. These simplifying assumptions decrease
the quality of model fit during calibration and validation, but provide a stable basis for the
analysis of relative response to climate and land use change within the basin.

The impoundments and other anthropogenic influences on hydrology included in each watershed

model are presented in the Assumptions sections of each of the individual calibration reports for
the 20 study watersheds (see Appendices D through W).
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4.2.4. Weather Representation

Meteorological data (for SWAT and HSPF) were obtained from the 2006 BASINS4
Meteorological Database (U.S. EPA, 2008). The database contains records for 16,000 stations
from 1970-2006, set up on an hourly basis, and has the advantage of providing a consistent set of
parameters with missing records filled and daily records disaggregated to an hourly time step. A
typical site-specific watershed project would assemble additional weather data sources to address
under-represented areas, but this requires significant amounts of QA and data processing. It was
assumed that the use of the BASINS 2006 data was sufficient to produce reasonable results at the
broad spatial scale that is the focus of this project, particularly for evaluating the relative
magnitude of change. Significant orographic variability was accounted for through use of lapse
rates as the available stations typically under-represent high mountain areas.

The required meteorological data series for both SWAT and HSPF (as implemented for this
project) included precipitation, air temperature, and potential evapotranspiration. SWAT uses
daily meteorological data, while HSPF requires hourly data. Scenario application required
simulation over 30+ years, so the available stations were those with a common 30-year or more
period of record (or one that could be filled from an approximately co-located station).

Table 7 presents a summary of annual precipitation and temperature data for each of the modeled
watersheds from 1971-2000. Figure 23 and Figure 24 present average monthly precipitation and
temperature, respectively, for each of the 20 watersheds. For more specific details on the
meteorological data used for each of the modeled watersheds, see the individual calibration
memos in Appendices D through W.

Table 7. Weather station statistics for the 20 study areas (1971-2000).

Number of Average annual Number of
precipitation precipitation total temperature Average annual
Model Area stations (inches) stations temperature (°F)

Lake Pontchartrain 26 66.33 15 66.64
Neuse/Tar Rivers 40 49.91 28 59.91
ACF 37 54.26 22 63.43
Verde/Salt/San Pedro 29 19.67 25 56.81
Loup/Elkhorn Rivers 81 26.10 31 48.35
Cook Inlet 14 28.50 14 34.16
Slzti)rzgla-Flonda Coastal 51 53.21 37 68.24
lllinois River 72 38.25 47 49.00
Lake Erie-Lake St. Clair 57 38.15 41 49.10
New England Coastal 52 48.45 36 46.23
Rio Grande Valley 53 15.18 41 44,71
Sacramento River 28 37.47 18 57.45
CoastaI_Southern 85 20.21 33 61.20
California

South Platte River 50 16.82 23 43.46
Susquehanna River 60 41.30 27 48.26
Trinity River 64 40.65 32 64.78
Upper Colorado River 47 16.36 39 41.73
Minnesota River 39 28.26 32 43.90
Willamette River 37 58.38 29 51.19
Tongue/Powder R. 37 17.70 30 44.15
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Figure 23. Average monthly precipitation in the 20 study areas (1971-2000).
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Figure 24. Average monthly temperature in the 20 study areas (1971-2000).

Watershed models are very sensitive to the specification of PET, particularly for simulating low
streamflow conditions and events. Many watershed modeling efforts perform well with
simplified approaches to estimating PET, such as the Hamon method (included as an option in
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the BASINS dataset), which depend primarily on air temperature. However, the robustness of
watershed model calibrations conducted with simplified PET is suspect under conditions of
climate change, since a variety of other factors that influence PET, such as wind speed and cloud
cover, are also likely to change. Therefore, we implemented the Penman-Monteith PET, which
employs a full energy balance (Monteith, 1965; Jensen et al., 1990). The implementation varies
slightly between SWAT and HSPF: In SWAT the full Penman-Monteith method (Allen et al.,
2005) is implemented as an internal option in the model, and includes feedback from crop height.
For HSPF, Penman-Monteith reference evapotranspiration at each weather station was calculated
externally using observed precipitation and temperature coupled with SWAT weather generator
estimates of solar radiation, wind movement, cloud cover, and relative humidity. An evaluation
of the parameters used to calculate potential evapotranspiration indicated gaps (especially for
solar radiation and cloud cover); hence the SWAT weather generator was used to estimate these
parameters. HSPF does not simulate crop growth, so monthly coefficients are incorporated in the
model to convert reference crop PET to values appropriate to different crop stages using the
Food and Agriculture Organization (FAO) method (Allen et al., 1998).

4.3. MODEL SIMULATION ENDPOINTS

Climate and land use change both have the potential to introduce significant changes in the
hydrologic cycle. At the larger scale, flow volumes and the seasonal timing of flow are of
immediate and obvious concern. Flows are analyzed in a variety of ways over the 30-year
analysis period, including the minimum, median, mean, and maximum change relative to
existing conditions among the different scenarios. Because of biases inherent in modeling at this
scale, estimates of relative change between historical and future simulations are most relevant. In
addition to basic flow statistics, comparisons are made for 100-year flood peak (fit with Log
Pearson type III distribution; USGS, 1982), average annual 7-day low flow, Richards-Baker
flashiness index (a measure of the frequency and rapidity of short term changes in streamflow;
Baker et al., 2004), and days to the centroid of mass for the annual flow on a water-year basis
(i.e., days from previous October 1 at which half of the flow for the water year is achieved, an
important indicator of changes in the snow accumulation and melt cycle). For the Log Pearson
IIT estimator, use of a regionalized skew coefficient is not appropriate to climate change scenario
applications as the regional map represents existing climate. Therefore, the K factor is estimated
using the skew coefficient from the model output only, without any weighting with the regional
estimate.

Each of the flow metrics discussed in the preceding section has been evaluated for each scenario
at the output of each HUCS contained within a study area. Several other summary measures of
the water balance, largely drawn from the work of Hurd et al. (1999), are summarized as
averages at the whole-watershed scale. These are:

e Dryness Ratio, defined here as the fraction of precipitation that is lost to
evapotranspiration (ET) as reported by the SWAT model. Hurd et al. calculated a
dryness ratio by computing ET as the difference between precipitation and basin outflow.
Results are generally similar, but the latter approach does not account for additional
factors such as channel loss and is affected by reservoir management and boundary
conditions.

o Low Flow Sensitivity, expressed as the rate of baseflow generation by shallow
groundwater, tile drainage, and lateral subsurface flow pathways in units of cfs/mi’.
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e Surface Runoff Fraction - the fraction of total flow from the uplands that is predicted to
proceed through overland flow pathways.

e Snowmelt Fraction — the fraction of total flow from the uplands that is generated by
melting snow.

e Deep Recharge Rate — the annual average depth of water simulated as recharging deep
aquifers.

Table 8 provides a summary of streamflow and water quality endpoints evaluated in this study.

The mobilization and transport of pollutants will also be affected by climate and land use change,
both as a direct result of hydrologic changes and through changes in land cover and plant growth.
Monthly and annual loads of sediment, phosphorus, and nitrogen are likely the most useful and
reliable measures of water quality produced by the analysis. Accordingly, the focus of
comparison among scenarios is on monthly and average annual loads for TSS, total nitrogen, and
total phosphorus. As with the flow simulation, it is most appropriate to examine relative rather
than absolute changes in simulated pollutant loads when comparing scenarios to current
conditions. All models are calibrated and validated, but in many cases current loads are
imprecisely known due to limited monitoring data.

Because the sediment load in rivers/streams is often dominated by channel adjustment processes,
which are highly site-specific and occur at a fine spatial scale, it is anticipated that precision in
the prediction of sediment and sediment-associated pollutant loads will be relatively low.
Nutrient balances can also be strongly affected by biological proces