
 

 

ABSTRACT 

SUTTLES, KELLY MAY.  Assessment of Watershed Vulnerability to Land Use and 

Climate Change. (Under the direction of James M. Vose). 

 

Land use and climate are fundamental aspects influencing hydrological processes.  

Land use change is occurring rapidly in the Southeastern United States and climate change is 

expected to alter weather patterns over the next half century.  This research used a case study 

approach to assess the effects of land use change and climate change on streamflow in the 

upper Yadkin-Pee Dee watershed in North Carolina as part of an “All Lands” assessment of 

land management.  While other land use transitions are occurring in the region, this study 

focused on the conversion from forest to urban land use.  Four climate (MIROC RCP 8.5, 

CSIRO RCPs 8.5 and 4.5, and Hadley RCP 4.5) scenarios were paired with four land use 

scenarios (Cornerstones A-D developed for The Southern Forest Futures Project, Wear and 

Greis, 2013) to provide an envelope for a range of future outcomes using the Soil and Water 

Assessment Tool model to simulate future streamflow conditions.  One of these combined 

future scenarios (Land Use C and CSIRO RCP 4.5) provides the most extreme outcomes 

(high end of the range) and another combined future scenario (Land Use D and Hadley RCP 

4.5) provides an outcome with the least change (low end of the range).  Average annual daily 

streamflow increased for all four future climate and land use combined scenarios and the 

extreme increases projected by the high combined scenario may result in high flows for half 

the year and unprecedented flooding.  In light of these results it is critical that land managers 

and policy makers consider the implications of increased streamflow (i.e., flooding) when 

planning for future population growth and climate change adaptation options. 
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Introduction 

Land use/land cover (LULC) and climate are fundamental aspects affecting 

hydrologic processes.  As part of the hydrologic cycle, precipitation may be used by 

vegetation, temporarily stored in soil, or contribute to groundwater or surface water flow in 

proportions that depend on the type of land cover and topography.  Surface water is a vital 

resource for humans and aquatic ecosystems, but hydrologic extremes can produce 

devastating effects like floods or frequent or prolonged droughts, which are complex global 

problems for people and ecological systems that depend on surface water.  Understanding 

how land use and climate influence hydrologic processes is critical for assessing risks 

associated with future change and for informing land managers and policy makers as they 

develop adaptation options to reduce risk.    

Land use influence on streamflow 

Land use and land cover within a watershed can have profound effects on streamflow 

quantity and quality (Arnold and Gibbons, 1996; Leopold, 1968; Paul and Meyer, 2001).  In 

predominately forested watersheds, precipitation rarely reaches the stream channel as surface 

runoff (i.e., Hortonian flow) due to high infiltration rates.  Land uses that compact the soil 

interact with topography and strongly contribute to the proportion of precipitation that 

becomes Hortonian flow (Horton, 1945) as opposed to subsurface flow (Moore and Taylor, 

1975).  The rest of the total precipitation in a humid region evaporates from the surfaces of 

vegetation, is transpired by plants, or infiltrates to groundwater (Booth, 1991).  The 
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predominant natural land cover in the Piedmont ecoregion of North Carolina is oak-hickory-

pine forests (Griffith et al., 2002a; Griffith et al., 2002b).  Forest soils allow precipitation that 

is not used in transpiration, to infiltrate to the groundwater, thereby sustaining the base flow 

in surface water systems and recharging groundwater (Booth, 1991).  Forested riparian areas 

stabilize stream banks, keep water cool by providing shade, and contribute wood and leaf 

litter for habitat, cover, and food for aquatic organisms (Dolloff and Melvin, 2003; Quinn et 

al., 2001).  Forested wetlands have the added benefit of trapping contaminants and sediment 

rather than letting them wash downstream (Johnston, 1991).   

In contrast to forest land cover, urban land use often has negative effects on aquatic 

systems.  Urbanization restricts interactions between the stream and the land and impairs 

hydrologic processes and water quality due to increased run-off, higher peak flows, and 

reductions in base flows (Boggs and Sun, 2011; Gagrani et al., 2013; Leopold, 1968; Paul 

and Meyer, 2001; O’Driscoll et al., 2010). Impervious surfaces such as roads, parking lots, 

and buildings within urban areas prevent groundwater recharge and create more overland 

flow to streams (Arnold and Gibbons, 1996).  This creates “flashiness” in the streams, that is, 

where storms create immediate surges in peak flows and drain quickly downstream compared 

to the longer storm recession periods for non-urbanized streams (Rose and Peters, 2001).  

Reduced base flows are the consequence of less water infiltration to groundwater.  A 

reduction in base flow reduces inputs of cool water, which leads to warmer streams that may 

stress some aquatic organisms (Richards et al., 1996).  Increased run-off from impervious 

surfaces can displace aquatic species and degrade habitats through flooding, streambed 
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erosion, and displaced sediment (Lenat and Crawford, 1994).  These problems are 

collectively referred to as the “urban stream syndrome,” characterized by altered channel 

morphology, reductions in species richness, and higher peak flows, which carry high 

concentrations of nutrients and contaminants.  Most of these negative effects are attributed to 

“hydraulically efficient” storm water run-off systems (Walsh et al., 2005) and have been 

studied extensively in the past several decades.   

Research has shown there are thresholds in urban land use or impervious surface that 

when exceeded reduce base flows, increase peak flows, and degrade water quality (Boggs 

and Sun, 2011; Booth and Jackson, 1997; Schueler, 1994; Schueler et al., 2009; Wang et al., 

2001).  For example Schueler et al.’s 2009 review of the 1994 Impervious Cover Model 

(ICM) describes the thresholds for impervious cover (IC) within a watershed that will affect 

water quality.  The ICM classifies streams with 0-10% IC as sensitive streams, 10-25% IC as 

impacted streams, 25-50% IC as non-supporting streams, and greater than 50% IC as urban 

drainages with poor water quality.  Sensitive streams retain most of their function while 

impacted streams show declining water quality and non-supporting streams no longer support 

their hydrologic functions.  Booth and Jackson (1997) found 10% effective impervious area 

as a threshold.  Wang et al. (2001) found between 8-12% impervious surface area was the 

threshold for stream degradation.  Similarly Boggs and Sun (2011) concluded that an urban 

watershed had higher flow rates (peak flow, base flow, storm flow volumes) when compared 

to a forested watershed, especially during the growing season.  This is mainly due to higher 
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evapotranspiration rates in the forested watershed, which reduces the amount and attenuates 

the timing of water available for streamflow. 

Climate Change influence on streamflow 

While land cover plays a significant role in streamflow amount and timing, 

precipitation and temperature are strong determinants of streamflow.  This is illustrated in a 

simple water balance model; streamflow can be estimated by: 

 Q = P – ET + ΔS, 

where Q = annual streamflow, P = annual precipitation, ET = annual evapotranspiration, and 

ΔS = change in soil water and shallow groundwater storage.  Precipitation has a direct effect 

on Q, especially in streams that are fed primarily by surface runoff (as opposed to 

groundwater).  Within a given land cover, temperature impacts Q primarily through its 

impact on ET, with generally higher ET (and hence lower Q per a given amount of P) at 

higher air temperatures (Vose et al., 2016).   

Predicting future climate is uncertain, so most researchers use a scenario-based 

approach to capture a range of possible trajectories of climate futures and outcomes.  In the 

most recent iteration of climate projections (Taylor et al., 2012), climate scientists used four 

representative concentration pathways (RCPs) that were selected as representative 

trajectories for a particular radiative forcing in the year 2100.  Projections are available as 

part of the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al., 2012).   
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According to the fifth Assessment Report (which used CMIP5 data) by the 

Intergovernmental Panel on Climate Change (IPCC), temperature is likely to increase under 

all emission scenarios and precipitation events will become more frequent and more intense 

over the remainder of the century (IPCC, 2014).  Trapp and others (2007) projected up to a 

100% increase in the number of days a year that environmental conditions favoring severe 

thunderstorm formation occur in the later part of this century.  More frequent extreme 

precipitation events may result in larger and more recurrent floods.  The consequences of 

extreme flooding are two-fold: exacerbating negative anthropogenic effects (i.e., the “urban 

stream syndrome” effects) and changing the morphology of rivers which affects quality and 

quantity of habitat (Death et al., 2015).  Climate change can also impact water quality 

through changes in biogeochemical cycling, and other processes such as reduced dilution or 

higher stream water temperature (Vose et al., 2016).   

 Previous studies have assessed the effects of climate change on the hydrologic cycle 

with variable results and high uncertainty.  Much of the uncertainty results from challenges 

in predicting future precipitation.  Moreau (2007) argues that amongst the more than 30 

general circulation climate models there is more uncertainty about the direction of change for 

precipitation and streamflow for the southern U.S. than for other parts of the country.  While 

precipitation patterns are still difficult to predict in the fifth IPCC assessment, it is clear that 

trends for temperature are increasing and this may impact streamflow, as evaporation 

increases with greater temperature.  For example, Cruise et al. (1999) indicated that 

streamflow in the southeast will likely decline in the next 14-34 years due to climate change.  
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In a comparison of 14 watersheds across the United States, Risley et al. (2011) demonstrated 

hydrologic trends by region using five general circulation models (GCMs).  Indicators of low 

flow decreased, annual maximum daily streamflow decreased, and evapotranspiration and 

potential evapotranspiration increased for most of the watersheds including one in the 

Southeastern US.  The study by Viger et al. (2011), one of the 14 watersheds in Risely et al., 

projects a slight decrease in overall streamflow for a river basin in Georgia.  A more recent 

review also suggests that total streamflow and groundwater recharge may decrease as 

evapotranspiration increases under climate change scenarios (Sun, 2013). 

Land Use and Climate Change Interactions 

 

  While numerous past studies (e.g., Booth and Jackson, 1997; Chiang et al., 2010; 

Exum et al., 2005; Harding et al., 1998; Nie et al., 2011; Omernik et al., 1981; Rose and 

Peters, 2001; Roth et al., 1996; Stednick, 1996) have focused on the effects of land use 

change on water resources, others (Caldwell et al., 2012; Franczyk and Chang, 2009; Hejazi 

and Markus, 2009; Mohammed et al., 2015; Schulze, 2000; Viger et al.,  2011; Wang et al., 

2014) have more recently begun to study the combined effects of LULC change and climate 

change.  It is difficult in these types of studies to separate the effects of climate change and 

land use change, but an effective method tests three scenarios: baseline LULC with projected 

climate; projected land use with baseline climate; and finally projected LULC and projected 

climate.  Franczyk and Chang (2009) indicated that the combined effects from increased 

urbanization and climate change would amplify the surface runoff from either land use 

change or climate change individually.  Viger et al. (2011) found that decreases in annual 
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streamflow due to climate change effects would be offset by the increased surface runoff 

from urbanization.  Caldwell et al. (2012) demonstrated that climate change impacts on 

streamflow will be much greater than either the effects of impervious cover or withdrawals 

under all climate change scenarios.  Wang et al. (2014) found the combined effects of land 

use change and climate change led to increasing trends in surface runoff, and decreasing 

trends in base flow. 

All Lands Approach to Land Management 

In the face of climate change and large-scale land use change the approach to 

managing public lands has changed over time.  The current integrated approach to land 

management is called an “All Lands” approach by the US Forest Service (USFS) and other 

public agencies (Kline et al., 2013). Effective management not only requires examining 

conditions within the boundaries of the management area, but it also requires an 

understanding of conditions outside of management boundaries that might influence 

ecosystem function and affect management activities.  As a corollary, an All Lands approach 

also requires consideration of how activities within the National Forest Service (NFS) 

boundaries shape ecological and socioeconomic systems outside the boundaries. The actual 

implementation of an All Lands approach requires complex analysis and prediction of current 

and future landscape patterns, assessments of how these patterns affect natural resources, and 

analyses of how management activities influence those effects.   
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The connectivity of materials, energy, and information flow across large spatial scales 

has significant implications for natural resource management (Peters et al., 2008) and is one 

of many factors considered in an All Lands approach.  For example, long distance transport 

of air or water pollution means that receiving landscapes need to be managed to mitigate 

adverse impacts whose cause may originate from several kilometers away.  Forests of the 

southern United States are heavily fragmented and most are privately owned.  Public lands 

dispersed within this landscape pose a great challenge to public land management.  This 

interaction among land ownership patterns is especially critical in the Eastern US where 

national forests are smaller compared to the Western US, and potentially much more 

influenced by changes outside the NFS boundaries.  

LULC change has been a constant force in the southeastern US, but the scale and rate 

of change is increasing (Wear and Greis, 2013).  Historically the predominant land cover in 

the southeastern United States was forest.  During the nineteenth century naturally occurring 

forests were heavily harvested for timber and cleared for agriculture.  From the 1930s 

through the 1950s, and for various reasons, abandonment of farms was prevalent, which 

allowed for reforestation of the previously agricultural land (Emanuel et al., 2006). After this 

time period, rapid urban growth has characterized the region often outpacing growth in the 

United States (Conroy et al., 2003).  Thus for more than five decades the landscape has been 

undergoing vast changes from second growth forest to urban land uses along with changes 

from agriculture to forests.  For the Southern Forest Futures Project, Wear (2013) used a fine 

scale spatial forecast model to predict where land use change patterns will occur from 2010-
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2060 throughout the Southeastern United States.  They developed four future scenarios based 

on the 2010 Resources Planning Act scenarios, which are mainly downscaled to the county 

level from published global scenarios.  The Central Appalachian Piedmont is forecast to lose 

the most forest to urban land use, with losses ranging from -12.5 to -19.5% (1.5 to 2.4 million 

acres) from the 1997 baseline to 2060 (Wear, 2013). The loss of forest lands has critical 

implications for streamflow and aquatic habitat.    

  This study uses a modeling approach (Soil and Water Assessment Tool (SWAT) 

(Arnold et al., 1998)) to assess the potential effects of climate and land use change on 

streamflow of the Uwharrie River, which runs through Uwharrie National Forest (UNF), and 

is located in the central Appalachian piedmont of North Carolina.  UNF is a representative 

example of a public forest found within a fragmented and privately owned rural landscape.  

As a part of the Yadkin-Pee Dee river basin, UNF is downstream of rapidly developing cities 

to the north (Winston Salem and High Point) and east of the sprawling metropolis of 

Charlotte.  Public lands, like Uwharrie National Forest, will increasingly be affected by land 

use changes outside their borders as well as become increasingly important for improving 

ecosystem services, such as water quality downstream of urbanized areas (Clinton and Vose, 

2006).  This assessment of streamflow for the UNF can be used by the USFS as a case study 

for an All Lands approach to management to understand the implications of a rapidly 

changing landscape outside of a relatively stable land use (forest) within the boundaries of 

UNF.  In addition, since the Uwharrie River watershed is such an important ecosystem, this 

research will estimate how changing land use patterns and climate change could affect 
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streamflow of the Uwharrie River and the upper Yadkin River watershed.  It is expected that 

the conversion of forest to urban land use would alter streamflow by increasing peak flows 

and decreasing base flows.  Larger and more frequent storm events due to climate change 

(IPPC 2014) will exacerbate the increasing “urban stream syndrome” (Walsh, 2005) and may 

result in more flooding.  These changes impair the health and function of aquatic ecosystems 

within the UNF and may limit the ability of the forested landscape to provide ecosystem 

services for downstream systems outside the forest boundary. 

Research Questions Addressed 

1. How might altered land use patterns in 2060 in the Yadkin-Pee Dee River basin and 

the Uwharrie River watershed affect streamflow? 

2. How might climate change from 2050-2070 affect streamflow in the Yadkin-Pee Dee 

River basin and the Uwharrie River watershed?  

3. Does one driver (land use or climate change) have a larger effect than the other? 

4. Is there an interaction between drivers either by canceling or amplifying effects on 

streamflow? 
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Methods 

Site Description 

The Yadkin River begins in the Blue Ridge Mountains of western North Carolina 

(NC), Figure 1.1.  It flows east for about 100 miles and then turns south near Winston-Salem.  

In central NC the Uwharrie River merges into the Yadkin River from the east and below this 

confluence the river is called the Pee Dee River.  The Rocky River, a major tributary, joins 

the Pee Dee from the west and drains most of the area surrounding eastern Charlotte.  A 

series of hydroelectric dams were built on the river starting in 1912 and ending in 1962, 

producing High Rock, Tuckertown, and Badin Lakes in series and Tillery and Blewett Falls 

Lake further downstream.  These reservoirs serve as sinks for nutrients and sediment.  In 

South Carolina the Lumber River joins the Pee Dee River, which eventually empties into the 

Atlantic Ocean at Winyah Bay.  The entire watershed is 29,137 km
2
, but the upper Yadkin 

River (17,780 km
2
) is the focus of this study.   

No baseline streamflow or water quality data exists for the Yadkin River prior to 

European settlement; however, turbidity of NC rivers has likely increased with widespread 

agriculture and urbanization (Harned and Meyer, 1981).  The United States Geological 

Survey (USGS) has monitored the Yadkin-Pee Dee River with stream gages since 1906.  

Some of those locations were also tested for water quality parameters over much more 

limited time periods.  In a 1981 report, Harned and Meyer presented the results of water 

quality data over the period from 1906 to 1978.  Water quality declined over this period and 
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suspended sediment was the leading problem for the river. Trends over this time show an 

increase in dissolved constituents until the mid-1970s, when they leveled off and began to 

decrease.  This may be due to improved water treatment and industrial practices.  Excess 

nutrients, which are still a major problem, were also present, but particularly at High Rock 

Lake (Weiss and Kuenzler, 1976).  Harned and Meyer note several other reports from the 

time period 1975 to 1979 to confirm that sedimentation, erosion, and pollution control were 

the largest problems for the river.  

The Yadkin River continues to have problems with point and nonpoint pollution from 

urban and agricultural sources, sedimentation, and eutrophication (Burns et al., 2012).  

Thirty six percent (36%) of all lakes and reservoirs within the Yadkin River basin are listed 

as “impaired” by the NC Division of Water Quality (NC DWQ), meaning they fail to meet 

water quality standards established by the US Environmental Protection Agency (US EPA) 

and the NC DWQ (Ford et al., 2010).  Additionally the five major impoundments mentioned 

previously and numerous smaller dams found on tributaries discontinue the natural flow 

regime and produce alterations in the frequency and magnitude of high and low flows or 

alternatively produce artificially stable flows without the natural extremes.  A defining 

characteristic of a river system is its dynamic physical features (examples: sediments, river 

bed, and banks).  Dams change the system to make it more constant and trap all but the finest 

of sediments, altering channel morphology.  Many aquatic organisms are adapted to survive 

high and low flows and some require flooding for some stage of their life cycle (Poff et al., 

1997).  
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In contrast to the Yadkin River, most of the Uwharrie River watershed (subbasin 18) 

is forested and predominantly rural (Figure 1.2).  Some parts of the Uwharrie River and its 

tributaries exhibit high water quality, though some areas have been impaired by urban 

development.  The cities and towns of Archdale, High Point, Thomasville, and Trinity are 

within the Upper Uwharrie River basin, and the cities of Randleman and Asheboro are within 

20 miles of the confluence of Caraway Creek with the Uwharrie River.  Barnes Creek, a 

tributary of the Uwharrie River, is designated an Outstanding Resource Water by the North 

Carolina Department of Environmental Quality (NC DEQ) and was chosen as an unimpaired 

reference stream for a baseline macroinvertebrate study of Goose and Crooked Creeks 

(Sauber, 2009).  Portions of Cedar Fork Creek, another tributary, are designated High Quality 

Waters by the NC DEQ.  Caraway Creek, a tributary of the Uwharrie River, exhibits Natural 

Heritage Element Occurrences Sites that includes dry oak hickory forest habitat and 

threatened and endangered freshwater mussels (Unger et al., 2005).  Six nationally 

significant habitats are found within the Uwharrie River watershed: Barnes Creek/Poison 

Fork Aquatic Habitat, Birkhead Mountain Wilderness area, Lomax Church Longleaf Pine 

Forest, the Rocky Creek Longleaf Pine Forest and Bogs, Sand Branch Natural Areas, and 

Uwharrie River Aquatic Habitat. Two state endangered species (the Atlantic pigtoe and 

Agoyan Cataract moss) are found in the Uwharrie River within Montgomery County (Ford et 

al., 2010).  It is clear that this sub-watershed of the Yadkin-Pee Dee is ecologically rich and 

provides high quality water to downstream users. 
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Half of the Uwharrie National Forest (UNF) is located within the Uwharrie River 

Watershed (35º21’59”N, 79º57’51”W; subbasin 18), accounting for 21% of the land use in 

this subbasin.  Most of the rest of the UNF is within the Upper Yadkin watershed, accounting 

for 0.0012% of the land use, but a few small parcels (<2 km
2
) are in the Cape Fear watershed 

(Figure 1.3).  The terrain consists of rolling hills and includes parts of the Uwharrie 

Mountains with elevations ranging from 120 to 380 meters above sea level.  The UNF is 

made up of 60 individual parcels some of which are separated by privately owned, mostly 

forested tracts.  The Town of Troy and a few other small towns are located within the forest 

boundary.  Most of the major cities within North Carolina are within a two hour drive 

including Charlotte, Greensboro, Winston Salem, Durham, and Raleigh.  The primary forest 

types are comprised of about half hardwoods and half pines, though it contains a higher 

percentage of loblolly pines than occurred historically due to management for timber 

production (Agpaoa, 2012). 

Description of the SWAT Model 

The Soil Water and Assessment Tool (SWAT) modeling software (ArcSWAT version 

2012, Arnold et al., 1998) was used to simulate streamflow dynamics.  The SWAT model 

was developed by the USDA’s Agricultural Research Service and Texas A&M AgriLife 

Research to model the impact of agricultural management practices on water quality and 

quantity (Arnold et al., 1998).  It has been used to predict the effects of climate and land use 

change on streamflow in both small watersheds and large river basins (Arnold et al., 1998; 
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Douglas-Mankin et al., 2010; Gassman et al., 2007).  Model performance has been 

comprehensively assessed over the last 30 years with satisfactory or better results (Gassman 

et al., 2007; Douglas-Mankin et al., 2010).  As noted by others (Arnold et al., 1998) the 

SWAT was developed to use inputs that are likely to be available and was designed to 

simulate hydrologic components realistically yet as simply as possible. 

SWAT delineates a watershed using a digital elevation model and then divides the 

watershed into subbasins based on the drainage area of the tributaries.  Each subbasin is 

further subdivided into hydrologic response units (HRUs), which are based on homogenous 

land use, soil, and topography.  The SWAT can simulate evapotranspiration, surface runoff, 

lateral flow in the soil profile, groundwater flow, channel routing, and reservoir storage 

(Arnold et al., 1998).  Neitsch et al. (2005) describe how these processes are simulated in 

detail. 

Necessary data input files (Table 1.1) are digital elevation models (DEM), land 

use/land cover, soil characteristics, reservoir locations, weather data, and historical 

streamflow records for model calibration.  All files were projected to the NC State Plane 

projection (North American Datum 1983, NC FIPS 3200) and used meters as the unit of 

measurement.   

Land Use/Land Cover Data 

 

The land use models used for the projections generate estimates of future land use  

(Wear and Greis, 2013) at a spatial resolution of 30 by 30 meters with projections extending 

until 2060 (Southern Forest Futures Project; Wear and Greis, 2013).  Six land use models 
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were developed (or cornerstone futures) that incorporated both global and downscaled 

(county level) projections of population, income, and climate change from the IPCC climate 

storylines (IPCC, 2007; Nakicenovic et al., 2000) and the Resources Planning Act 

assessment (USDA Forest Service, 2012), respectively.  Only four cornerstones (A-D) were 

used in this analysis.  The selected cornerstones used two storylines (A1B and B2) and with 

assumptions of either increasing or decreasing timber prices.  The A1B scenarios assume a 

higher rate of population (+60%) and economic growth and the B2 scenarios assume a lower 

rate of population (+40%) and economic growth. Additionally climate forecasting from three 

general circulation models (GCMs) was embedded in the assumptions of the cornerstones 

(Wear and Greis, 2013)(Table 1.2).  Land use classifications and the corresponding SWAT 

category for 2060 are defined in Table 1.3.  Subbasin 18 was 81% forested at the 1992 

baseline and forest loss in each scenario ranges from -16% to -19% in each of the four 2060 

land use scenarios.  Forest loss in each scenario for the whole watershed ranges from -23% to 

-29% and at the baseline it was 69.3% forest (Table 1.4). 

Climate Data 

The Coupled Model Intercomparison Project 5 (CMIP5, Taylor et al., 2010) daily 

climate data utilizing the Multivariate Adaptive Constructed Analogs (MACA, Abatzoglou 

and Brown, 2012) method, along with the METDATA (Abatzoglou, 2013) observational 

dataset as training data were used for future simulations (downloaded through the USGS data 

portal: http://cida.usgs.gov/gdp).  Although the land use model incorporated the CMIP3 

climate into future predictions of land cover, the daily CMIP5 data with the closest 
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representative concentration pathway (RCP) trajectories were used in the SWAT model, as 

SWAT requires daily weather data that was not available with the CMIP3 data. Table 1.2 

summarizes the climate and land use pairings.  Temperature is projected to increase over the 

baseline averages, ranging from 2.4 to 3.5 ºC in the four GCMs.  Precipitation is also 

projected to increase in these four GCMs, ranging from 73 to 219 mm annually (Table 1.5).  

Model Set-Up 

The Yadkin-Pee Dee River watershed was delineated into 28 subbasins using the 

DEM and the subbasin drainage area was set to three percent of the total watershed area 

(17,779.8 km
2
).  The outlet for this watershed is located at USGS gage 02129000, Pee Dee 

River.  The 28 subbasins were further delineated into 193 HRUs, which were based on 

homogeneous land use types, soil types, and topography.  The HRUs were defined by using 

percent thresholds of land use, soils, and slope of 5, 20, and 10%, respectively, within each 

subbasin.  Five reservoir outlets were added to the stream network for the following 

impoundments: High Rock Lake dam, Tuckertown Lake dam, Badin Lake dam, Norwood 

dam at Lake Tillery, and Blewett Falls Lake Dam. The smallest subbasin (17) is 28.7 km
2
 

and the largest (20) is 2521.2 km
2
. The Uwharrie River subbasin (18) is the fourth largest at 

1003.1 km
2
. 

Calibration and Validation 

The SWAT model was calibrated and validated using a split data set approach.  Daily 

flow data from three USGS stream gages (02115360, 02116500, and 02129000) was used for 

the time period January 1, 1982 to December 31, 1996 for the calibration and from January 1, 



19 

 

 

 

 

1997 to December 31, 2008 for the validation.  The Nash Sutcliffe efficiency coefficient 

(NSE) was calculated as measure of model performance. It is defined with the equation: 

𝑁𝑆𝐸 = 1 −
∑ (𝑄𝑜

𝑡 − 𝑄𝑚
𝑡 )2𝑇

𝑡=1

∑ (𝑄𝑜
𝑡 − 𝑄𝑜̅̅̅̅ )2

𝑇
𝑡=1

 

Where Qo
t
 is the observed discharge at time t, Qo is the mean of observed discharges and Qm 

is the modeled discharge.  The NSE can range from -∞ to 1.  A value of 1 indicates a perfect 

fit between simulated and observed data and a value of 0 indicates that the average of the 

observed discharge would be a better fit than the model output (Nash and Sutcliffe, 1970).  A 

NSE of 0.5 or higher is accepted as an indicator of good model performance (Moriasi et al., 

2007).   

SWAT-CUP 2012 software (Abbaspour, 2015) was used for the model calibration at 

a daily timescale using the generalized likelihood uncertainty estimation (GLUE, Beven and 

Binley, 1992) method.  Seventeen parameters were examined and ten were used for the 

calibration (SCS Curve Number, Soil Evaporation Compensation Factor, Groundwater 

Delay, Depth of Water for Return Flow, Depth of Water for Percolation to Deep Aquifer 

(Revap), Average Slope Length, and Available Water Capacity of the Soil Layer). The 

parameters were tested by starting with large, but realistic ranges in parameter values that 

were further narrowed based on the trends that either increased or decreased the NSE when 

the parameter values were plotted against the NSE values.  Soil Evaporation Compensation 

Factor, Depth of Water for Percolation to Deep Aquifer (Revap), and Average Slope Length 

were changed for the whole watershed.  SCS Curve Number, Groundwater Delay, and Depth 

of Water for Return Flow were calibrated for the upper (subbasins 1-6) and lower (subbasins 
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7-28) portions of the watershed separately.  All parameters were changed to a specific 

calibrated value, except SCS Curve number and Available Water capacity of soil, which 

were changed by a percentage.  

 Model validation demonstrates that the calibrated model is capable of making 

accurate predictions on data that were not used for calibration (Zeckoski et al., 2015).  After 

running 9100 simulations the best parameter set from the calibrated outputs was used to 

replace the default SWAT values for ten parameters (Table 1.6).  Then SWAT was run for 

the time period 1997-2008 to validate the model.  The simulated daily streamflow was 

compared again to the daily observed USGS stream gage data by calculating the NSE values 

for each gage.  The NSE values were 0.71, 0.59, and 0.66 for the three USGS stream gages 

located in subbasins 4, 9, and 28, respectively.    

Model Experiment Design 

Model simulations were performed for 2 twenty year time periods: baseline (1982-

2002) and future (2050-2070).  These time periods bracket the land use descriptions of 1992 

and 2060. To examine the effects of land use change and climate change the following 

approach was used. 

1. Projected climate data (2047-2070 with 3 years warm-up) with baseline 1992 LULC  

a. 4 GCMs (MIROC RCP 8.5, CSIRO RCPs 4.5 and 8.5, and Hadley RCP 4.5). 

These are referred to as the climate only scenarios. 

 



21 

 

 

 

 

2. Projected 2060 LU with historical climate data (1979-2002 with 3 years warm-up) 

a. Cornerstones A-D with corresponding historical down-scaled climate data 

from each of the 4 GCMs above.  These are referred to as the land use only 

scenarios. 

3. Projected 2060 LU with projected climate data (2047-2070 with 3 years warm-up) 

a. Cornerstones A-D with corresponding future climate data from each of the 4 

GCMs (MIROC RCP 8.5, CSIRO RCPs 4.5 and 8.5, and Hadley RCP 4.5). 

These are referred to as the combined future scenarios. 

Model output from two areas was considered for detailed analysis: subbasin 18 

(Figure 1.2), encompassing the Uwharrie River and capturing streamflow dynamics that 

might be influenced by the UNF, and USGS gage 0212900, the final outlet of the watershed 

to capture all the flow exiting the Yadkin Pee Dee watershed (Figure 1.1).  Thus there are 12 

scenarios multiplied by two outlets and each scenario was compared to baseline data that 

reflected the baseline land use (1992) and climate (1982-2002) (Table 1.7).   

Results 

Historical Baseline Climate vs. GCM-based Baseline Climate Comparison 

The baseline simulation to set up SWAT and calibrate the model used 1992 land use 

and observed weather data (1982-2008); however, this baseline was not used as the 

comparison for each family of future scenarios.  Instead as noted in the experiment design the 

historical downscaled climate data from each of the four GCMs was used as the baseline 
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weather data.  This approach is necessary to ensure consistency in climate input data for both 

the baseline and future projections in the SWAT model.  As a result, each family of scenarios 

had a separate baseline that used the 1992 land use and the downscaled weather data from 

each GCM.  These three baselines (MIROC, CSIRO, and Hadley) were compared to the 

observed baseline simulations on two outlets (subbasin 18 and USGS gage 02129000) to 

examine how GCM-based historical climate data compared to observed historical climate 

data. 

The observed baseline simulated average annual daily streamflow for subbasin 18 and 

USGS gage 02129000 was 11.6 and 206.9 cubic meters per second (m
3
/s), respectively.  

Conversely the average annual daily streamflow using the downscaled climate model data 

(MIROC, CSIRO, and Hadley, respectively) for subbasin 18 was 5.1, 5.7, and 6.4 m
3
/s and 

for USGS gage 02129000 the streamflow was 120.1, 116.1, and 135.7 m
3
/s (Table 1.8).  

Hence, using GCM-based baseline climate resulted in consistently lower modeled annual 

streamflow than using observed baseline climate. 

The annual runoff ratio is the ratio of discharge in mm/year to precipitation in 

mm/year.  The observed baseline mean annual runoff ratio for subbasin 18 and USGS gage 

02129000 was 0.31 and 0.30, respectively.  The climate model baseline annual runoff ratios 

for subbasin 18 and USGS gage 02129000 were 0.15 and 0.18 (MIROC), 0.15 and 0.18 

(CSIRO), and 0.17 and 0.21 (Hadley).  On average the mean runoff ratio values declined by 

forty-two percent and thirty eight percent in subbasin 18 and USGS gage 02129000.  The 
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annual average runoff ratios for all GCM baselines are lower (less than one standard 

deviation) than the observed baseline runoff ratios (Table 1.9).  

The monthly runoff ratio is the ratio of discharge in mm/month to precipitation in 

mm/month.  Average monthly runoff ratios were calculated for each climate model baseline.  

The monthly runoff ratios were compared to the observed baseline and the mean difference 

was plotted on bar graphs (Figures 1.4 and 1.5), for subbasin 18 and USGS gage 02129000, 

respectively.  For subbasin 18 the greatest decreases in runoff ratio values occur February 

through May and in September and for USGS gage 02129000 the greatest decreases occur 

February through June and in September.  In general the patterns of decrease for each outlet 

are similar among the three models.  

Flow duration curves for an average year were developed for each GCM model 

baseline and the observed baseline (Figure 1.6).  The median streamflow for the GCM 

baseline is almost half that of the observed baseline in subbasin 18 and significant decreases 

are shown in USGS gage 02129000 as well.  The Kolomogorov-Smirnov test (KS Test) 

(Massey, 1951; Young, 1977) for goodness of fit was used to determine whether the average 

daily flows were from significantly different distributions (Table 1.10).  All GCM model 

baselines in both subbasins were significantly different from the observed baseline at the 5% 

significance level.   
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Land Use Change Effects on Streamflow 

The SWAT was run with four future LULC scenarios (Cornerstones A-D) for the 

year 2060 and with GCM baseline climate (1982-2002) to simulate future flow conditions 

attributable to land use change only at annual, monthly, and daily time scales.  The forest loss 

in each scenario ranges from -16% to -19% in subbasin 18 and -23% to -29% in the whole 

watershed (USGS gage 02129000).  The average annual daily streamflow for subbasin 18 

was 6.3, 6.1, 6.8, and 6.8 m
3
/s for the following land use only scenarios, respectively: Land 

Use A, Land Use B, Land Use C, and Land Use D.  The average annual daily streamflow for 

the whole watershed (USGS gage 02129000) was 131.3, 124.2, 138.8, and 141.5 m
3
/s for the 

same four scenarios.  The results are summarized in Table 1.8.  Average annual daily 

streamflow increased by 4-24% for each scenario when compared to the baselines.   

For each future land use scenario (A-D, respectively) the mean annual runoff ratio for 

subbasin 18 was 0.16, 0.17, 0.18, and 0.18 and for USGS gage 02129000 was 0.20, 0.19, 

0.21, and 0.22.  Compared to the respective baselines in Table 1.12, mean annual runoff ratio 

values increased by (4-21%) for all scenarios.  

The monthly runoff ratios were compared to the respective baseline and the mean 

difference was plotted to assess response patterns (Figures 1.7 and 1.8).  For both subbasin 

18 and USGS gage 02129000, runoff ratios in the Land Use A scenarios all increased very 

slightly with the largest changes in the fall and early winter.  The Land Use B scenarios 

showed only slight changes, but the greatest were increases in the fall months and the largest 

decrease was in May.  The runoff ratios in the Land Use C scenarios increased slightly in the 
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fall and winter.  The Land Use D scenario showed the smallest changes overall with the 

largest decrease and increase in the month of September and October.   

Climate Change Effects on Streamflow 

The SWAT was run with four different climate scenarios (MIROC RCP 8.5, CSIRO 

RCP 8.5 and 4.5, and Hadley RCP 4.5) for the time period 2050-2070 and with baseline 1992 

land use to simulate future flow conditions attributable to climate change only at the annual, 

monthly, and daily time scales.  The average annual daily streamflow for subbasin 18 was 

7.2, 6.8, 8.1, and 7.1 m
3
/s for the following climate only scenarios, respectively: MIROC 

RCP 8.5, CSIRO RCP 8.5 and 4.5, and Hadley RCP 4.5.  The average annual daily 

streamflow for the whole watershed was 145.0, 136.2, 166.4, and 135.6 m
3
/s for the same 

four scenarios (Table 1.11).  Streamflow for each scenario increased by 10-43% compared to 

the baselines, except for Hadley RCP 4.5 for USGS gage 02129000, which slightly 

decreased.  The highest increase (43%) is more than one standard deviation (37.8 m
3
/s) in the 

CSIRO RCP 4.5 scenario for USGS gage 02129000. 

The mean annual runoff ratios for subbasin 18 were 0.17, 0.17, 0.19, and 0.16 for 

each future climate only scenario (MIROC, CSIRO RCP 8.5, CSIRO RCP 4.5, and Hadley, 

respectively).  The mean annual runoff ratios for USGS gage 02129000 were 0.19, 0.19, 0.22 

and 0.18 for each future climate only scenario (MIROC, CSIRO RCP 8.5, CSIRO RCP 4.5, 

and Hadley, respectively).  Compared to the baselines in subbasin 18 (0.15, 0.15, and 0.17) 

and USGS gage 02129000 (0.18, 0.18, and 0.21) mean annual runoff ratios increased by 
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6-24% for the first three scenarios and decreased by -5.2 and -11.6 % for the Hadley scenario 

(Table 1.12).  

The monthly runoff ratios were compared to the respective baseline and the mean 

difference was plotted on bar graphs, shown in Figures 1.9 and 1.10.  For USGS gage 

02129000 in the MIROC scenario the largest decreases and increases were in March and 

October.  For the CSIRO 8.5 scenario the largest increases were in the fall and early winter.  

The runoff ratios in the CSIRO 4.5 scenario all increased with the greatest changes in 

January, February, and November.  The Hadley scenario showed the smallest changes 

overall, but a large increase in the runoff ratio for the month of September.  For subbasin 18 

the patterns are all similar, except for the Hadley and CSIRO 4.5 scenarios.  In subbasin 18 

the runoff ratios with the CSIRO 4.5 scenario were similar, but the increase in November 

was not as large.  The Hadley scenario showed a large decrease in the runoff ratio for the 

month of September.  

Combined Climate Change and Land Use Change Effects on Streamflow 

The SWAT was run with four climate scenarios (MIROC RCP 8.5, CSIRO RCP 8.5 

and 4.5, and Hadley RCP 4.5) for the time period 2050-2070 paired with four future LULC 

scenarios (Cornerstones A-D) for the year 2060 to simulate future flow conditions at the 

annual, monthly, seasonal, and daily time scales (Table 1.7).  For the future combined 

scenarios (A, B, C, and D) the average annual daily streamflow for subbasin 18 was 7.6, 7.2, 

9.2, and 7.4 m
3
/s, respectively.  The average annual daily streamflow for the full watershed 
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(USGS gage 02129000) was 153.5, 142.5, 189.4, and 140.5 m
3
/s for the same four scenarios.  

The results are summarized in Table 1.11.  Average annual daily streamflow for each 

scenario increased by 3.5-63% compared to the baselines.  The increases (61 and 63%) in the 

C scenario for both outlets are more than one standard deviation (3.1 and 37.8, for subbasin 

18 and USGS gage 02129000, respectively).  Compared to either the result for climate only 

or land use only, the results for the combined scenarios are higher, except in the case of land 

use only for the D scenario.  In this case the land use effect is slightly higher than the 

combined result.   

For each future combined scenario (A-D) the mean annual runoff ratio for subbasin 

18 was 0.18, 0.18, 0.22, and 0.17.  The mean annual runoff ratio for USGS gage 02129000 

was 0.20, 0.20, 0.25, and 0.19, for the same scenarios.  The mean annual runoff ratio values 

increased by 12-43% for the A-C scenarios, but for the D scenario mean annual runoff ratio 

values decreased by -8% for USGS gage 02129000 and remained similar to baseline in 

subbasin 18 (Table 1.12).   

The monthly runoff ratios were compared to the respective baseline and the mean 

difference was plotted on bar graphs (Figures 1.11 and 1.12).  The results for both subbasin 

18 and USGS gage 02129000 are summarized below.  The runoff ratios in the A scenarios 

showed slight changes in most months, but a larger decrease (-0.06) in March and larger 

increases (+0.1 and +0.08) in the fall.  The B scenarios showed only slight changes, but the 

greatest increase (+0.08) in October.  The runoff ratios in the C scenarios increased in all 

months, but the greatest were in the fall and winter.  The D scenario showed small changes 
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overall except the month of September, where the runoff ratio decreased (-0.2) for subbasin 

18 and increased dramatically (+0.5) for USGS gage 02129000.     

 Overall runoff ratios are increasing with three combined (A-C) scenarios compared to 

the respective baselines.  The largest increases are expected to occur in the fall and winter 

months with some decreases in the spring.  After accounting for effects due only to land use 

change or climate change, it appears that each type of change produces an overall increase in 

runoff ratios, but the effects due to climate change are larger than land use change.  The D 

scenarios exhibit the opposite of the other three.  Runoff ratios appear to be decreasing in the 

climate only and combined scenarios, however with just land use, the ratios increase.  So as 

with the combined A-C scenarios, the effects of climate change are larger in the combined D 

scenario.   

Flow duration curves for an average year were developed for each scenario family: 

baseline, climate only, land use only, and combined land use and climate (Figures 1.13 and 

1.14).  Figure 1.13a and 1.14a show average daily streamflow is projected to increase in all 

the A scenarios at both outlets.  The KS Test (Massey, 1951; Young, 1977) was used to 

determine whether the average daily flows were from significantly different distributions 

(Table 1.13).  In the A family of scenarios both the climate only and combined scenarios 

were significantly different from the baseline in subbasin 18 and all the scenarios for USGS 

gage 02129000 were significantly different at the 5% significance level.   

Figures 1.13b and 1.14b show average daily streamflow is projected to increase in all 

the B scenarios at both outlets. Similar to the A scenarios, the B scenarios for both the 
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climate only and combined scenarios were significantly different from the baseline in 

subbasin 18 and all the scenarios for USGS gage 02129000 were significantly different at the 

5% significance level (Table 1.14).  Land use only has the smallest effect and the combined 

scenario has the largest effect.  

Similar to the B scenario, Figures 1.13c and 1.14c also show that daily streamflow is 

projected to increase in all the C scenarios compared to the baseline at both outlets.  All C 

scenarios were significantly different from the baseline (Table 1.14).  The climate only and 

the combined scenarios also show a steeper curve indicating an increase in high flows and a 

decrease in low flows.  For example the average flows for USGS gage 02129000 in a year 

were around 115 m
3
/s in the baseline, but the flow is only that low for about one to two 

weeks out of the year in the combined future scenario.  The average flows in the combined 

scenario are about 190 m
3
/s.  The difference between the highest flows compared to the 

highest baseline flows is almost 100 m
3
/s. 

Figures 1.13d and 1.14d for the D family of scenarios do not show a significant 

difference in subbasin 18, but do show a significant difference for all scenarios for USGS 

gage 02129000 (Table 1.15).  For the whole watershed the curve becomes less steep in the 

median to lower ranges indicating an increase in lower flows.  Similar to the effects indicated 

by the runoff ratios, average daily streamflow is projected to increase in the combined A-C 

future scenarios, especially the average high flows, and streamflow is projected to decrease 

or remain close to baseline in the D scenarios.      
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Discussion 

Difference in GCM Baseline Climate vs. Observed Baseline Climate  

The climate model projections for the baseline period resulted in modeled streamflow 

that was substantially lower than modeled streamflow using the observed climate data (e.g., 

average annual streamflow with the GCMs was underestimated by about 50% in subbasin 18 

and by about 40% for USGS gage 02129000).  It is unknown whether this bias persists when 

using GCM projections to predict future streamflow in the SWAT model; however, if it does, 

then simulated streamflow may be biased downward.  While the absolute amounts of 

projected baseline and future streamflow might be biased low, responses were evaluated by 

examining the difference between future projections versus baseline simulations using the 

GCM based climate data for both time periods.  We assume that response magnitude is a 

more appropriate and unbiased predictor of future outcomes.    

Land Use Change Effects on Streamflow 

Three metrics (e.g., annual average daily streamflow, mean annual/mean monthly 

runoff ratio values, KS Test for differences between daily flow distributions) were used to 

assess climate change and land use change effects on streamflow properties.  Among these 

metrics, average annual daily streamflow was comparable in sensitivity to mean annual 

runoff ratio values, as the relative percent changes are similar.  In contrast, mean daily flow 

was not as sensitive as average annual daily streamflow and mean annual runoff ratio values 
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(as indicated by the number of significant differences detected using the KS Test) to land use 

change in general and particularly in subbasin 18.  Lower sensitivity in subbasin 18 may 

reflect the importance of forest cover in regulating streamflow characteristics.  In contrast to 

the larger watershed, land use projections indicated that subbasin 18 will experience less land 

use change, which is at least partially a result of having the UNF within its boundaries.  

These metrics may be more sensitive in small catchments (e.g., similar in size to subbasin 18) 

near or surrounding a growing urban area, since the effects of LULC change vary at different 

spatial scales (Allan, 2004; Roth et al., 1996; Wang et al., 2001).  

 Average annual daily streamflow increased for all the Land Use Only scenarios 

(Table 1.11) and the relative percent change was similar between subbasin 18 and USGS 

gage 02129000, except for the Land Use A scenario.  In Scenario A, the relative increase in 

average annual daily streamflow in subbasin 18 was 24% (the largest for this group) and only 

9% for the whole basin.  One explanation for the difference is the population growth 

assumptions of the land use models.  Both the Land Use A and B scenarios assume higher 

population growth than the other two scenarios.  The area of land in subbasin 18 classified as 

urban in the Land Use A and B scenarios is 19% and in the Land Use C and D scenarios it is 

15%.  Either percentage is more than the critical thresholds at which stream functions begin 

to be degraded (around 10% or more of impervious surface area was noted in the 

Introduction as capable of degrading streams). The impact of more population growth and 

urbanization may be more apparent in subbasin 18 versus the whole watershed, because this 

area was more heavily forested (81% vs. 69%) with no urban land use (0% vs. 3%) at the 
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baseline.  The whole watershed ranges from 26-34% urban in 2060, but each subbasin 

individually ranges from 8-88% urban land use.   

 Most of the metrics tested showed similar increases between subbasin 18 and the 

whole watershed, but there were a few notable differences.  The distributions for annual daily 

flow for the Land Use Only scenarios in subbasin 18 were not significantly different from the 

baseline in any of the scenarios except for Land Use C, but they were significantly different 

when tested in the whole watershed/USGS gage 02129000 (Figures 1.13 and 1.14; Tables 

1.13-1.15).  Similarly, some of the seasonal flow patterns for the Land Use Only scenarios 

respond differently in subbasin 18 compared to the whole watershed (Tables 1.16-1.19 and 

Figures 1.16-1.22).  In each of the following scenarios the seasonal distributions for mean 

daily flow are not significantly different in subbasin 18, but are significant for USGS gage 

02129000: fall for Land Use A, spring and winter for Land Use C, and summer and fall for 

Land Uses B and D.  The stable land base provided by the UNF may have prevented some of 

the streamflow increases while the loss of forest land to development may have increased 

streamflow more in the whole watershed (Boggs and Sun 2011; Booth, 1991).   

Climate Change Effects on Streamflow 

 The same streamflow metrics used for assessing the effects land use change were also 

used for assessing the effects of climate change.  Consistent with other research (Caldwell 

et al., 2012; Lockaby et al., 2013; Sun et al., 2008), the climate only scenarios had a larger 

effect on streamflow than land use change.  Most of the climate only scenarios generated 
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similar streamflow effects, with the exception of the Hadley GCM.  As noted in Table 1.5, 

the Hadley GCM had the lowest projected increases in precipitation and the highest projected 

increase in air temperature relative to the other climate models.   

Average annual daily streamflow for the MIROC 8.5, CSIRO 8.5 and CSIRO 4.5 

future Climate Only scenarios increased more than in the Land Use Only scenarios, but the 

Hadley 4.5 climate scenario resulted in the lowest increased flows relative to the baseline.  In 

the Hadley climate only scenario average annual daily streamflow increased by only 10% in 

subbasin 18 and decreased by less than 1% in the whole watershed (USGS gage 02129000).  

The runoff ratio values for the Hadley GCM are also quite different from the other three 

climate only scenarios.  While the other three other scenarios increased runoff ratio values 

(similar to land use only), the Hadley GCM decreased runoff ratio values compared to 

baseline.  The medium to low flows for the whole watershed in the summer are projected to 

decrease for the Hadley climate only scenario, but increase for the land use only scenario 

(Figure 1.22).   

These results are consistent with Viger et al. (2011) who found that decreases in 

annual streamflow due to climate change effects would be offset by the increased surface 

runoff from urbanization.  It is important to note, however, that annual average precipitation 

and streamflow data fail to account for shorter-term fluctuations in precipitation, surface 

runoff, and resulting streamflow that can vary significantly from current hydrologic 

conditions, with potentially significant consequences for stream hydrology and ecology.  

Differences in projected streamflow response outcomes among GCMs pose some significant 
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challenges for future planning.  In particular, the uncertainty associated with projecting future 

changes in precipitation amount and seasonal patterns necessitates an envelope approach that 

brackets high and low responses.    

 Streamflow responses to three of the climate change scenarios (MIROC, CSIRO 8.5, 

and Hadley) differed between subbasin 18 and USGS gage 02129000, reflecting the 

importance of fine scale patterns in regulating responses to large scale climate drivers.  For 

example, the average annual daily streamflow increase in subbasin 18 (40%) for the MIROC 

8.5 climate scenario was almost twice as high as the increase for USGS gage 02129000 

(21%).  This trend is apparent for the average annual runoff ratio values, though the 

difference is smaller. 

Conversely, in the winter, the CSIRO 8.5 climate only scenario seems to have less of 

an impact on subbasin 18 than the whole watershed, though for the rest of the year the two 

outlets respond similarly (e.g., The medium to low flows in the winter increased in both the 

climate only and combined scenarios for USGS gage 02129000, but no significant change 

was predicted for subbasin 18 (Table 1.17, Figures 1.17 and 1.18)).  The Hadley scenario 

also appears to have less of an impact on subbasin 18 than the whole watershed for more than 

one metric.  The relative decrease in the annual runoff ratio value was larger in the whole 

watershed than in subbasin 18.  The distribution for mean daily streamflow for the Hadley 

climate only scenario in subbasin 18 was not significantly different from the baseline, but 

was significantly different when tested in the whole watershed (Table 1.15).  A similar 

difference is also apparent in the seasonal flow duration curves (Figure 1.22 and Table 1.19).  
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In the spring and summer there was no significant difference in subbasin 18, but the 

difference was significant in the whole watershed.  The results suggest that in the MIROC, 

CSIRO 8.5, and Hadley scenarios there are climate interactions with forests and vegetation, 

though for MIROC the effects are opposite the other two.   

Combined Land Use and Climate Change Effects on Streamflow 

 Streamflow responses to the combined effects land use change and climate change are 

generally additive, which is consistent with other research (Wang et al., 2014; Franczyk and 

Chang, 2009).  For example, average annual streamflow for the combined B scenario 

increased by +7% for land use only, +18% for climate only, and +25% for the combined.  In 

all the scenarios the effects of land use change increase streamflow and in three out of four of 

the scenarios the effects of climate change also increase streamflow.  Streamflow responses 

using the Hadley GCM were the only projections where streamflow decreased relative to the 

baseline; however, land use change offset some of these impacts  (e.g., mean annual runoff 

ratio values for the D scenarios increased by +4% for land use only, decreased by -12% for 

climate only, and by -8% for the combined).  These additive effects (i.e., increases partially 

cancelling decreases) keep the streamflow in the combined D scenario closer to the baseline 

while the additive effects in the combined A-C scenarios drive further increases in 

streamflow.     

In the combined A, B, and C scenarios streamflow is projected to increase, especially 

for high flows, but streamflow is projected to decrease or remain similar to baseline in the 
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combined D scenarios.  Since the effects of land use change and climate change will occur 

together, the future combined C and D scenarios predict the most extreme and least extreme 

outcomes.  The future outcomes in the combined D scenario remain relatively stable, while 

the outcomes in the combined C scenario predict dramatic changes compared to the baseline.   

The potential outcomes of the combined C scenarios provide insight into the most 

extreme future outcomes.  Future combined C scenarios project the largest increases in 

average annual daily streamflow for both subbasin 18 (61%) and the whole watershed (63%).  

Increases on this order of magnitude mean that the baseline average daily flows that occur for 

six months out of a year would only occur for about 3 months in subbasin 18 and for about a 

week in the whole watershed in an average year (Figures 1.13 and 1.14).  All streamflow for 

the rest of the year (9 months to 51 weeks out of the year) would be much higher than the 

average baseline.  The highest 10% of streamflow (high flow) that would occur on the 

baseline average for one month a year is expected to occur more frequently, 3.5 months 

(subbasin 18) to six months (whole watershed) per year.  If these projections are realized, the 

highest flows (i.e. floods) may be unprecedented.   

As with all the scenarios there is a seasonal component to the combined C increased 

streamflow.  The greatest increases for the combined C scenarios occur in the summer and 

fall, but increases occur all year (Figures 1.19 and 1.20).  In the summer and fall mean daily 

streamflow of the combined C scenario is double that of the baseline mean daily flow for 

both watersheds.  Some of the probability exceedance curves (Figures 1.19b and 1.20a, b, c) 

are so steep that the mean daily baseline flows will not occur at all in an average season 
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(subbasin 18, summer; and USGS gage 02129000, spring, summer, fall) and the highest 

flows from the baseline will occur for about 2 weeks during the summer and less than a day 

during the fall for USGS gage 02129000.   

While the C combined scenarios project increases in streamflow all year, the rest of 

the scenarios predict increases mainly in the summer and fall based on the KS Test for the 

seasonal flow duration curves (Figures 1.16-1.22).  Alternatively the runoff ratio values 

indicate the greatest increases over baseline in the fall and winter (September-January) 

(Figures 1.11 and 1.12).  This can be partially explained by the relationship between 

streamflow and precipitation that runoff ratios measure.  The other side of this water balance 

is evapotranspiration.  Any increases in precipitation during the growing season (April-

September) may be transpired through trees and vegetation, but after the growing season 

extra precipitation will run off and enter surface waters.  Therefore increased precipitation 

patterns in the summer may be transpired by vegetation, especially with higher summer 

temperatures.  Seasonal increases in streamflow in the fall and winter are consistent with 

research by Wang et al. (2014) in an Alabama watershed. 

Determining what role, if any, protected forest land may play is difficult since climate 

change is the dominant driver in the combined scenarios.  As noted in the climate only 

section, there were differences in the combined A scenario that generated a greater 

streamflow response in subbasin 18 compared to the whole watershed.  One explanation for 

this is that in heavily forested (or vegetated) watersheds evapotranspiration controls on the 

water balance are sensitive to climatic driving variables, and this sensitivity is reduced as 
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areas become more urbanized and less vegetated.  Hence, climate change may have a greater 

impact (in terms of percent changed from baseline) on forested watersheds.   

Conclusions 

Four GCMs and land use change models were used along with the SWAT to assess 

the combined effects of land use and climate change on streamflow at mid-century in the 

upper Yadkin-Pee Dee watershed.  Streamflow was projected to increase in three (A-C) of 

the combined future scenarios, especially for high flows, but streamflow was projected to 

decrease or remain unchanged in the combined D scenarios.  Average annual daily 

streamflow increased for all four future combined scenarios ranging from 3.5% to 63% from 

the baseline.  Increases in streamflow are consistent with research by Wang et al. (2014) and 

Tao et al. (2014), but decreases in streamflow, like that observed with the Hadley climate 

only scenario simulations, are consistent with research by Sun (2013) and McNulty et al. 

(2013).  Decreased streamflow with the Hadley GCM was attributed to increased air 

temperature effects on ET that were not offset by higher precipitation.  There is more 

confidence in the temperature rise aspect to climate modeling, but the precipitation 

component is still more uncertain and extremely variable in the southeastern United States 

between GCMs (IPCC, 2014; Moreau, 2007). 

Simulations using the Land Use Only scenarios examined how altered land use 

patterns in 2060 in the Yadkin-Pee Dee River basin might affect future streamflow. Here, 
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streamflow increased in all four land use only scenarios for all annual metrics.  Land Use C 

and D represent the most extreme and the least extreme outcomes due to land use change.  

The Climate only scenarios examined how different climate patterns from 2050-2070 

might affect streamflow in the Yadkin-Pee Dee River basin.  With all annual metrics 

streamflow increased in three scenarios (MIROC 8.5, CSIRO 8.5 and 4.5), but decreased 

with the Hadley 4.5 scenario.  The two climate models that represent the extremes, CSIRO 

4.5 (high) and Hadley 4.5 (low), are interestingly the same ones that are paired with the Land 

Use C and D scenarios. 

Land use change effects appear to have less influence than climate change effects on 

streamflow and this is somewhat surprising.  However, the watersheds (subbasin 18 and 

USGS 02129000) chosen for detailed analysis may be a contributing factor.  The change 

effects for USGS gage 02129000, as the final outlet within the watershed, may be diluted or 

buffered by the chain of reservoirs in the study area.  A future study could use a different 

outlet further up the river as a comparison for the whole watershed to capture the Upper 

Yadkin flow dynamics before the reservoirs would have an effect.  Subbasin 18, which 

encompasses half the UNF, is projected to experience less forest conversion than other 

subbasins closer to metropolitan areas.  Alternatively a future study may focus on a more 

rapidly developing subbasin (e.g., surrounding Winston Salem or the area to the northwest of 

Charlotte) within the Yadkin-Pee Dee watershed to determine whether land use change 

effects closer to an urban area have a stronger effect when combined with climate change 

effects.     
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When climate and land use changes are combined, streamflow increases are even 

higher in the combined A-C scenarios, because climate and land use have an additive effect.  

The effect on streamflow is also additive for the combined D scenarios, but the effects serve 

to cancel one another creating the least change.  The four combined scenarios provide a range 

of possible outcomes with the combined C future scenarios providing the most extreme 

outcomes and the D combined scenarios providing the least change.  The extreme increases 

projected by the C combined scenario may result in high flows for half the year and 

unprecedented flooding.  In light of these results it is critical that land managers and policy 

makers consider the implications of flooding and increased high flows when planning for 

future population growth and climate change adaptation options, even if the GCMs 

acknowledge a high degree of uncertainty.    
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Table 1.1 – Data Files for the Soil and Water Assessment Tool 

Input Data Source Resolution Time period 

Digital Elevation Model USGS National Elevation Dataset 30×30m 2013 

Land Cover 

(Calibration/Baseline) 

National Land Cover Dataset 30×30m 1992 

Land Cover (Projected) Southern Forest Futures Project:                

Cornerstones A, B, C, and D 

30×30m 2060 

Soil Properties USDA-NRCS Soil Survey Geographic Database 

(SSURGO) - 25 counties/ STATSGO where 

SSURGO was incomplete (1 full county and parts 

of others) 

Varies from 

1:12,000 to 

1:63,360 

2013 

Climate (Observed) NOAA Daily precipitation: 18 COOP and WBAN 

stations 

Point 1979-2008 

Climate (Observed) NCEP and CFSR daily temperature, solar 

radiation, wind speed, and relative humidity: 

multiyear global gridded representation of 

weather (18 locations) 

38 km 1979-2008 

Climate (Projected) CMIP5 multi-modal ensembles for RCP 4.5 

(CSIRO mk360 & Hadley GEM2 ES) and 8.5 

(CSIRO mk360 & MIROC5) 

~4 km 

(1/24th of a 

degree) 

2047-2070 

Dams USGS National Inventory of Dams Point 2013 

Observed Streamflow USGS stream gages: 02115360 (Enon), 02116500 

(Yadkin College), and 02129000 (Pee Dee) 

Point 1982-2008 

National Oceanic and Atmospheric Administration (NOAA)  

Cooperative Observer network (COOP)  

Weather-Bureau-Army-Navy stations (WBAN)  

National Centers for Environmental Prediction (NCEP)  

Climate Forecast System Reanalysis (CFSR)  

 

Table 1.2 – Land Use and Climate Scenarios 

2060 Land Use 

Cornerstone CMIP3 Population Timber CMIP5 Best Choice 

A A1B, MIROC 3.2 +60% growth high prices RCP 8.5, MIROC 5 

B A1B, CSIRO Mk3.5 +60% growth low prices RCP 8.5, CSIRO Mk360 

C B2, CSIRO Mk2 +40% growth high prices RCP 4.5, CSIRO Mk360 

D B2, Hadley CM3 +40% growth low prices RCP 4.5, Hadley GEM2 ES 

MIROC GCM from the Japanese National Institute for Environmental Studies  

CSIRO GCMs from Australian Commonwealth Scientific and Industrial Research Organization  

Hadley GCM from the United Kingdom Meteorological Center 
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Table 1.3 – Land Use Classifications 

Model Classification SWAT category 

Pine Pine/Forest evergreen --> FRSE 

Mixed pine hardwood Forest mixed --> FRST 

Upland hardwood Forest deciduous --> FRSD 

Lowland hardwood Wetland forested --> WETF 

Non stocked Pasture/Hay --> HAY 

Agriculture Agricultural Row Crop --> AGRR 

Developed Urban residential medium/low density --> UMRL 

Wetland Wetlands mixed 

Water Water --> WATR 

 

Table 1.4 – LULC Models: Forest Loss from Baseline - 1992 to 2060 

2060 Land Use 

Cornerstone 
Subbasin 18 USGS gage 02129000  

A -18.7 % -23.8 % 

B -19.1 % -29.0 % 

C -15.9 % -22.5 % 

D -16.6 % -24.4 % 

 

Table 1.5 – GCMs: Increased Temperature and Precipitation from Baseline 

Global Circulation 

Model (2050-2070) 

Average Temperature 

Increase (ºC) 

Average Precipitation 

Increase (mm) 

MIROC 5 RCP 8.5 3.2 146 

CSIRO RCP 8.5 2.7 131 

CSIRO RCP 4.5 2.4 219 

Hadley GEM2 RCP 4.5 3.5 73 
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Table 1.6 – Calibrated SWAT Parameters and their Default Values  

Parameter Calibrated Value Default Value 

SOL_AWC  

(Available Water Capacity of Soil)  -11.7% 
varies with 

soil type 

SLSUBBSN (Average Slope length (m))  31 61 

ESCO  

(Soil Evaporation Compensation Factor)  
0.30 0.95 

REVAPMN  

(Threshold depth of water in the shallow 

aquifer for “revap” to occur (mm))  

180 750 

GW_DELAY Subbasins 1-6  

(Groundwater Delay (days)) 110.5 31 

GW_DELAY Subbasins 7-28  

(Groundwater Delay (days)) 31.5 31 

GWQMIN Subbasins 1-6  

(Threshold depth of water in shallow 

aquifer for return flow to occur (mm))  
138.7 1000 

GWQMIN Subbasins 7-28  

(Threshold depth of water in shallow 

aquifer for return flow to occur (mm))  
49 1000 

CN2 Subbasins 1-6  

(SCS Curve Number)  -46.1% 

varies with 

soil type and 

land use 

CN2 Subbasins 7-28  

(SCS Curve Number)  +8.4% 

varies with 

soil type and 

land use 
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Table 1.7 – Land Use and Climate Model Pairings 

2060 Land Use 

Cornerstone 
CMIP5 GCM Combined Scenarios 

A MIROC5 RCP 8.5 LU A / MIROC 

B CSIRO mk6 RCP 8.5 LU B / CSIRO 8.5 

C CSIRO mk6 RCP 4.5 LU C / CSIRO 4.5 

D Hadley GEM2 ES RCP 4.5 LU D / Hadley 

 

Table 1.8 – Baseline Comparison for Average Annual Daily Streamflow (m
3
/s) 

Subbasin 18 

Average 

Annual 

Streamflow 

10th and 90th 

Percentiles 

Observed Baseline 11.6 4.4/20.9 

MIROC Baseline 5.1 2.3/10.1 

CSIRO Baseline 5.7 2.4/10.2 

Hadley Baseline 6.4 2.7/11.0 

USGS Gage 0212900 

  Observed Baseline 206.9 125.8/313.5 

MIROC Baseline 120.2 72.4/180.6 

CSIRO Baseline 116.1 68.7/174.2 

Hadley Baseline 135.7 88.7/191.9 

 

Table 1.9 – Baseline Comparison for Average Annual Runoff Ratios 

Subbasin 18 

Average 

Annual 

Runoff Ratio 

Standard 

Deviation 

Observed Baseline 0.31 0.11 

MIROC Baseline 0.15 0.09 

CSIRO Baseline 0.15 0.09 

Hadley Baseline 0.17 0.08 

USGS Gage 0212900 

  Observed Baseline 0.30 0.12 

MIROC Baseline 0.18 0.08 

CSIRO Baseline 0.18 0.08 

Hadley Baseline 0.21 0.08 
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Table 1.10 – Baseline Comparison: KS-Test for Climate Models to Observed  

Subbasin 18   

Significantly 

Different 

Distributions P Value 

MIROC Baseline Yes P < 0.001 

CSIRO Baseline Yes P < 0.001 

Hadley Baseline Yes P < 0.001 

USGS Gage 0212900     

MIROC Baseline Yes P < 0.001 

CSIRO Baseline Yes P < 0.001 

Hadley Baseline Yes P < 0.001 

 

Table 1.11 – Average Annual Daily Streamflow (m3/s) 

Subbasin 18 Scenarios Baseline 

Future Land 

Use only 

Future Climate 

only 

Combined 

Future 

Land Use A/MIROC 8.5 5.1 6.3 7.2 7.6 

Land Use B/CSIRO 8.5 5.7 6.1 6.8 7.2 

Land Use C/CSIRO 4.5 5.7 6.8 8.1 9.2 

Land Use D/Hadley 4.5 6.4 6.8 7.1 7.4 

USGS Gage 0212900 

    Land Use A/MIROC 8.5 120.2 131.3 145.0 153.5 

Land Use B/CSIRO 8.5 116.1 124.2 136.2 142.5 

Land Use C/CSIRO 4.5 116.1 138.8 166.4 189.4 

Land Use D/Hadley 4.5 135.7 141.5 135.6 140.5 

  

Table 1.12 – Average Annual Runoff Ratio 

Subbasin 18 Scenarios Baseline 

Future Land 

Use only 

Future 

Climate only 

Combined 

Future 

Land Use A/MIROC 8.5 0.15 0.16 0.17 0.18 

Land Use B/CSIRO 8.5 0.15 0.17 0.17 0.18 

Land Use C/CSIRO 4.5 0.15 0.18 0.19 0.22 

Land Use D/Hadley 4.5 0.17 0.18 0.16 0.17 

USGS Gage 0212900 

Scenarios 

    Land Use A/MIROC 8.5 0.18 0.20 0.19 0.20 

Land Use B/CSIRO 8.5 0.18 0.19 0.19 0.20 

Land Use C/CSIRO 4.5 0.18 0.21 0.22 0.25 

Land Use D/Hadley 4.5 0.21 0.22 0.18 0.19 
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Table 1.13 – KS Test MIROC/Land Use A Scenarios (Annual Flow) 

Subbasin 18   

Significant 

Change from 

Baseline P Value 

Land Use Only No 0.2622 

Climate Only Yes 0.0033 

Combined Yes 0.0014 

USGS Gage 0212900     

Land Use Only Yes P < 0.001 

Climate Only Yes P < 0.001 

Combined Yes P < 0.001 

 

Table 1.14 – KS Test CSIRO/Land Use B/C Scenarios (Annual Flow) 

Subbasin 18   

Significant 

Change from 

Baseline P Value 

Land Use B Only No 0.1155 

Climate (8.5) Only Yes 0.0071 

Combined Yes P < 0.001 

USGS Gage 0212900     

Land Use B Only Yes P < 0.001 

Climate (8.5) Only Yes P < 0.001 

Combined Yes P < 0.001 

Subbasin 18       

Land Use C Only Yes 0.0055 

Climate (4.5) Only Yes P < 0.001 

Combined Yes P < 0.001 

USGS Gage 0212900     

Land Use C Only Yes P < 0.001 

Climate (4.5) Only Yes P < 0.001 

Combined Yes P < 0.001 
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Table 1.15 – KS Test Hadley/Land Use D Scenarios (Annual Flow) 

Subbasin 18   

Significant 

change from 

Baseline P Value 

Land Use Only No 0.1155 

Climate Only No 0.3035 

Combined No 0.0660 

USGS Gage 0212900     

Land Use Only Yes 0.0014 

Climate Only Yes P < 0.001 

Combined Yes P < 0.001 
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Table 1.16 – KS Test MIROC/Land Use A Scenarios (Seasonal Flow) 

Subbasin 18  

Scenarios Season 

Significant 

Change from 

Baseline P Value 

climate only Spring Yes 0.0136 

land use only Spring No 0.9989 

combined Spring Yes P < 0.001 

climate only Summer Yes P < 0.001 

land use only Summer Yes 0.0136 

combined Summer Yes P < 0.001 

climate only Fall Yes P < 0.001 

land use only Fall No 0.107 

combined Fall Yes P < 0.001 

climate only Winter No 0.2123 

land use only Winter No 0.3825 

combined Winter No 0.0734 

USGS Gage 

0212900 

Scenarios Season 

Significant 

Change from 

Baseline P Value 

climate only Spring Yes 0.0017 

land use only Spring No 0.3894 

combined Spring Yes P < 0.001 

climate only Summer Yes P < 0.001 

land use only Summer Yes P < 0.001 

combined Summer Yes P < 0.001 

climate only Fall Yes P < 0.001 

land use only Fall Yes P < 0.001 

combined Fall Yes P < 0.001 

climate only Winter No 0.2886 

land use only Winter No 0.2123 

combined Winter No 0.2123 
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Table 1.17 – KS Test CSIRO/Land Use B Scenarios (Seasonal Flow) 

Subbasin 18  

Scenarios Season 

Significant 

Change from 

Baseline P Value 

climate only Spring No 0.6238 

land use only Spring No 0.9870 

combined Spring No 0.6238 

climate only Summer Yes P < 0.001 

land use only Summer No 0.2176 

combined Summer Yes P < 0.001 

climate only Fall Yes 0.0079 

land use only Fall No 0.0734 

combined Fall Yes P < 0.001 

climate only Winter No 0.1070 

land use only Winter No 0.4933 

combined Winter No 0.1070 

USGS Gage 

0212900 

Scenarios Season 

Significant 

Change from 

Baseline P Value 

climate only Spring No 0.0512 

land use only Spring No 0.7494 

combined Spring No 0.1569 

climate only Summer Yes P < 0.001 

land use only Summer Yes 0.0050 

combined Summer Yes P < 0.001 

climate only Fall Yes P < 0.001 

land use only Fall Yes 0.0129 

combined Fall Yes P < 0.001 

climate only Winter Yes 0.0079 

land use only Winter No 0.1070 

combined Winter Yes 0.0016 
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Table 1.18 – KS Test CSIRO/Land Use C Scenarios (Seasonal Flow) 

Subbasin 18  

Scenarios Season 

Significant 

Change from 

Baseline P Value 

climate only Spring Yes 0.0017 

land use only Spring No 0.2948 

combined Spring Yes 0.0017 

climate only Summer Yes P < 0.001 

land use only Summer Yes 0.0217 

combined Summer Yes P < 0.001 

climate only Fall Yes P < 0.001 

land use only Fall Yes 0.0028 

combined Fall Yes P < 0.001 

climate only Winter Yes 0.0206 

land use only Winter No 0.1070 

combined Winter Yes 0.0206 

USGS Gage 

0212900 

Scenarios Season 

Significant 

Change from 

Baseline P Value 

climate only Spring Yes P < 0.001 

land use only Spring Yes 0.0030 

combined Spring Yes P < 0.001 

climate only Summer Yes P < 0.001 

land use only Summer Yes P < 0.001 

combined Summer Yes P < 0.001 

climate only Fall Yes P < 0.001 

land use only Fall Yes P < 0.001 

combined Fall Yes P < 0.001 

climate only Winter Yes P < 0.001 

land use only Winter Yes P < 0.001 

combined Winter Yes P < 0.001 
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Table 1.19 – KS Test Hadley/Land Use D Scenarios (Seasonal Flow) 

Subbasin 18  

Scenarios Season 

Significant 

Change from 

Baseline P Value 

climate only Spring No 0.1105 

land use only Spring No 0.9445 

combined Spring No 0.0512 

climate only Summer No 0.2948 

land use only Summer No 0.1105 

combined Summer Yes 0.0337 

climate only Fall No 0.2123 

land use only Fall No 0.1070 

combined Fall Yes 0.0129 

climate only Winter No 0.7432 

land use only Winter No 0.6167 

combined Winter No 0.6167 

USGS Gage 

0212900 

Scenarios Season 

Significant 

Change from 

Baseline P Value 

climate only Spring Yes 0.0017 

land use only Spring No 0.9445 

combined Spring Yes P < 0.001 

climate only Summer Yes P < 0.001 

land use only Summer Yes P < 0.001 

combined Summer Yes P < 0.001 

climate only Fall No 0.2123 

land use only Fall Yes 0.0322 

combined Fall Yes 0.0016 

climate only Winter No 0.2123 

land use only Winter No 0.4933 

combined Winter Yes 0.0322 
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Chapter 1 Figures 
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Figure 1.1 – Upper Yadkin Pee Dee Watershed 
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Figure 1.2 – Uwharrie River, Subbasin 18 
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Figure 1.3 – Uwharrie National Forest and Subbasin 18 
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Figure 1.4 – Mean Monthly Difference Climate Model Baselines, Subbasin 18 
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Figure 1.5 – Mean Monthly Difference Climate Model Baselines, USGS Gage 0212900 
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Figure 1.6 – Baseline Comparison of Flow Duration Curves 
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Figure 1.7 – Mean Monthly Difference in Runoff Ratios: Future Land Use Scenarios and 

Respective Baselines in Subbasin 18 
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Figure 1.8 – Mean Monthly Difference in Runoff Ratios: Future Land Use Scenarios and 

Respective Baselines in USGS Gage 0212900. 
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Figure 1.9 – Mean Monthly Difference in Runoff Ratios: Future Climate Scenarios and 

Respective Baselines in Subbasin 18.  
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Figure 1.10 – Mean Monthly Difference in Runoff Ratios: Future Climate Scenarios and 

Respective Baselines for USGS Gage 0212900.  
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Figure 1.11 – Mean Monthly Difference in Runoff Ratios: Future Combined Scenarios and 

Respective Baselines in Subbasin 18. 
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Figure 1.12 – Mean Monthly Difference in Runoff Ratios: Future Combined Scenarios and 

Respective Baselines for USGS Gage 0212900. 
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Figure 1.13 – Annual Average Flow Duration Curves for Subbasin 18 

All scenarios are significantly different from the baseline except for the following:  

a) Land Use A is not significantly different from the baseline. b) Land Use B is not 

significantly different from the baseline. d) None of the D scenarios are significantly 

different.   
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Figure 1.14 – Annual Average Flow Duration Curves for USGS Gage 0212900 

All scenarios show significant differences from the respective baseline. 
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Figure 1.15 – Seasonal Flow Duration Curves All A Scenarios, Subbasin 18 

Summer (b) differences are significant for all scenarios compared to baseline.   

Spring (a) and fall (c) differences are significant for climate only and the combined 

scenarios. 
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Figure 1.16 – Seasonal Flow Duration Curves All A Scenarios, USGS Gage 0212900 

Summer (b) and fall (c) differences are significant for all scenarios compared to baseline.  

Spring (a) differences are significant for climate only and the combined scenarios. 



78 

 

 

 

 

a 

 

 

b 

 

 

c 

 

 

d 

 

 

 

 

 

 

 

  

Figure 1.17 – Seasonal Flow Duration Curves All B Scenarios, Subbasin 18   

Only the summer (b) and fall (c) climate only and combined scenarios are significantly 

different from the baseline. 
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Figure 1.18 – Seasonal Flow Duration Curves All B Scenarios, USGS Gage 0212900  

All summer (b) and fall (c) scenarios are significantly different from the baseline.  The 

winter (d) climate only and combined scenarios are significantly different from the baseline. 
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Figure 1.19 – Seasonal Flow Duration Curves All C Scenarios, Subbasin 18  

All scenarios are significantly different except for the spring (a) and winter (d) land use only 

scenarios. 
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Figure 1.20 – Seasonal Flow Duration Curves All C Scenarios, USGS Gage 0212900   

All scenarios are significantly different from the baseline. 
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Figure 1.21 – Seasonal Flow Duration Curves All D Scenarios, Subbasin 18   

Only the summer (b) and fall (c) combined scenarios are significantly different from the 

baseline. 
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Figure 1.22 – Seasonal Flow Duration Curves All D Scenarios, USGS Gage 0212900 

All summer (b) scenarios and all the combined scenarios are significantly different from the 

baseline.  The fall (c) land use only and the spring (a) climate only are also significantly 

different.   

 


