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Abstract 

While generally not receiving the same level of coverage and concern as arid regions, water-rich areas 

such as Western New York face unique hydrologic challenges under a changing climate. Predicted 

increases in precipitation and temperature are expected to significantly alter the hydro logic system of the 

region resulting in increased risk to urban infrastructure. These changes could lead to a wide range of 

stark deviations from the current hydrologic system including large changes to runoff, stream discharge, 

stream stage, and evapotranspiration rates. Increases in mean precipitation are predicted to result in rises 

in water table elevations leading to elevated risk of leaky combined sewer overflows, an event that 

significantly impacts the quality of surface water bodies. In order to assess both the hydrologic system as 

a whole and the future risk of leaky combined sewer overflows in Western New York, a novel, linked, three 

part modeling approach, consisting of climate, surface water, and groundwater models was developed. 

The modeling approach allows for the analysis of spatial and temporal changes to recharge, 

evapotranspiration, runoff, stream discharge, and water table elevation. The climate portion of the 

approach was modeled by the Mesoscale Model 51 -Community Climate Systems Model pairing (MMSI

CCSM) regional climate model which utilizes the A2 (high midcentury emissions) scenario. The MMSI

CCSM model is a product of dynamical downscaling whereby a finer scale regional climate model is 

imbedded in the framework of a coarser scale general circulation model which acts as the boundary 

conditions for the regional model. The surface water portion of the approach was modeled by the basin 

scale, lumped parameter model SWAT. SWAT simulates surface processes such as recharge, 

evapotranspiration, and runoff based off land surface characteristics and daily weather inputs from the 

regional climate model. MODFLOW was employed to represent the groundwater and surface water 

portions of the model domain. Daily values of recharge, evapotranspiration, and surface runoff were 

incorporated into the MODFLOW model from SWAT as transient boundary conditions. This three part 

approach includes the linkage of all three portions of the hydrologic system allowing for the assessment 
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of surface water and groundwater flow regimes driven by climate model outputs. A baseline model was 

developed using historical weather and water level data from the year 2010 through 2014. Simulations 

from the historical model were compared against two future models driven by results from the 

dynamically downscaled climate model from 2045 through 2049 and 2065 through 2069. Model results 

from the future climate change scenarios suggest large spatial and temporal changes in surface water and 

groundwater flow regimes. Changes in surface water and groundwater processes are a direct result of 

climate model forecasted changes in precipitation, temperatures, solar radiation, wind speeds, and 

humidity. Results from the surface water model suggest mean annual increases in both recharge and 

evapotranspiration in the future however, spatial and temporal variabilities are large across the model 

domain. Changes in surface and groundwater processes resulted in highly variable changes in stream 

discharge relative to historical outputs. Generally, water table elevations are predicted to increase 

throughout the model domain in both future scenarios with the more distant future scenario experiencing 

the greater increases. Changes in water table elevations, from the historical period, vary across the model 

domain from slight decreases in some areas to large increases in others. Spatial variability in changes to 

groundwater elevations are a result of a number of factors including spatial and temporally varying 

weather patterns, variable surface characteristics resulting in area specific recharge and 

evapotranspiration rates, temporally varying stream elevations and discharge rates, and spatially varying 

aquifer geologic characteristics. Groundwater flow modeling identified areas at elevated risk of leaky 

combined sewer overflows caused by inundation of sewer lines from a rising water table. Groundwater 

and surface water modeling under future climate scenarios provides a representation of the highly 

interconnected hydro logic system of Western New York and the spatially and temporally varied responses 

to changes in the climate. This three-part approach allows for the analysis of flow regimes at the fine 

scale necessary to assist policy makers in locating areas that are potentially susceptible to the adverse 

hydro logic effects of climate change. 
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Chapter 1: Introduction 

1.1 Introduction 

Climate change is a prevailing issue, which is predicted to bring about many new hydrologic 

challenges to Western New York that will need to be addressed in the coming decades (Bates et al., 

2008; Glecik, et al., 1989; Green et al., 2011; Horton et al., 2014). Alterations in the hydrologic system 

brought on by climate change pose significant risks to groundwater and surface water quality as well as 

place additional stresses on aging infrastructure that was designed to operate under past climatic 

conditions. The future of environmental and economic development in the Western New York region is 

dependent on quantifying the impact of these hydro logic changes. Regional Climate Models (RCMs) and 

Atmospheric-Oceanic General Circulation Models (AOGCMs) predict average temperatures and the total 

annual precipitation in Western New will increase in the future (Hayhoe, et al., 2007; Rawlins et al., 

2012). These changes to the climate could have dramatic effects on the hydrologic system in Western 

New York. Under expected wetter conditions, increased groundwater infiltration from periods of 

sustained precipitation will result in an increase in the regional water table elevation, placing serious 

stresses on our aged infrastructures (Milly et al. 2002; EPA, 2004) . 

In urban settings, wetter conditions will cause a rise in the regional water table possibly flooding 

sewer lines and triggering leaky combined sewer system pipes to act as regional drains, exceeding the 

capacity of wastewater treatment plants, resulting in direct discharge of wastewater into the Great 

Lakes (Patz, et al., 2008), a persistent problem resulting in water quality issues across the region (EPA, 

2004). Many older industrial cities, particularly in the Northeastern and Great Lakes regions of the 

United States, are underlain by dated sewer lines with cracks and holes allowing for the infiltration of 

groundwater into sewer lines (EPA, 2004; Patz, 2008).,. The U.S. Environmental Protection Agency (EPA) 
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has estimated that already more than 850 billion gallons of combined sewage is released to the nation's 

waterways annually through this mechanism (EPA, 2004) . 

Without a comprehensive knowledge of the hydro logic system, we cannot take proactive 

measures to prevent anticipated changes to the quality and quantity of Western New York's water 

resources (Gleick, 1988; Michalak et al., 2013; Milly et al. 2002; Patz et al., 2008) . In order to fill this 

knowledge gap, outputs from a regional climate model (RCM), under A2 high mid-century climate 

forcing emissions scenario (Nakienovic, et al., 2000), were used to forecast changes in flow regimes in 

Western New York due to climate change . Outputs from the RCM were imported into a pair of linked 

regional groundwater and surface-water numerical flow models. Through a series of runs of the 

groundwater and surface water models, under historical and future climate scenarios, changes to 

groundwater and surface-water flow regimes were analyzed and evaluated. 

1.2 Study Area 

The study encompasses a large portion of Western New York including the entirety of Erie and 

Niagara Counties and large sections of Cattaraugus, Chautauqua, Genesee, Orleans, and Wyoming 

Counties (Figure 1-1). The outside boundaries of the model delineate the watersheds of the major rivers 

in Western New York: Eigtheenmile Creek, Tonawanda Creek, Scajaquada Creek, Buffalo River, Smoke 

Creek, Big Sister Creek, and Cattaraugus Creek. For the purpose of this study, Western New York is 

defined as the area encompassing the watersheds of these rivers. The topography of the study area is 

characterized by the flat low-lying plains of the Erie-Ontario Lowlands to the north and the hills of the 

northern extent of the Allegheny Plateau to the south and west. Lake Erie extends south of the City of 
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Buffalo along the southwestern 

border of the study area and Lake 

Ontario runs along northern 

border. The Niagara River 

connects the two lakes, running 

from the City of Buffalo in the 

south to the northwest corner of 

the Niagara Escarpment. Niagara 

Falls located at the southwestern 

corner of the Niagara Escarpment 

represents a 99.4 meter head 

drop between Lake Erie and Lake 

Ontario. The urban center of 

Buffalo, New York sits at the 

confluence of Lake Erie and the 

Niagara River. Suburban areas 

surround the city to the south, 
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Figure 1-1: Western New York study area including streams modeled over the domain 
and head and stream discharge calibration targets used for the model calibration 

east, and north. The remainder of the study area is characterized predominately by farmland to the 

north and heavily wooded areas to the south. 

The study area lies within the northwestern portion of the Appalachian Plateau, a high plains area 

situated along the western side of the Appalachian Highlands. Most of Western New York is overlain by 

glacial drift deposited during Pleistocene glaciations (Weaver, 1975). The glacial till varies in thickness 

across the study area and is thickest in the north and thins to the south (Borndne, 1960). Paleozoic aged 
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shale underlays the glacial till. The shales are largely made up of marine sediments deposited west of 

the Appalachian Highlands (Weaver, 1975). 

1.3 Climate Change in Western New York 

Expected changes in global temperatures and precipitation patterns are predicted to alter regional 

hydro logic systems. Changes to these systems could subsequently impact the quality and quantity of 

Western New York's water resources (Gleick, 1989). While past studies have predicted how spatial and 

temporal changes in temperature and precipitation will alter a single component of the hydrologic 

system, (Groisman et al.,2004; Hayhoe et al., 2007; Huntington, et al., 2006; Jyrkama and Sykes, 2007; 

Keim, et al., 2005; Skibek, et al., 2006) no study has synthesized these components to predict how the 

whole hydrologic system will respond in Western New York. 

Annual mean temperature has and is expected to continue to increase in Western New York (Table 

1-1) (Hayhoe et al., 2007) . Increases in annual mean temperature in Western New York are predicted to 

affect many components of the climatic and hydrologic systems. Meteorological theory indicates that 

high intensity precipitation events will increase with rising annual temperature (Huntington, 2004). 

Intensity of precipitation events are constrained by the moisture content in the atmosphere, and the 

moisture carrying capacity of the atmosphere increases exponentially with an increase in temperature 

(Trenbech, 1999). Since 1970, Western New York has experienced an increase in mean annual surface 

temperature at a rate of 0.25°C per decade (DeGaetano and Allen, 2002). On average, temperature 

increases were greater in the winter (0.7°C per decade) than the summer (0.l2°C per decade) (Keim el 

al., 2005) . The number of days exceeding the 95 th percentile for daily maximum temperature per year in 

the U.S. Northeast has increased by 1.7 occurrences per decade over the past 45 years (7.65 more 

occurrences per year in 2002) (DeGaetano and Allen, 2002) . An ensemble of nine Atmospheric-Oceanic 

General Circulation Models (AOGCMs) predict surface temperatures in Western New York to increase 
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5.3°C by 2070-2099 relative to historical data under high emissions, AlFl, scenarios (Table 1-1 and 

Figure 1-2) (Hayhoe et al., 2007) . These AOGCMs include climate forcings from changes to 

anthropogenic greenhouse gas emissions, aerosols, changes in solar output, particulate from volcanic 

emissions, and changes in ozone concentrations and are based on AlFl (high), A-2 (mid), and Bl (lower) 

emissions scenarios (Nakienovic, et al., 2000). Temperature increases could affect regional hydrology in 

several ways, through increased atmospheric water vapor content, increased evapotranspiration and 

associated changes in seasonal weather patterns (Hayhoe, et al., 2007; Jyrkama and Sykes, 2007; 

Trenbach, 1999). 

Table 1-1: Absolute values for reference period 1961-1990 {20C3M} and projected future changes in key climate indicators for 
2035-2064 and 2070-2099 from the AOGCM models under IPCC 4 defined 81 (low emissions), A2 (middle emissions) and A1F1 
(high emissions) (Hayhoe et al., 2007). 

1961-1990 2035-2064 2070-2099 

Units 20C3M Bl A2 AlFl Bl A2 AlFl 

Temperature 

Annual 7.8 2.1 2.5 2.9 2.9 4.5 5.3oc 
ocWinter -4.8 1.1 1.7 3.1 1. 7 3.7 5.4 

ocSUililler 20 1.6 2.2 3.1 2.4 4.3 5.9 

Precipitation 

Annual cm(% Change) 102.9 5% 5% 8% 7% 9% 14% 

Winter cm(% Change) 20.95 6% 8% 16% 12% 14% 3% 

SUililler cm(% Change) 28.03 -1 % -1 % 3% 0.01 0.02 0% 

Precipitation patterns in Western New York are predicted to deviate from historical observations in 

the future (Table 1-1). Changes in precipitation have many implications on hydrologic systems as it 

constrains the total water available to surface water and groundwater systems. Deciphering long-term 

trends in precipitation can be difficult due to high spatial and temporal variability. Events such as the 

drought of the mid 1960's introduce significant biases in trends (Hayhoe et al., 2007). Despite these 

biases, there has been a trend of increased annual precipitation of 9.5+/-2 mm/yr per decade over the 

last century (Keim et al., 2005). Seasonal precipitation has increased in spring and fall by 2.4+/-0.3 mm 

per decade, in summer by l.2+/-0.5 mm per decade and has experienced little change in winter at -
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Figure 1-2: Projected changes from AOGCM ensembles in annual, winter and summer 
temperature {C} and precipitation(% change) under 81 (low), A2 (mid), and A1F1 (high) Climate Model Assessment 
emissions scenarios for the periods of 2035-2064 and 2070-2099 relative to 1961-1990 
averages across U.S. Northeast (Adapted from Hayhoe, et al., 2007). 

Program (NARCAAP), forecast 

a relatively large increase in mean winter and spring precipitation and little change in summer and fall 

mean precipitation amounts for the U.S. northeast (Rawlins et al. 2012). Precipitation predictions based 

off AOGCM model projections agree with these seasonal precipitation trends suggesting a nearly 30% 

increase in winter precipitation under AlFl conditions and small to no changes in summer precipitation 

(Figure 1-2) (Hayhoe, et al., 2007). Very heavy precipitation events surpassing the 99th percentile have 

increased significantly since 1970 (Groisman, 2004). The relative contribution of 99th percentile 

precipitation events to total annual precipitation has increased 13% per year since 1900. Furthermore, 

since 1970 there has been an increasing trend in the frequency of days with precipitation events above 

the 99.Jlh percentile (Groisman, 2004). The greatest increase in frequency of heavy precipitation events, 
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in Western New York, are concentrated in the winter months, resulting in increases in winter and early 

spring snow pack accumulation (Groisman, 2004). 

Climate change is predicted to have a number impacts on the hydrology of Western New York. 

Increased precipitation will lead to increases in surface runoff, evapotranspiration, and groundwater 

recharge (Jyrkama and Sykes 2007). Increased temperatures will lead to decreases in the fraction of 

annual precipitation falling as snow thereby reducing the annual snowpack, leading to increased surface 

runoff and stream discharge in the late winter and early spring, while conversely decreasing in the 

summer (Scibek, et al., 2007) . Increased frequency of precipitation coupled with reduced ground frost 

from warmer winter temperatures will lead to increased groundwater recharge (Jyrkama and Sykes, 

2007) . A study of the nearby Grand River Watershed in Ontario, Canada, using the physically based 

hydro logic HELP3 model, by Jyrkama and Sykes (2007) predicted groundwater recharge to increase by 

over 100 mm/year (from 189 mm/year to 289 mm/year) by 2040 under a high emissions scenario. 

Groundwater elevations are directly proportional to rates of groundwater recharge, particularly in areas 

of high permeability (Green et al., 2011). Therefore, even with predicted increased rates of 

evapotranspiration and surface runoff, groundwater elevations are predicted to increase with increases 

in precipitation under a changing climate (Green et al., 2011; Kirshen, 2002) . Peak groundwater 

elevations are expected to shift toward the winter months due to increased recharge from decreased 

surface frost and from a decrease in the fraction of precipitation falling as snow. Peak stream discharge 

will mirror this shift toward the winter months. However, due to decreased snow pack and increased 

evapotranspiration, stream stages will decrease in the summer thereby decreasing groundwater 

elevations as groundwater discharges into channel reaches as base flow (Sci beck, et al., 2007) . 

Under a warmer and wetter climate, the frequency of combined sewer overflows are likely to 

increase in the future in the Great Lakes region. Based on historical discharge data in the Great Lakes 

region it was found that an average minimum daily precipitation of 6.4 cm (2.5 in) was required to 
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initiate a combined sewer overflow response (Hayhoe et al., 2008; McClellan et al., 2007). Using a suite 

of global climate models from the Coupled Model Intercomparing Project (CMIP) and the 6.4 cm daily 

precipitation threshold Patz et al., (2008) concluded that the frequency of combined sewer overflow 

events in the Great Lakes region is predicted to rise 50 -120% by the end of the century. While these 

studies have focused on increased combined sewer overflow from increases in surface runoff to urban 

sewer systems, a rising water table inundating perforated sewer lines will likely exacerbate the issue. 

Various hydrologic models have been used to study the impacts of climate change on a subsection of 

the hydrologic system (Kirshen, 2002; Skibek and Allen, 2006; Hayhoe et al., 2007; Jykarma and Sykes 

2007). Modeling approaches typically look to evaluate hydrologic responses such as recharge, stream 

flow, and water table elevation by perturbing climatic inputs to hydro logic models, such as temperature 

and precipitation, to mimic climate change. Generally, results from general circulation models (GCMs) 

and RCMs are used as inputs for these models. Most research to date has been focused on how a single 

aspect of the hydro logic system will respond to climate change. Few Studies have attempted to assess 

the entire hydrologic system though a single methodology. 

Kirshen (2002) used MOD FLOW to evaluate the impacts of climate change on a permeable aquifer in 

the Northeastern United States. Outputs from two GCMs were used as input parameters in MODFLOW. 

Depending on the GCM used, Kirshen's study results in high, no change, or slightly lower values of 

recharge and groundwater elevation. 

Jykarma and Skykes (2007) used the Hydrologic Evaluation of Landfill Performance 3 (HELP3) 

(Schroeder, et al., 1994) model to predict changes to groundwater recharge in the Grand River 

Watershed in Southern Ontario under climate change conditions. Climate inputs were perturbed to 

mimic predictions made in the IPCC Third Assessment Report. Results from the study indicate that 
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increasing temperature and precipitation due to climate change will result in increases in surface runoff, 

evapotranspiration, and groundwater recharge. 

Hayhoe et al. (2007) used a Variable Infiltration Capacity (VIC) (Liang et al., 1994) model to simulate 

the water budget across the entire hydro logic system over the United States northeast. Model forcings 

were sourced from a suite of statistically downscaled AOGCMs. Results from the study predict increases 

in evapotranspiration and runoff in the future. The VIC model predicted temporal changes to stream 

discharge patterns with stream flow increasing in the winter months and decreasing in the summer 

months. 

Skibek and Allen (2006) developed a methodology for linking climate, surface water, groundwater 

flow models, which was applied to the Grand Forks Aquifer in British Columbia to assess the impacts of 

climate change on the hydrologic system. Outputs from statistically downscaled GCMs were used as 

inputs to a HELP3 model (Schroeder, et al., 1994). Outputs of recharge from the HELP model were 

implemented in MOD FLOW which were used to simulate groundwater flow under various climate 

change scenarios. Results from the study indicated that recharge to the aquifer will increase in the 

spring through summer months but, effects on groundwater levels would be negligible due to the 

dominant groundwater surface-water interaction by the aquifer and Grand River. 

1.4 Modeling Approach 

For the research presented here, a three-part modeling approach was employed to quantify the 

hydro logic impacts of a changing climate on urban and rural landscapes over the Western New York 

study area. The three systems approach includes the incorporations of climate, surface water, and 

groundwater systems to assess the entire hydrologic system under a changing climate (Figure 1-3). 

Climate systems were modeled by a dynamically downscaled regional climate model pairing, called the 

Mesoscale Model 51- Community Climate Systems Model (MMSI-CCSM) (Chen, et al. 2001; Collins et 
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al., 2006), fit to the Western New York study area. The USDA Soil Water Assessment Tool (SWAT) 

(Arnold et al., 1998) was used to model the surface water portion of the analysis. The SWAT model was 

linked in each time step to the regional climate model through the SWAT precipitation component. The 

Western New York groundwater system was modeled using the USGS software MODFLOW-2005 

(Harbaugh, 2005). MODFLOW was linked to SWAT in each time step by incorporating the daily values of 

recharge to surficial aquifer and evapotranspiration from SWAT into MODFLOW as transient boundary 

conditions. The models forecasted forward in five-year time periods for 2045 through 2049 and 2065 

through 2069 and simulation results yielded measurements of groundwater elevations and stream 

discharges. The approach allows for the modeling of surface water and groundwater processes directly 

driven by outputs from regional climate models simulating future climatic conditions under the high 

emission A2 scenario . 
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Figure 1-3: Schematic of three part continuously linked hydrologic system modeling approach. Climatic, surface water, and 
groundwater systems are each handled by a discrete model with inputs variables coming from the output variables from the 
subsequent model. 

1.4.1 Regional Climate Models 

The regional climate model, MMSI-CCSM (Chen, et al. 2001; Collins et al., 2006) was chosen for 

the study. The model participates in the NARCCAP program, an international program tasked with 

producing higher resolution climate change simulations of North America to improve upon the 

uncertainties at the regional scale that are characteristic of the coarser scale AOGCMs. AOGMS typically 

run at a resolution of 100 to 400 km 2 while all NARCAAP models run at a finer resolution of 50 km 2 

resolution (Alley et al., 2007). The RCMs participating in NARCAAP produce climate simulations for North 

America using the high mid-century greenhouse gas SRES A2 emission scenario (Rawlins et al., 2012) . 

Each RCM is forced using boundary conditions from AOGCMs creating an AOGCM-RCM pairing (Rawlins 

et al., 2012). The MMSI-CCSM pairing uses the MMSI RCM (Chen, et al. 2001) embedded in the 
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framework of the CCSM AOGCM (Collins et al., 2006) AOGCM. The MMSI is a limited area, non-

hydrostatic, terrain-following model designed to simulate atmospheric circulation over North America 

(Zou, et al. 1997). The model is produced through a partnersh ip between Penn State University and the 

National Center of Atmospheric Research . The CCSM is a global climate model developed by the 

University Corporation for Atmospheric Research. The CCSM is a three-part coupled model, which 

components include an atmospheric model, a land-surface model, and an ocean model. The RCM-GCM 

pairing employed in the study was chosen based on an assessment of the NARCAAP models by Rawlins, 

et al., (2012) who compared model outputs of temperature and precipitation against historical 

observations for 1970-2000. In their assessment of the NARCAAP models Rawlins et al., (2012) noted 

that model outputs agree more strongly with historical observations for temperature than with 

precipitation. The MMSI-CCSM model was chosen because it performed best at recreating historical 

precipitation patterns relative to the other NARCAAP models (Rawlins et al., 2012) . 

1.4.2 SWAT 

SWAT is a continuous, basin scale, lumped parameter surface water model based on the water 

balance equation (Arnold et al., 1998). The model was developed by the USDA for the purpose of 

supporting water management at the basin scale and is now widely used for long-term runoff and water 

quality simulations (Arnold et al., 1998). A significant advantage of SWAT is its ability to express spatial 

heterogeneity in parameters when modeling at the basin-scale. Heterogeneities arising from differences 

in topography, land usage, and soil and geologic characteristics, govern the hydrologic response of an 

aquifer to external changes. SWAT defines an area unit, called a hydro logic response unit (HRU) over 

which these variables are homogeneous. The HRUs control the model's response to an input over that 

area (Arnold, et al., 1998). A second significant advantage of SWAT is its ability to express the spatial and 

temporal variability of weather inputs. These variabilities can dominate the water balance of a system at 
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the basin-scale. SWAT was specifically designed to model the hydrologic response of a large area to both 

short duration storm events and long-term hydro-climatic changes (Arnold, et al., 1998). 

While the SWAT code contains its own groundwater module, the model is lumped and therefore 

is unable to express spatially distributed parameters such as hydraulic conductivity. Furthermore, SWAT 

is unable to define spatial distribution of groundwater elevation, therefore, SWAT is insufficiently robust 

to model the groundwater portion of the analysis (Kim et al., 2008) . 

The advantages of incorporating SWAT into the approach for modeling the surface water 

portions of Western New York are twofold . First, SWAT provides a necessary linkage between the 

weather variable outputs from the climate models and the surface water component of the modeling 

approach (Kim et al., 2008) . The outputs of minimum and maximum daily temperature r'C), daily 

precipitation (mm), daily average long wave solar radiation (M] /m2 /day), daily average relative 

humidity(%), and daily average wind speed (m/s) from the regional climate model were used as inputs 

for the weather component in SWAT. Weather inputs from the RCM are assigned to HRUs based on 

their proximity to the climate nodes and model outputs are generated based on the weather inputs and 

the characteristics of the HRUs. Second, based on the high spatial resolution of HRUs and weather 

inputs, SWAT is especially adept at providing spatially accurate rates of recharge and 

evapotranspiration. SWAT considers many complex and interrelated processes when calculating 

recharge and evapotranspiration, such as plant growth and soil characteristics, leading to far more 

accurate values. SWAT varies recharge rates by seasons reducing rates due to frost cover and 

accumulation of precipitation as snow pack when soil temperatures fall below 0°C. Conversely, when 

soil temperatures exceed 0°C, water is released from the snowpack to the model (Arnold, et al., 1998). 

These characteristics allow for the modeling of seasonal variation of hydrology, an important factor in 

assessing the impacts of climate change on water resources. Rates of recharge and evapotranspiration 

are many times the most ill-defined and oversimplified transient boundary conditions in MOD FLOW 
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therefore, linking SWAT to MODFLOW through these outputs will significantly increase the accuracy of 

the outputs of MODFLOW (Kim et al., 2008) . The outputs of daily recharge and evapotranspiration from 

SWAT were incorporated into MODFLOW and used as transient boundary conditions for each daily 

stress period . 

1.4.3 MODFLOW 

MODFLOW is a block centered, three-dimensional finite difference groundwater flow model 

produced by the USGS (McDonald and Harbaugh, 1988). Groundwater flow is calculated between cell 

faces by the governing groundwater equation, a partial differential equation incorporating a water mass 

balance equation and Darcy's Law. It utilizes a modular system which consists of a main program and a 

series of independent packages that model various aspects of a hydrologic system, such as rivers and 

drains, that can be incorporated into the main program as needed. 

MODFLOW is one of the most commonly used groundwater flow models due to its ease of use, high 

flexibility, and widespread acceptance within the hydrogeologic modeling community. It is particularly 

flexible due to its modular framework which allows the user to incorporate separate packages into their 

model as needed. MODFLOW allows for the incorporation of all the necessary boundary conditions and 

aquifer parameters needed to simulate groundwater flow in the Western New York study area and 

allows for the user to increase or decrease model complexity as needed. MODFLOW excels in areas of 

interest in this study, including modeling spatially and temporally variable groundwater flux and water 

table elevation. Furthermore, incorporation of the stream routing package (Prudic, et al., 2004) allows 

for the modeling of groundwater, surface-water interactions and provides outputs of stream discharge 

and stream stage. Because MODFLOW is widely accepted in the groundwater modeling community, the 

Western New York MOD FLOW model can be easily adopted and adapted by subsequent user. 

1.5 Research Objectives 
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The objective of this research is three-fold: 1) Produce a novel, replicable three-part modeling 

approach, which incorporates the entire hydrologic system, capable of forecasting changes to surface 

water and groundwater flow regimes under a changing climate; 2) Forecast changes to the water table 

elevation and stream discharge under a changing climate in Western New York; 3) Assess the risk of leaky 

combined sewer overflow from a rising water table under future climates. The value of this research lies 

in the model's ability to act as a decision support tool that will allow for better informed decisions on 

water related issues pertaining to climate change. The modeling approach is easily replicable and can be 

of great value to other regions facing problems similar to Western New York. 

1.6 Implications 

The development of a coupled groundwater and surface water model for Western New York will be 

a valuable tool for exploring changes to the hydrologic system resulting from a changing climate. The 

model will be a decision support tool that will allow for better informed decisions on issues related to 

climate change as well as act as a virtual laboratory through which solutions to a variety of climate 

change related issues can be tested. The proposed research represents a large step forward in regional 

hydro logic forecasts under a changing climate for Western New York. Our innovative solution allows for 

the modeling of large domains with the proper spatial and temporal resolutions to support decisions 

that metropolitan and rural areas will need to make to address challenges brought on by climate 

change. The model has the capability to make short and long-term predictions of changes to 

groundwater levels, stream stage, groundwater flux, and stream discharge in response to climate 

change. Predicted changes to these parameters could have significant effects on the water quality and 

quantity of the region as well as place additional stresses on our aged sewer lines. Without some 

understanding of how watershed discharge will change in the coming years we cannot even begin to 

explore the countless other water related issues that may arise due to climate change. By linking the 

hydro logic model to climate models, policy makers will be able to predict changes in stream discharges, 
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which will help policy makers determine areas at risk of flooding. The model will also provide predictions 

of changes in water table elevation under an expected warmer and wetter climate. A raising water table 

could cripple our sewer infrastructure through flooding of the lines triggering combined sewer overflow 

directly into Lake Erie. The model will show sewer lines that are most susceptible to inundation of 

groundwater as well as allow for the testing of possible solutions to mitigate these potentially harmful 

effects. This methodology, of linking regional climate models to an integrated groundwater and surface 

water model can be replicated throughout the Great Lakes to support stakeholders in other regions 

looking to proactively address water resource issues relating to climate change. 
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Chapter 2: Methods 

2.0 Introduction to Methods 

Chapter Two is divided into three sections with each section corresponding to a separate 

portion of the modeling approach. The first section of this chapter details the historical weather and 

regional climate model data used as input variables to drive the transient boundary conditions of the 

two subsequent portions of the modeling approach. The Soil Water Assessment Tool (SWAT), surface 

water modeling, portion of the research is described in the second section of this chapter. The third 

section focuses on the MODFLOW portion of the research including the model specifications and 

calibration processes. An emphasis is made in each section of the chapter to detail the linkage between 

each portion of the modeling approach and how the entire approach comes together to provide a 

coherent model that encompasses the hydrologic system of Western New York. 

2.1 Historical and Regional Climate Model Climate Data 

The first portion of the modeling approach included the sourcing and manipulation of historical 

and forecasted climate data. Historical and forecasted climate data was used for the weather input 

component of SWAT and changes in the daily weather variables drove the hydrologic responses 

calculated by SWAT. The outputs of minimum and maximum daily temperature (0 C), daily precipitation 

(mm), daily average long wave solar radiation (M] /m2 /day), daily average relative humidity(%), and 

daily average wind speed (m/s) were sourced from a historical weather database for the historical 

model and from outputs of a reginal climate model (RCM) fit to the Western New York model domain 

for the forecasted model. 
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2.1.1 Historical Weather Data 

The historical weather data was sourced from the National Ocean and Atmospheric 

Administration (NOAA) Global Historical Climatology Network (GHCN) database. The GHCN is a database 

containing daily weather data from over 80,000 surface stations located in 180 countries and territories. 

The GHCN dataset contains daily weather reports from numerous, high quality sources that have been 

compiled and are subjected to periodic quality assurance reviews (Menne, et al., 2012). These weather 

data sourced from the GHCN for the study were measured at the Buffalo Niagara International Airport 

Weather station located in Cheektowaga, New York. Weather data from the Buffalo Niagara 

International Airport was compared to weather data from weather stations to the north and south at 

Niagara Falls International Airport and Gowanda Airport respectively to ensure that the data is 

representative of the entire area. Variables from the weather dataset spanning January 1, 2005 to 

December 31, 2014 were used as input parameters in the weather component in SWAT. A subsection of 

the weather dataset from January 1, 2005 to December 31, 2009, was used for the required warmup 

period in SWAT (Arnold et al., 1998). The remainder of the data set, January 1, 2010 to December 31, 

2014, was used as weather input variables for the historical model. 

2.1.2 Climate Model 

The MM5I-CCSM climate model pairing was chosen for this study. The MM5I-CCSM model 

pairing is the product of a dynamical downscaling technique where a finer, 50 km resolution, RCM 

(MM5I) is embedded in the framework of the coarser scale, 1.4 degree resolution, GCM (CCSM). The 

GCM is used as the boundary conditions for the regional model and information is exchanged 

interactively in both directions between the two models (Giorgi and Mearns, 1991, Rawlins et al., 2012; 

Woods et al., 2004) . Dynamical downscaling is a method for overcoming the uncertainty of outputs 

from coarser scale atmosphere-ocean global circulation models (AOGCMs), which are unable to 
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incorporate localized forcings such as variable topography and large lakes that can heavily influence 

regional climates (Rawlins et al., 2012). Dynamically downscaled model pairings represent a large 

improvement from AOGCMs in their ability to calibrate to historical weather observations over model 

domains of similar area to the Western New York study area (Mearns, et al., 2009) . 

MMSI is a limited area, non-hydrostatic, terrain-following model that simulates atmospheric 

circulation over North America (Chen, et al. 2001) . The model is produced through a partnership 

between Penn State University and the National Center of Atmospheric Research . CCSM is a global 

climate model developed by the University Corporation for Atmospheric Research . The CCSM is a three

part coupled model, which components include an atmospheric model, a land-surface model, and an 

ocean model (Collins et al., 2006). 

The MMSI-CCSM model pairing is a participant in north American regional climate change 

assessment program (NARCCAP). NARCCAP is a program tasked with archiving the outputs from 

dynamically downscaled RCMs over a domain spanning North America (Rawlins et al., 2012) . The model 

pairing for this study was chosen based on an assessment of the NARCCAP models by Rawlins, et al., 

(2012) who compared model outputs of temperature and precipitation against historical observations 

for 1970-2000. In their assessment of the NARCAAP models Rawlins et al. , (2012) noted that MMSI-

CCSM model outputs agree more strongly with historical observations for temperature than with 

precipitation. Compared to the other NARCAAP models, precipitation outputs of the MMSI-CCSM model 

agreed most strongly with historical observations. The MMSI-CCSM model pairing was chosen over the 

other NARCAAP models based on it's ability to calibrate to historical precipitation. 

The MMSI-CCSM model pairing produces a suite of forecasted climate variable outputs . Climate 

outputs are based on a 3-hour time step and only data from the calibration period of 1970-2000 and 

forecast period of 2040-2070 are available to the public. The special report on emission scenarios (SRES) 
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A2, high mid-century emissions scenario was used as the climate forcing scenario to drive the RCM-GCM 

pairing (Nakienovic et al., 2000). MATLAB code was used to fit the RCM to the Western New York model 

domain, make necessary unit conversions, and edit the data structure so it could be incorporated into 

SWAT. Six RCM grids from MMSI-CCSM were fit to the Western New York model domain. The outputs 

of minimum and maximum daily temperature, precipitation, relative humidity, long-wave solar 

radiation, and wind speed and direction were sourced from the NARCAAP database for incorporation 

into SWAT through its weather component. 

2.2SWAT 

The surface water component of the three-part modeling approach was simulated using the 

surface water modeling code SWAT (Arnold, et al., 1998). SWAT is a continuous time series, surface 

water model consisting of many components, which model various aspects of a transient surface water 

system (Arnold et al., 1998). SWAT was developed by the USDA for predicting basin scale changes to 

water, sediment, and agricultural yields. SWAT can be subdivided into eight main components: 
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Figure 2-1: Figure showing components of the hydrologic system simulated by SWAT in a HRU. SWAT 
components that were exported into MODFLOW are marked with a blue box [Modified from Arnold et al., 
1998}. 
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hydrology, weather, sedimentation, soil temperature, crop growth, nutrients, pesticides, and 

agricultural management (Figure 2-1) (Arnold, et al., 1998). For the study, only the hydrology and 

weather components of the SWAT model were relevant. Values of recharge, evapotranspiration, surface 

runoff contributing to stream flow, evapotranspiration from streams, and precipitation to streams were 

calculated in SWAT and used as input variables in MODFLOW (Figure 2-1) 

2.2.1 SWAT Equations 

The SWAT hydrology model is based on the water balance equation (Equation 2-1): 

t 

swt = SW0 + L(Ri - Qi - ETi - pi - QRi) (Equation 2 - 1) 
t=l 

where SWo is the initial soil water content, t is time in days, and R, Q, ET, P, and QR are daily amounts of 

precipitation, surface runoff, evapotranspiration, recharge, and return flow respectively (mm/d) . 

Variables of surface runoff, evapotranspiration, recharge, and return flow are each calculated by their 

own separate equation and are based on inputs from the weather inputs and basin characteristics. 

Precipitation is input directly into the water balance equation from the SWAT weather component. 

Surface runoff was calculated in SWAT by using the soil conservation service (SCS) runoff 

equation, which is calculated through inputs of daily rainfall and a retention parameter (Equation 2-2) 

(Mockus, 1964): 

Q = (R - 0. 2 s)Z if R > 0. 2s (Equation 2 - 2)
R + 0.8s 

Q = 0.0 if R < 0. 2s 

where Q is surface runoff (mm/d), R is rainfall (mm/d), ands is a retention parameter (unitless) . The 

retention parameter varies based on watershed characteristics such as soil type, slope, and land 

24 



management, and with changes in soil water content. Surface runoff increases when the soil water 

content of the vadose zone is high. 

The recharge component of the water balance equation utilizes a storage routing model where 

recharge is calculated by taking the difference between the soil water content at the beginning of the 

day and the end of the day (Equation 2-3): 

(Equataion 2 - 3) 

where oi is the recharge rate (mm/d), SWoi is the soil water content at the beginning of the day (mm), 

Mis a 24-hour time interval and TT is the travel time (h) of water through layer i. If soil temperature falls 

below 0°C no recharge can enter the underlying layer and any precipitation that falls is accumulated in 

the snowpack (Arnold, 1998). Because SWoi varies based on weather and soil characteristics, recharge 

will also be a function of daily weather and watershed characteristics. 

SWAT computes evapotranspiration using the Penman-Monteith method (Monteith, 1965). The 

Penman-Monteith method requires inputs of solar radiation, air temperature, wind speed, and relative 

humidity (Equation 2-4): 

(Equation 2 - 4) 

where Eo is evapotranspiration (g/m2/s), HV is latent heat of vaporization (J/g), ho is net radiataion 

(J/m2 /s), 6 is slope of saturation vapor density function (g/m3/C), Sis soil heat flux (J/m2 /s), y is 

psychometric constant (g/m3/C), Pa is air density (g/m3 ), CP is specific heat of air (J/g/C), e5 is saturation 

vapor density ea is air vapor density (g/m3
), ra is aerodynamic resistance for heat and vapor transfer 

(s/m) and re is canopy resistance for vapor transfer (s/m). Actual soil water evapotranspiration is 

estimated by using exponential functions of soil depth and water content. 
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Snowmelt is modeled as a function of the snow pack temperature (Equation 2-5). Accumulated 

snowpack melts and the snow water equivalent is released when the temperature in the second soil 

layer exceeds O 0 C. Conversely, precipitation accumulates in the snow pack when air temperatures are 

below O 0 C. 

SML = T(1. 52 + 0. 54SPT); 0 < SML < SNO (Equation 2 - 5) 

In equation 2-5, SML is the snowmelt rate (mm/day), SNO is the snow water equivalent (mm), Tis the 

mean daily temperature (0 C), and SPT is the snow pack temperature (0 C). 

2.2.2 ArcSWAT 

The user interface ArcSWAT was used to facilitate the SWAT code (Winchell, et al., 2007). 

ArcSWAT is an ArcGIS ArcView extension and graphical user interface for SWAT. ArcSWAT facilitates the 

SWAT code by breaking down each function into discrete steps. These steps include project setup, 

watershed delineation and stream routing, HRU delineation and analysis, weather inputs, and SWAT 

simulation. ArcSWAT compiles summarized results from the simulation through the SWATCheck 

function and compiles complete daily results as a series of spreadsheets (Winchell, et al., 2007). 

SWAT produces hydraulic response units (HRUs) based on discretizing the model domain into 

units of homogeneous combinations of soil type, land use, and topographic slope. The HRUs define 

hydro logic responses to weather inputs. Watershed delineation and stream routing were performed in 

ArcSWAT using 10-meter digital elevation model (DEM) from the National Elevation Dataset produced 

by the USGS. ArcSWAT delineates the model domain into sub basin units called Watershed(s). The 

watershed units are a close approximation to the USGS defined HUC 12 watershed. The same 10-meter 

DEM was used to calculate topographic slope in SWAT. The land use shapefile was sourced from 

National Land Cover Database 2011 (NLCD 2011) compiled by the Multi-Resolution Land Characteristics 

Consortium (MRLC). Prescribed soil types were taken from the USDA soil database SSURGO. A SSURGO 
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shapefile containing the boundaries of all the soil types within the model domain was input into SWAT. 

SWAT defines an HRU based on discrete combinations of the slope, soil type and land use raster and 

shapefiles. Each watershed contained dozens of discrete HRUs therefore, the HRU output shapefiles was 

resampled so that each watershed unit was represented by its dominant HRU type . This created 112 

HRUs that represented the HUC-12 watershed's hydrologic response to weather inputs. 

Three separate weather datasets were used to drive the SWAT model. First, a historical weather 

dataset spanning 2005-2015 was sourced from the NOAA global historical climatology network (GHCN) 

dataset and imported into SWAT. Historical weather data input into the SWAT model was measured at 

the Buffalo Niagara International Airport Weather Station from 2005 through 2014. Weather inputs 

from 2005 through 2009 were used to drive the five-year SWAT simulation warmup period and the 2010 

through 2014 weather data was used to drive the historical SWAT simulation . Outputs of recharge to the 

shallow aquifer and evapotranspiration from the SWAT model were used as transient boundary 

conditions for the MODFLOW model calibrated to historical data (January 1, 2010 - December 31, 2014) 

(Figure 2-1) . Calculated values of surface runoff contribution to streams (m3 /d), average daily rate of 

evapotranspiration from stream reaches in (m/d), and precipitation contributing to stream flow in (m/d) 

were taken from SWAT and imported into the Stream Flow Routing (SFR) package (Prudicet, et al., 2004) 

in MODFLOW (Figure 2-1). Two forecasted climate data sets from the MMl5-CCSM RCM, 2045 through 

2049 and 2065 through 2069 were imported into SWAT. Recharge and evapotranspiration from both 

forecasted iterations were then imported into MODFLOW as transient boundary conditions. Values of 

overland flow contributing to stream flow, precipitation falling on the stream, and evaporation from the 

stream were imported into the forecasted MODFLOW SFR package. 
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2.3 MODFLOW 

MODFLOW 2005 (Harbaugh, 2005) was used to model the groundwater portion of the three-

part approach. Groundwater Vistas Version 6 (Rumbaugh and Rumbaugh, 2011) was used as the 

graphical user interface (GUI) to facilitate the MODFLOW 2005 code. MODFLOW 2005 is a finite 

difference blocked centered groundwater flow model produced by the USGS (Harbaugh, 2005). 

MODFLOW works off a modular structure which consists of a MAIN program and a series of 

independent packages that can be incorporated into the code as needed. Each package models a 

distinct portion of the hydrologic system. which allows the user to view each hydro logic feature 

independently (Harbaugh, 2005). 

Groundwater flow in each cell, for each timestep is calculated using the partial differential 

governing groundwater flow equation (Equation 2-6): 

(Equation 2 - 6) 

where K is hydraulic conductivity values in the x, y, and z directions (m/d), h is potentiometric hydraulic 

head (m), R is the volumetric water flux representing sources and sinks of water entering and leaving the 

system ( m 3 /d), S5 is specific storage (unitless), and tis time (d) . The sources and sinks included in this 

MODFLOW model were evapotranspiration, recharge, constant head boundaries, and streams (Figure 2-

2). The model, as represented by Equation 2-6 is heterogeneous, isotropic and transient. Analytical 

solutions to the governing groundwater equation are rarely possible therefore, MODFLOW utilizes the 

finite difference approach to solve the equation (Harbaugh, 2005) . 

2.3.1 MODFLOW Model Domain 

The extent of the MODFLOW model matches the SWAT model domain, encompassing the 

watersheds of the major rivers in Western New York, Eighteen Mile Creek, Tonawanda Creek, 
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Scajaquada Creek, Smoke Creek, Big Sister Creek, and Cattaraugus Creek. The model domain is a 

10,842.5 square kilometer area covering all of the Western New York counties of Erie and Niagara and 

portions of Genesee, Wyoming, Orleans, Cattaraugus, and Chautauqua counties (Figure 2-2). The model 

extended over three-time periods, one historical time period, spanning January 1 2010 - December 31, 

2014, and two forecasted time periods, spanning January 1 2045- December 31, 2049 and January 1 

2065 - December 31, 2069. 

Given the large model domain, 

a convergence criterion of 0.1 m was 

selected. The Preconditional Conjugate-

Gradient 2 solver program (Hill, 1990) 

was selected as the solver for the 

governing equation in each cell at each 

stress period . The MOD FLOW finite 

difference grid consisted of 240 

columns and 249 rows for 119,520, 500 

m by 500 m cells. The model is three-

dimensional consisting of two layers. 

The top of layer one elevation was 

calculated using 10-meter DEM from 

the USGS, which was resampled to fit 

the 500 m by 500 m grid size in the 

geographic information systems Figure 2-2 MODFLOW model domain showing boundary conditions 
including Lake Erie constant head (1), Lake Ontario constant head (2), 

software, ArcGIS using the linear no-flow boundary (3), blue lines represent the streams modeled by the 
SFR package, and the grey polygons represent the recharge and 

interpolation method for the resample evapotranspiration zones. 
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function. The resampled DEM was exported as a text file from ArcGIS using the extraction function then 

imported into Groundwater Vistas as the top of layer one elevation. Layer one represents three distinct 

surficial geologic units including glacial till, silts and interbedded clays, and glacial outwash consisting of 

poorly sorted sands and gravels (Weaver 1976). The glacial till, silt and clay and glacial outwash units 

were assigned hydraulic conductivity values of l.0E-04 m/d, 1.0 E-06 m/d, and l.0E-02 m/d respectively 

(Table 2-1) . All three geologic units in layer one was assumed to be isotropic. The layer one thickness 

was assigned based on the average unit thickness from 100 driller lithology logs from the NYSDEC Water 

Wells Program. Layer two represents the bedrock underlying layer one which extends from the bottom 

of layer one to the bottom of the model. Layer 2 was assigned a homogeneous hydraulic conductivity 

value of l.0E-08 m/d. 

Table 2-1: Table showing model properties for Zones 1-4 including geologic unit {Geology}, hydraulic 
conductivity in the x any directions (Kxy), hydraulic conductivity in the z direction (Kz}, porosity (n}, 
specific storage {Ss}, specific yield {Sy}, recharge to layer 1 (Recharge}, evapotranspiration to layer 1 
(EvT}, and evapotranspiration extinction depth 

Layer-1 
Kxy Kz n Ss Sy Recharge EvT Ext Depth

Zone Geology 
{m/d) {m/d) {Unitless) {Unitless) {Unitless) {m/d) {m/d) {m) 

1 Glacial Till l.0E-04 l.0E-04 0.4 0.35 0.35 SWAT SWAT 2 

2 Silts and Clays l.0E-06 l.0E-06 0.3 0.25 0.25 SWAT SWAT 2 

Glacial 
3 l.0E-02 l.0E-02 0.2 0.15 0.15 SWAT SWAT 2 

Outwash 

Layer-2 

4 Bedrock l.0E-08 l.0E-08 0.1 0.05 0.05 N/A N/A N/A 

2.3.2 Boundary Conditions 

Constant head boundaries were assigned to the western and northern ends of the model 

domain to simulate Lake Erie and Lake Ontario respectively (Figure 2-2) . The constant head value for 

Lake Erie was set to 173.4 m while the constant head value for Lake Ontario was set to 74 m. The 

constant head boundaries representing Lake Erie and Lake Ontario meet at the location of Niagara Falls 
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which represents a 99.4 m head drop. No flow boundaries bracket the southern and eastern ends of the 

model domain. There was inadequate data available along the southern and eastern ends of the model 

domain to assign a boundary condition with any certainty therefore, the model domain was extended to 

the south and east to reduce uncertainty in results to areas of interest to the west. 

Eight major rivers begin and end within the model domain (Figure 2-2). The SFR package 

(Prudicet, et al., 2004) was used to represent these rivers. The SFR package allows for the simulation of 

surface stream flow and surface water groundwater interactions. Stream cells can act as both a source 

and a sink based on the gradient between stream stage and water table elevation (Harbaugh, 2005). 

Stream - aquifer interaction is computed using Darcy's Law. If water table elevation exceeds stream 

stage the stream cell will act as a sink to the aquifer and if the water table elevation is below stream 

stage than the stream cell will act as a source to the aquifer (Prudicet, et al., 2004). The rate of water 

lost or gained to the aquifer from channel reaches varies based on head gradient and stream bed 

conductivity. MODFLOW calculates a water budget for each reach independent of the aquifer water 

budget. The calculated outflow from the water budget of the upstream reaches are then routed into the 

next downstream reaches. The water budget for each stream is also calculated to determine the 

quantity of streamflow available to recharge into the aquifer and for calculating stream discharge 

(Prudicet, er al., 2004). The Gage Package was employed to measure stream stage and stream discharge 

in the terminal cell of each stream reach. The SFR Package has several inflow sources to the streams 

including upstream flow, overland runoff, precipitation that falls on the stream, and baseflow from the 

aquifer (Prudicet, et al., 2004) . Values for these stream water balance components were calculated in 

SWAT and then imported into MODFLOW. Initial stream stage in each cell was set to equal top of layer 

elevation and stream depth was set to 3 m for all streams. Stream width was calculated for each 

segment based on the average of multi-point measurements of streams using Google Earth. Thickness of 

the streambed was assumed to be a constant 1 m for all streams. Stream bed conductivity varied from 
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stream to stream based on the calibration process (Table 2-2) . Transient stream stage values were 

calculated for each stress period using the Manning's equation. Equation 7 shows Manning's equation 

for calculating stream stage assuming a side rectangular stream channel where the stream width is 

greater than stream depth: 

y (Equation 2-7) 

where Q is stream discharge (m3/d), C is a constant which is 86,400 for cubic meters per day, n is 

Manning's roughness coefficient (unitless), w is the width of the channel (m), y is depth of water (m), 

and So is slope of the stream channel (m/m). 
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Table 2-2: Table showing properties ofmodel streams. Table includes name of stream/ the number of 
cells making up the stream segment(# of Reaches)/ the average width of the stream {Width)/ the 
average depth of the stream {Depth)/ the hydraulic conductivity of the streambed {Ks}/ the thickness of 
the streambed {Thickness)/ the channel slope (5)/ the Manning/s roughness coefficient (n)/ surface runoff 
contributing to stream flow {Runoff)/ water removed from the channel reaches through 
evapotranspiration {EvT}/ and precipitation falling on the channel reach {Ppt). Columns designated as 
SWAT are transient values calculated by SWAT and imported into MODFLOW. 

Segment Stream 
#of 

Reaches 
Width (m) Depth (m) 

Ks 

(m/d) 
Thickness 

(m) 
s 

(m/m) 

N 
(Unitless) 

Runoff 

cm3;,1) 
EvT 

(m/d) 
Ppt 

(m/d) 

1 
Eighteenmile East 

Branch(Niagara) 
84 15 3 7.5 1 0.01 0.35 SWAT SWAT SWAT 

2 
Eighteen mile West 

Branch(Niagara) 
19 15 3 7.5 1 0.01 0.35 SWAT SWAT SWAT 

3 
Eighteenmile Main 

Branch(Niagara) 
30 35 3 7.5 1 0.01 0.35 SWAT SWAT SWAT 

4 
Tonawanda East 

Branch 
28 10 3 1 1 0.01 0 .35 SWAT SWAT SWAT 

5 
Tonawanda West 

Branch 
24 10 3 1 1 0.01 0.35 SWAT SWAT SWAT 

6 
Tonawanda Main 

Branch 
294 38 3 1 1 0.01 0.35 SWAT SWAT SWAT 

7 Sqajaquada 56 16 3 1 1 0.01 0.35 SWAT SWAT SWAT 

8 Buffalo 165 36 3 2.5 1 0.01 0 .35 SWAT SWAT SWAT 

9 
Smoke East 

Branch 
45 18 3 1 1 0.01 0.35 SWAT SWAT SWAT 

10 
Smoke West 

Branch 
41 18 3 1 1 0.01 0.35 SWAT SWAT SWAT 

11 
Smoke Main 

Branch 
11 18 3 1 1 0.01 0 .35 SWAT SWAT SWAT 

12 
Eighteenmile East 

Branch (Erie) 
81 10 3 1 1 0.01 0.35 SWAT SWAT SWAT 

13 
Eighteen mile West 

Branch (Erie) 
64 10 3 1 1 0.01 0 .35 SWAT SWAT SWAT 

14 
Eighteenmile Main 

Branch (Erie) 
18 28 3 1 1 0.01 0.35 SWAT SWAT SWAT 

15 Big Sister 58 10 3 0 .001 1 0.01 0 .35 SWAT SWAT SWAT 

16 
Cattaraugus East 

Branch 
160 28 3 2.5 1 0.01 0.35 SWAT SWAT SWAT 

17 
Cattaraugus West 

Branch 
66 18 3 2.5 1 0.01 0 .35 SWAT SWAT SWAT 

18 
Cattaraugus Main 

Branch 
77 53 3 2.5 1 0.01 0.35 SWAT SWAT SWAT 

Aquifer recharge was simulated in the model using the Recharge Package. A discretization of 

112 recharge zones were set for the model domain, which were set to match the size and shape of the 
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HRUs from SWAT which were represented by USGS defined HUC-12 watersheds. Daily recharge values 

were calculated in SWAT (equation 2-3) and imported into MODFLOW as a transient boundary condition 

for each stress period. The use of SWAT to calculate recharge lead to more spatially and temporally 

accurate values due to SWAT's ability to include weather and watershed characteristics in calculating 

recharge values. Recharge (m/d) was applied to the top layer of the model for each stress period in each 

zone. MODFLOW calculates recharge to the aquifer in volume per time by multiplying the m/d input by 

the area of each recharge zone (Harbaugh, 2005) . 

Evapotranspiration was simulated in the model using the MODFLOW Evapotranspiration 

Package. MODFLOW simulates the effects of evapotranspiration on the aquifer by removing water from 

the groundwater as a sink term (Harbaugh, 2005). Like recharge, evapotranspiration values were initially 

simulated in SWAT (Equation 2-4) and were then imported into MODFLOW as transient boundary 

conditions. The same 112 zones used to define recharge over the model domain were used for the 

Evapotranspiration Package. SWAT calculates Actual Evapotranspiration in units of mass per area per 

time. MODFLOW requires evapotranspiration to be input in units of length per time therefore, the 

outputs of SWAT were converted by dividing by the density of water to get the appropriate units of 

meters per day. The evapotranspiration values imported into MODFLOW from SWAT are maximum 

values whereby when the water table elevation exceeds ground surface the evapotranspiration values 

are set to the maximum values. When the water table falls below 2 meters below ground surface then 

evapotranspiration goes to zero. When the water table falls between Oand 2 meters evapotranspiration 

varies linearly. 

2.3.3 Sensitivity Analysis 

Prior to the start of model calibration, a sensitivity analysis was run to determine the model 

parameters that were most significant in determining model results . The Groundwater Vista 6 Auto 
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Sensitivity function was used for the sensitivity analysis. The function runs the model over a set number 

of iterations with each iteration having a new parameter value. When the sensitivity analysis is complete 

a plot of the range of parameter values versus the sum of residual squares is plotted. This plot helps 

determine if the model is sensitive to changes in the parameter and which values of that parameter 

yields the best results . The parameters that were included in the sensitivity analysis included hydraulic 

conductivity, porosity, specific storage, riverbed conductivity, evapotranspiration rate and extinction 

depth and recharge rate. 

2.3.4 MODFLOW Calibration 

The inverse modeling approach included model parameter calibration to 451 head targets and 4 

stream flux targets spread throughout the model domain. The head targets were sourced from the New 

York Department of Environmental Conservation (NYDEC) Water Wells Program, a public, on line 

database of all water wells drilled in the state of New York since the year 2000. Transient stream flux 

data was sourced from 4 USGS gaging stations located on Eighteen mile Creek in Niagara, Buffalo Creek, 

Tonawanda Creek and Cattaraugus Creek. Recharge and evapotranspiration data imported from SWAT 

were calculated based on historical weather data from 2010 through 2014. Therefore, only head targets 

measured from 2010 through 2014 were used for the calibration process. The head target in meters 

above sea level and the timestep which corresponds to the date the head measurement was taken were 

imported into MODFLOW and used for the calibration process. Parameters were varied according to 

improvements in root mean square error (RMSE) and sum of residual squares until these values fell 

within an acceptable range. A list of all head and discharge calibration targets used in the calibration 

process can be found in Appendix 4. 

2.3.5 MODFLOW Model Forecasts 
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Once calibration was completed, such that RMSE was below 10% of the range of head target 

values and below 10% mean percentage error for stream discharge values for each stream reach, this 

model was accepted as the baseline model through which climate change forecasts would be made. 

Model forecasts were made by incorporating recharge and evapotranspiration outputs to the model 

domain and surface runoff, precipitation, and evaporation to the stream reaches from SWAT based on 

weather outputs from the MM51-CCSM climate model. The two five-year forecasted time periods of 

2045 through 2049 and 2065 through 2069 were run through the calibrated MODFLOW model. Outputs 

of groundwater flux, water table elevation, stream stage, and stream discharge were analyzed and 

compared between historical and forecasted values. The MODFLOW Gage package was used to 

calculate stream discharge and stream stage at the end of each stream segment. Water table elevations 

were compared against regionally averaged sewer line elevations in the Buffalo-Niagara region . For the 

purpose of this study sewer lines were assumed to run 0.5 meters below ground surface. The assumed 

sewer line depth of 0.5 meters is based on analysis of sewer line GIS data from the Buffalo and Erie 

County Sewer Authorities. In places where the water table elevation exceeds the sewer line elevation it 

is determined that these sections are at a higher risk of leaky infiltration due to climate change. 

36 



2.4 References 

Arnold, J. G., R. Srinivasan, R. S. Muttiah, and J. R. Williams (1998), Large Area Hydrologic Modeling and 
Assessment Part I: Model Development, Journal of the American Water Resources Association, 34(1), 

73-89, doi: 10.llll/j.1752-1688.1998.tb05961.x. 

Chen, F., and J. Dudhia (2001), Coupling an Advanced Land Surface-Hydrology Model with the Penn 
State-NCAR MM5 Modeling System. Part I: Model Implementation and Sensitivity, Monthly Weather 

Review, 129(4), 569-585, doi: 10.1175/1520-0493(2001)129<0569:caalsh>2.0.co;2. 

Collins, W. D., et al. (2006), The Community Climate System Model Version 3 (CCSM3), Journal of 

Climate, 19(11), 2122-2143, doi: 10.1175/jcli3761.l. 

Harbaugh, A. W. (2005), MODFLOW-2005, the US Geological Survey modular ground-water model: the 

ground-water flow process, US Department of the Interior, US Geological Survey Reston. 

Hil l, M. C. (1990), Preconditioned conjugate-gradient 2 (PCG2), a computer program for solving ground

water flow equationsRep., US Geological Survey; Books and Open-File Reports Section. 

Mearns, L. 0., W. Gutowski, R. Jones, R. Leung, S. McGinnis, A. Nunes, and Y. Qian (2009), A regional 
climate change assessment program for North America, Eos, Transactions American Geophysical Union, 
90(36), 311-311. 

Menne, M. J., I. Durre, R. S. Vose, B. E. Gleason, and T. G. Houston (2012), An Overview of the Global 
Historical Climatology Network-Daily Database, Journal of Atmospheric and Oceanic Technology, 29(7), 

897-910, doi: 10.1175/jtech-d-11-00103.1. 

Mockus, V. (1964), National engineering handbook, edited, Section. 

Monteith, J. L. (1965), Evaporation and environment, paper presented at Symp. Soc. Exp. Biol. 

Nakicenovic, N., J. Alcamo, A. Grubler, K. Riahi, R. Roehrl, H.-H. Rogner, and N. Victor (2000), Special 

report on emissions scenarios (SRES), a special report of Working Group Ill of the intergovernmental 

panel on climate change, Cambridge University Press. 

Prudic, D. E., L. F. Konikow, and E. R. Banta (2004), A new streamflow-routing (SFRl) package to simulate 
stream-aquifer interaction with MODFLOW-2000Rep. 2331-1258. 

Rawlins, M.A., R. S. Bradley, and H. F. Diaz (2012), Assessment of regional climate model simulation 
estimates over the northeast United States, Journal of Geophysical Research: Atmospheres, 117(023), 
n/a-n/a, doi: 10.1029/2012jd018137. 

37 



Rumbaugh, J.O., and Rumbaugh, D., (2011), Guide to using Groundwater Vistas version 6, 

Environ,mental Simulations, Inc. 

Weaver, C. E. (1976). General geology of western New York State and detailed geology of West Valley 
area, Georgia Institute of Technology: 25. 

Winchell, M., R. Srinivasan, M. Di Luzio, and J. Arnold (2007), ArcSWAT interface for SWAT 2005, 

User'sGuide, Blackland Research Center, Texas Agricultural Experiment Station, Temple. 

Wood, A. W., L. R. Leung, V. Sridhar, and D. P. Lettenmaier (2004), Hydrologic Implications of Dynamical 

and Statistical Approaches to Downscaling Climate Model Outputs, Climatic Change, 62(1), 189-216, doi: 

10.1023/B:CLIM.0000013685.99609.9e. 

38 

https://10.1023/B:CLIM.0000013685.99609.9e


Chapter 3: Forecasting Changes to Groundwater and Surface Water Flow Regimes in Western New 
York Under a Changing Climate 

3.1 Abstract 

While generally not receiving the same level of coverage and concern as arid regions, water-rich 

areas such as Western New York face unique hydrologic challenges resulting from a changing climate. 

Predicted increases in precipitation and temperature are expected to significantly alter the hydrologic 

system of the region resulting in increased risk to urban infrastructure. Specifically, increases in mean 

precipitation are predicted to result in rises in water table elevations leading to elevated risk of leaky 

combined sewer overflows, an event that significantly impacts the quality of our surface water bodies. In 

order to assess both the hydrologic system as a whole and the future risk of leaky combined sewer 

overflows, a novel, linked, three part modeling approach, consisting of climate, surface water, and 

groundwater models was developed. The modeling approach allows for the analysis of spatial and 

temporal changes to recharge, evapotranspiration, runoff, stream discharge, and water table elevation. A 

baseline model was developed using historical weather and water level data. Simulations from the 

historical model were compared against two future models driven by results from a climate model from 

2045 through 2049 and 2065 through 2069. Model results based on the climate change scenarios suggest 

significant spatial and temporal changes in surface water and groundwater flow regimes in the future. 

Groundwater flow modeling identified areas at elevated risk of leaky combined sewer overflows caused 

by inundation of sewer lines from a rising water table. Groundwater and surface water modeling under 

future climate change scenarios provides a representation of the highly interconnected hydrologic system 

of Western New York and the spatially and temporally varied responses to changes in the climate, which 

could not be captured by a traditional water budget approach. This three-part approach allows for the 

analysis of flow regimes at the fine scale necessary to assist policy makers in locating areas that are 

potentially susceptible to the adverse hydrologic effects of climate change. 
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3.2 Introduction 

Climate change is a prevailing issue that is predicted to bring about hydrologic challenges to 

Western New York, which must to be addressed in the coming decades (Bates et al., 2008; Glecik, et al., 

1989; Green et al., 2011; Horton et al., 2014). Alterations in the hydrologic system brought on by climate 

change pose significant risks to groundwater and surface water quality as well as place additional stresses 

on our aging infrastructure that was designed to operate under past climatic conditions. Given the 

complexity and interconnectedness of the hydrologic system any attempt to quantify fine scale changes 

to the groundwater system at a regional level requires also assessing changes to cl imate and surface water 

at a similarly fine scale. To quantify the hydrologic impact of a changing climate over the Western New 

York study area a three-part modeling approach was employed. The three-part approach includes the 

incorporations of climate, surface water, and groundwater systems in order to assess the entire hydro logic 

system under a changing climate. 

Climate models predict the total annual precipitation in Western New will increase in the future 

(Hayhoe et al., 2007; Kunkel et al., 2014; Rawlins et al., 2012). Under these expected wetter conditions, 

increased groundwater infiltration from periods of sustained precipitation will cause a rise in the regional 

water table. A rise in the regional water table could lead to an increased frequency of groundwater 

flooding of cracked and perforated sewer lines, which can trigger leaky combined sewer system pipes to 

act as regional drains, exceeding the capacity of wastewater treatment plants. This excess combined 

storm and gray water generates combined sewer overflows resulting in direct discharge of wastewater 

into the Great Lakes (Patz, et al., 2008), a persistent problem resulting in water quality issues across the 

region (EPA, 2004) . 

Outputs from a dynamically downscaled regional climate model (RCM) were used to forecast 

changes in flow regimes in Western New York resulting from a changing climate. Outputs from the RCM 
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were imported into a pair of linked regional surface water and groundwater numerical flow models. 

Through a series of surface water and groundwater model simulations, changes to flow regimes were 

analyzed and evaluated under future climate change conditions. The predictive model forecasted 

recharge rates, evapotranspiration, surface runoff, water table elevation, and stream discharge for two 

five-year periods, from 2045 through 2049 (near future) and from 2065-2069 (far future), which were 

compared against a historical model calibrated to 2010 through 2014 (historical) water level and stream 

discharge data . 

The objective of this research is three-fold: 1) Produce a novel, replicable three-part modeling 

approach, which incorporates the entire hydrologic system, capable of forecasting changes to surface 

water and groundwater flow regimes under a changing climate; 2) Fo recast changes to the water table 

elevation and stream discharge under a changing climate in Western New Yo rk; 3) Assess the risk of leaky 

combined sewer overflow from a rising water table under future climates. The value of this research lies 

in the model's ability to act as a decision support tool that will allow for better informed decisions on 

water related issues pertaining to climate change. The modeling approach is easily replicable and can be 

of great value to other regions facing problems similar to Western New York. 

3.3 Background 

3.3.1 Climate Change in Western New York 

Since 1970 Western New York has experienced an increase in mean annual surface temperature 

at a rate of 0.25°C per decade (DeGaetano and Allen, 2002) . On average, temperature increases were 

greater in the winter (0.7°C per decade) than the summer (0.l2°C per decade) (Keim el al., 2005) . While 

the future degree of warming is highly dependent on the emission scenario, annual mean surface 

temperatures are projected to continue to increase under all emissions scenarios (Horton et al., 2014). 

Analysis of an ensemble of coupled atmospheric-oceanic general circulation models (AOGCMs) and 
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coupled dynamically downscaled RCM-AOGCM model pairings predict increases in mean surface 

temperatures between 1.67 - 3.33 °C under the Bl (lower emissions) scenario and an increase of 2.50 -

5.55 °C under the A2 (higher emissions) scenario by the 2080's (Kunkel, et al., 2013) . Under continued 

warming conditions the moisture carrying capacity of the atmosphere will continue to increase in the 

future, likely resulting in increases in precipitation rates (Trenbech, 1999). 

Annual Precipitation has increased 9.5 +/- 2 mm per decade in Western New York over the past 

decade (Keim et al., 2005). Over this time, the greatest increases in precipitation occurred during the 

spring and fall, while the winter months experienced little change (Keim et al., 2005) . Heavy precipitation 

events surpassing the 99 th percentile have continuously increased since 1970 (Groisman, 2004). An 

analysis of nine coupled global climate models and regional climate models participating in the North 

American Regional Climate Model Assessment Program (NARCAAP) by Rawlins et al. (2012) indicate a 

relatively large increase in mean winter and spring precipitation and little change in summer and fall mean 

precipitation. Further analysis of the NARCAAP models show a 30% increase in days exceeding 25 mm of 

precipitation from the forecasted (2041-2070) and the calibration period (1980-2000) under higher (A2) 

emission scenarios (Kunkel et al., 2013) . Increased precipitation will lead to increases in surface runoff, 

evapotranspiration, and groundwater recharge (Jyrkama and Sykes 2007) . Increases in groundwater 

recharge rates will likely result in a regional rise in water table elevations under climate change conditions. 

3.3.2 Combined Sewer Overflows 

Given the age and condition of many of the cities of the Great Lake's sewer lines, a predicted rise 

in water table elevation could lead to flooding of sewer lines leading to an increased frequency of 

combined sewer overflow (CSO) events in the future. The U.S. Environmental Protection Agency (EPA) 

estimates that more than 850 billion gallons of sewage is released to the nation's waterways annually 

through combined sewer overflow events (EPA, 2004). Based on historical discharge data in the Great 
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Lakes region, it was found that a minimum daily precipitation of 64 mm was required to initiate a 

combined sewer overflow response (McClellan et al., 2007). Using a suite of global climate models from 

the UN IPCC and the 64 mm daily precipitation threshold Patz et al. (2008) concluded that the frequency 

of CSO events in the Great Lakes region is predicted to rise 50 - 120% by the end of the century. There 

are two separate mechanisms through which CSOs can occur. Under current climatic conditions, CSOs 

more typically occur following heavy precipitation events where urban surface runoff into storm drains 

overloads the combined sewer system leading to direct discharge into surface water bodies. Under a 

changing climate the occurrences of leaky combined sewer overflow (LCSO) events, whereby a rising 

water table inundates perforated sewer lines, is likely to increase by a large margin. 

3.3.3 Domain Characterization 

This research encompasses a large portion of Western New York including the entirety of Erie and 

Niagara Counties and large sections of Cattaraugus, Chautauqua, Genesee, Orleans, and Wyoming 

Counties (Figure 3-1) . The outside boundaries of the model delineate the watersheds of the major rivers 

in Western New York: Eigtheenmile Creek in Niagara County, Eighteenmille Creek in Erie County, 

Tonawanda Creek, Scajaquada Creek, Buffalo River, Smoke Creek, Big Sister Creek, and Cattaraugus Creek. 

The study area fully encompasses these rivers. The topography of the study area is characterized by the 

flat low-lying plains of the Erie-Ontario Lowlands to the north and the hills of the northern extent of the 

Allegheny Plateau to the south and east. Lake Erie extends south of the City of Buffalo along the 

southwestern border of the study area and Lake Ontario extends along the northern border. The Niagara 

River connects the two lakes running from the City of Buffalo in the south to the northwest corner of the 

Niagara Escarpment. Niagara Falls, located at the southwestern corner of the Niagara Escarpment, 

represents a 99.4 meter head drop between Lake Erie and Lake Ontario. The urban center of Buffalo New 

York sits at the confluence of Lake Erie and the Niagara River and suburban areas surround the city to the 
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south, east, and north. The rest of the study area is characterized predominately by farmland to the north 

and heavily wooded areas to the south. 

The study area lies in the northwestern portion of the Appalachian Plateau, a high plains area that 

lies on the western side of the Appalachian Highlands. Much of Western New York is overlain by glacial 

drift deposited during the Pleistocene ice age (Weaver, 1975). The glacial till varies in thickness across the 

study area, thickest in the north and thins to the south (Borndne, 1960). Glacial outwash deposits from 

glacial melt streams, consisting 
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3.4 Methodology 

3.4.1 Modeling Approach 

The regional modeling approach employed for this research includes the incorporation of three 

linked numerical models that represent the three distinct domains of the system, climate, surface water, 

and groundwater. The technique employs an inverse modeling approach whereby a historical model 

calibrated to known water levels and daily stream discharges was first constructed for the time period 

spanning January 1, 2010 to December 31, 2014. Two forecasted models representing the future time 

periods of January 1, 2045 - December 31, 2049 and January 1, 2065 - December 31, 2069, were then 

produced by incorporating forecasted climate data from a dynamically downscaled RCM into the regional 

surface water model. Surface processes were forecasted by the surface water model and passed on to the 

regional groundwater model. Outputs of the groundwater model included stream discharges and water 

table elevations. Using forecasted water table elevations and current sewer line elevations data the 

change in risk of groundwater flooding causing leaky combined sewer overflow (LCSO) could be assessed 

under a changing climate. 

3.4.2 Climate Data 

The historical climate dataset was sourced from the National Ocean and Atmospheric 

Administration (NOAA) Global Historical Climatology Network (GHCN) (Menne, et al., 2012). The 

dynamically downscaled Mesoscale Model 51- Community Climate System Model (MM51-CCSM) climate 

model pairing was chosen to represent the future climate conditions for this study (Chen, et al. 2001; 

Collins et al., 2006) . The MM51-CCSM model pairing is the product of a dynamical downscaling technique 

where a finer, 50 km resolution RCM (MM51) is embedded in the framework of the coarser scale, 1.4-

degree resolution, General Circulation Model (GCM). The GCM is used as the boundary conditions for the 

regional model and information is exchanged in both directions between the two models (Giorgi and 
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Mearns, 1991, Rawlins et al., 2012; Woods et al., 2004) . The outputs of minimum and maximum daily 

temperature (0 C), daily precipitation (mm), daily average long wave solar radiation (M] /m2 /day), daily 

average relative humidity (%), and daily average wind speed (m/s) were sourced from the two climate 

datasets and incorporated into the surface water model. 

The MMSI-CCSM model uses the special report on emission scenarios A2, high mid-century 

emissions climate forcing scenario to drive its forecasts (Nakienovic, et al., 2000) . The MMSI-CCSM model 

spans nearly all North America therefore, a code was used to fit the MMSI-CCSM to the Western New 

York domain. Six MMSI-CCSM climate nodes were fit to the model domain at a 50 km resolution . The fine 

scale resolution of climate nodes over the model domain allows for the modeling of regionally important 

climate forcing such as lake effect precipitation from Lakes Ontario and Erie, and orogenic influences from 

the higher topographic areas toward the south of the model domain (Zou, 1997). 

3.4.3 Surface Water Model 

The United States Department of Agriculture (USDA) surface water code, Soil Water Assessment 

Tool (SWAT), was used to construct a model to represent the surface water domain (Arnold, et al., 1998). 

SWAT is a continuous time series, surface water model that consists of many components, which model 

various aspects of a transient surface water system (Arnold et al., 1998). The SWAT model was run for 

the three time periods of interest using inputs from the historical and two forecasted (near future and far 

future) climate datasets. Daily outputs of recharge to the shallow aquifer (m/d) and evapotranspiration 

(m/d) from SWAT were incorporated into the groundwater flow model as daily transient boundary 

conditions. Calculated values of surface runoff contribution to stream flow (m3 /d), average daily rate of 

evapotranspiration from stream reaches in (m/d), and precipitation contributing to stream flow in (m/d) 

were incorporated into the surface water component of the groundwater flow model. 
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SWAT breaks the model domain into discrete combinations of common soil type, land cover type 

and slope inclination called hydraulic response units (HRU). SWAT assigns weather inputs to the HRUs 

based on proximity to the nearest climate station nodes. A figure showing the climate node contributing 

daily weather inputs to each HRU can be found in Appendix 7. SWAT operates based on a water balance 

equation where the soil water content of a given HRU is calculated as the sum of precipitation, surface 

runoff, evapotranspiration, recharge, and return flow (Arnold et al., 1998). Each component of the water 

balance equation is calculated based on the weather inputs from the nearest climate node and 

characteristics of the HRU. This approach leads to more spatially and temporally accurate outputs of 

recharge and evapotranspiration. SWAT calculated outputs for the 112 HRUs that cover the Western New 

York model domain. Surface processes calculated each day for each of the 112 HRUs were then imported 

into a numerical groundwater model as transient boundary conditions for the historical, near future, and 

far future scenarios. 

3.4.4 Groundwater Model 

The United States Geologic Service (USGS) MODFLOW 2005 (Harbaugh, 2005) was used to 

represent the groundwater portion of three-part modeling approach. MODFLOW 2005 is a finite 

difference blocked centered groundwater flow model (Harbaugh, 2005) . MODFLOW works off a modular 

structure which consists of a MAIN program and a series of independent packages that can be 

incorporated into the code as needed. Each package models a distinct portion of the hydro logic system, 

which allows the user to view each hydrologic feature independently (Harbaugh, 2005). The MODFLOW 

model was first calibrated to historical hydraulic head and stream discharge targets spanning the same 

2010 through 2014 historical time period . The stream flow routing package (SFR) in MODFLOW was used 

to dynamically represent stream-aquifer interaction as well as calculate stream stage and stream 

discharge with in the model domain (Prudicet, et al., 2004) . Once the historical regional groundwater flow 

model was calibrated, outputs from the SWAT model based off the forecasted climate datasets from the 
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MM5I-CCSM climate model were then incorporated into the groundwater flow model to simulate near 

future and far future scenarios . Outputs from the MODFLOW model include water table elevation, and 

stream discharge from the historical and forecasted time periods. 

The MODFLOW model domain encompasses 10,842.5 square kilometers of Western New York. 

The MODFLOW finite difference grid consisted of 240 columns and 249 rows with a 500 m by 500 m cells 

size. The model is three-dimensional consisting of two layers. The top of layer one elevation was 

calculated from 10-meter DEM from the USGS, which was resampled to fit the 500 m by 500 m grid size. 

Layer one represents three distinct surficial geologic units including glacial till, silts and interbedded clays, 

and glacial outwash consisting of poorly sorted sands and gravels (Weaver 1976). The glacial till, silt and 

clay and glacial outwash units were assigned hydraulic conductivity values of l.0E-04 m/d, l.0E-06m/d, 

and l.0E-02 m/d respectively. All three geologic units in layer one were assumed to be isotropic. The layer 

one thickness was assigned an average unit thickness of 30 m. Layer two represents the bedrock layer, 

which extends from the bottom of layer one to the bottom of the model. Layer 2 was assigned a 

homogeneous hydraulic conductivity value of l.0E-08 m/d representative of the low conductivity bedrock 

units underlying the study area. 

Constant head boundaries were assigned to the western and northern ends of the model domain 

to simulate Lake Erie and Lake Ontario respectively (Figure 3-2). The constant head value for Lake Erie was 

set to 173.4 m, while the constant head value for Lake Ontario was set to 74 m. The constant head 

boundaries representing Lake Erie and Lake Ontario meet at the location of Niagara Falls which represents 

a 99.4 m head drop between the two lakes. No flow boundaries bracket the southern and eastern ends of 

the model domain. There was inadequate data available along the southern and eastern ends of the model 

domain to assign a boundary condition with any certainty therefore, the model domain was extended to 

the south and east to reduce uncertainty in results to areas of interest to the west. 
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Eight major rivers begin and end 

with the model domain (Figure 3-2) . The 

SFR package (Prudicet, et al., 2004) was 

used to represent these rivers. The SFR 

package allows for the simulation of 

surface stream flow and surface water 

groundwater interaction. Stream cells 

can act as both a source and a sink based 

on the gradient between stream stage 

and water table elevation (Harbaugh, 

2005) . The SFR package calculates a 

water balance for each stream segment 

independent from the rest of the model. 

Values of overland flow contributing to 

stream flow (m3/d), precipitation falling 
Figure 3-2: MODFLOW model domain and boundary conditions including (1) Lake 
Erie constant head boundary, (2) Lake Ontario constant head boundary and {3}on the stream (m/d), and evaporation 
no flow boundary. Blue lines represent stream boundary conditions and grey
scaled polygons represent HRUs in SWAT and zones for the evapotranspiration

from the stream (m/d) were calculated in 

the SWAT model and incorporated into the SFR package in MODFLOW for each stress period. 

Aquifer recharge and evapotranspiration were simulated in MODFLOW using the recharge and 

evapotranspiration packages respectively. To facility the linking of SWAT and MOD FLOW, a discretization 

of 112 recharge and evapotranspiration zones were specified for the model domain (Figure 3-2). These 

zones match the size and shape of the HRUs from SWAT. Recharge and evapotranspiration were 

calculated in SWAT and exported to the MODFLOW model as transient boundary conditions for each zone 

in each time step. 
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The inverse modeling approach included model parameter calibration to 451 head targets and 4 

continuous daily stream flux targets spread throughout the model domain (Figure 3-1). The head targets 

were sourced from the New York Department of Environmental Conservation (NYDEC) Water Wells 

Program, a public, on line database of all water wells drilled in the state of New York since the year 2000. 

Transient stream discharge data was sourced from 4 USGS gaging stations located on Eighteenmile Creek 

in Niagara County, Buffalo Creek, Tonawanda Creek, and Cattaraugus Creek. Recharge and 

evapotranspiration data imported from SWAT were calculated based on historical weather data from 

2010 through 2014. Therefore, only head targets measured from 2010 through 2014 were used for the 

calibration process. The head target reported in meters above sea level and the time step which 

corresponds to the date the head measurement was taken were imported into MODFLOW and used for 

the calibration process. Calibration parameters included horizontal and vertical horizontal conductivity, 

specific storage, evapotranspiration extinction depth, stream dimensions, and hydraulic conductivity of 

the stream bed. Parameters were varied according to improvements in root mean square error (RMSE) 

and sum of residual squares until these values fell within an acceptable range. The final RMSE was 14.8 m 

for head calibration targets. This RMSE represents less than 10% of the variability in observed hydraulic 

heads across the model domain. This error is acceptable due to the large model extent, coarse cell size, 

and simplified surficial geology (Figure 3-3). The spatial distribution of hydraulic head calibration targets 

is heavily skewed toward the southern and eastern ends of the model domain. The RMSE is more 

representative of areas where calibration target density is high therefore, confidence in model results is 

higher in the southern and eastern ends of the model and lower in the northern and western ends of the 

model. Appendix 6 lists the well targets used in the calibration process as well as observed and modeled 

values for each calibration target. Calculated stream discharge was calibrated against daily stream 

discharge values observed at 4 USGS gaging stations located on Eighteenmile Creek in Niagara, 

Tonawanda Creek, Buffalo Creek, and Cattaraugus Creek (Figure 3-1). Stream parameters were varied 
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Figure 3-3: Observed versus modeled values of hydraulic head for until mean percent error values were as close 
calibrated, historical model 
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values of different streams can vary over orders of magnitude. It is difficult to compare RMSE of targets 

when they differ in values over such a large range because their associated RMSE will also differ over a 

wide range of values. The mean percentage error values for the calibrated model were 53 .8%, -18.9%, -

20.0%, and 12.2% for Eighteenmile Creek in Niagara, Tonawanda Creek, Buffalo Creek, and Cattaraugus 

Creek respectively. 

3.4.5 Data Processing 

Once calibration was completed the calibrated MODFLOW model was accepted as the baseline 

model through which climate change forecasts would be made. Model forecasts were made by running 

forecasted weather data from the MMSI-CCSM into the weather component in SWAT for the near future 

and far future scenarios. Outputs calculated by SWAT including recharge, evapotranspiration, surface 

runoff, precipitation, and evaporation to the stream reaches were incorporated into the calibrated 

baseline model to forecast changes in groundwater and surface water flow regimes in MODFLOW. The 

MODFLOW Gage package was used to calculate daily outputs of stream discharge and stream stage. These 

values were compiled and graphed for the three climate scenarios for each of the 18 stream segments 

within the model (Appendix 8). Changes in mean seasonal and annual water table elevations were 

measured by calculating the difference of head outputs between the forecasted and historical model runs 

for each MODFLOW cell. Positive values on the head difference map indicate a rise in mean water table 

51 



elevation relative to the baseline model and negative values indicate a lowering of water table elevation. 

Finally, MODFLOW cells where sewer lines are at risk of leaky combined sewer overflow due to infiltration 

from a raising water table were determined by calculating the sum of the days where the water table 

elevation exceeded the representative sewer elevation in that cell. 

3.5 Results and Discussion 

3.5.1 Historical and Climate Model 

Analysis of historical and forecasted MM5I-CCSM climate data suggest large changes to daily and 

seasonal climates in the Western New York region under the A2 climate forcing scenario by mid-century 

(Nakienovic, et al., 2000) . The MM5I-CCSM climate model forecasts an increase in both mean seasonal 

temperatures and frequency of extreme heat days, with higher temperatures in each subsequent 5 year 

analysis period. Mean annual temperatures in the Western New York study area are predicted to increase 

by 2.95 °C between the historical and far future time periods. Mean temperatures are forecasted to 

increase in all seasons (Figure 3-4), with the greatest increase in the Fall months (4.16 °C increase from 

historical to far future) and the least increase in the Spring months (1.91 °C increase from historical to far 
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Figure 3-4: Mean seasonal daily temperature and precipitation for the historical and two 
forecasted time periods 
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The MM5I-CCSM model predicts an increased frequency of extreme heat days to 10.73% and 17.36% for 

the near future and far future time periods respectively. Changes in mean future temperatures will have 

a number of effects on the hydrologic system including changes to precipitation patterns, 

evapotranspiration rates, earlier freshet melting, and changes the ratio of snow to total annual 

precipitation 

The MM51-CCSM climate Table 3-1: Mean daily precipitation outputs in mm from MM5/-CCSM projects over 
northern and southern portion of the model domain for the near future and far 
future time periods. 

model predicts mean annual 

Mean Daily Precipitation in mm from MM5I-CCSM in Northern and
precipitation to increase while 

Southern Portion of the Model Domain 

Winter Spring Summer Fallalso predicting the frequency of 

North Near Future (mm/d) 2.8 2.9 2.5 2.4 
heavy precipitation events to 

South Near Future (mm/d) 3.3 3.6 3.8 2.3 

decrease in both the near future North Far Future (mm/d) 2.9 3.0 2.2 2.9 

South Far Future (mm/d) 3.6 3.9 4.0 3.0 
and far future time periods. 

Based on historical values, mean annual precipitation is predicted to increase 127.9 mm by the far future 

time period . Mean daily precipitation is predicted to increase over time in the winter, spring, and summer 

months, and decrease in the fall months (Figure 3-4) . The greatest increase in mean daily precipitation is 

predicted for the winter by 0.92 mm/d followed by increases of 0.43 and 0.42 mm/d in the spring and 

summer respectively and a decrease of0.41 mm/din the fall. Precipitation rates are predicted to be higher 

in the southern portion than in the northern of the model domain (Table 3-1) . Geographic differences in 

precipitation rates are a result of greater lake effect and orographic induced precipitation in the southern 

end of the model. These differences between northern and southern precipitation rates increase in each 

subsequent time period, with the average difference in daily precipitation rates increasing from 0.2 mm/d 

over the historical time period to 0.45 mm/d and 0.875 mm/d over the near future and far future time 

periods respectively. The percentage of heavy precipitation events, defined as percentage of days 

exceeding the 95 th percentile for the historical time period (16.25 mm/d) is predicted to decrease in the 
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future. For the historical time period 5.09% of days exceeded the 95 th percentile for precipitation while 

only 3.61% and 4.27% of days are considered heavy precipitation events for near and far future time 

periods. This predicted decrease in the frequency of heavy sustained precipitation is contrary to the 

accepted belief that heavy precipitation events will increase in the future under a changing climate 

(Hayhoe, et al., 2007; Horton et al., 2013; Kunkel et al., 2013) . The under prediction of variability in 

precipitation patterns is a known issue with regional climate models and was noted by Rawlins et al. (2013) 

in their analysis of the NARCCAP models. Through their analysis of the NARCCAP models, they found that 

the standard deviations were lower in modeled precipitation values than in observed values. The number 

of days where recorded precipitation occurs is predicted to increase in the future. For the historical time 

period 45.5% of days experienced at least 0.25 mm of precipitation over the model domain. The model 

predicts 59.7% and 60.1% days will experience precipitation levels exceeding 0.25 mm for the near and 

far future time periods. 

The results of the MM51-CCSM model for the Western New York model domain agree more 

strongly with accepted literature for expected changes in temperatures than they do for changes in 

precipitation under a changing climate. The predicted 2.95 °C increase in mean annual temperature is only 

slightly higher than the 2.63 °C increase predicted by the suite of NARCAAP models in Rawlins, et al. (2013) 

analysis. Comparing the model results to analysis of an ensemble of AOGCMs and RCM-AOGCM pairings 

by Kunkel et al., (2013) the 2.95 °C increase in mean temperature falls on the lower end of the predicted 

2.50 - 5.55 °C range of increase under the A2 emissions scenario. Results for precipitation from the MM51-

CCSM model follow the same trend as accepted predicted increases in mean seasonal precipitation. Mean 

precipitation is expected to increase in the winter and spring while it is expected that the summer and fall 

will experience little change in mean daily precipitation (Horton et al., 2013) . The 7.46% increase in mean 

annual precipitation forecasted by the MM51-CCSM model over both future time periods (2045 through 
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2069) is only slightly higher than the 5.75% increase predicted by Rawlins et al., (2013) over the same time 

period. 

3.5.2 SWAT Results and Discussion 

Results from the SWAT model of Western New York predict large changes in magnitude and 

temporal distribution of recharge, evapotranspiration, and overland runoff contributing to stream flow in 

the future. Mean daily recharge values are predicted to increase in each subsequent analysis period from 

0.814 mm/d in the historical period to 0.841 and 0.956 mm/d in the near future and far future time 

periods respectively. Peak recharge, due to warming induced freshet melting, occurs earlier in the year in 

each subsequent simulation period . Peak recharge occurs in June, April, and March for the historical, near 

future, and far future time periods respectively (Figure 3-5). Peak recharge shifting toward the beginning 

of the year coincides with a similar shift in warming trends toward the beginning of the year. Month to 

month variability in mean recharge rates from January through June decrease in the far future time 

period. The decrease in variability for monthly recharge rates in the far future forecast occurs due to a 

temperature induced reduction in snow pack accumulation in the winter and spring months. The average 

number of days per year when temperatures fell below 0 • C decreased from 47.2, to 38.8, and 25.4 for 

the historical, near future, and far future time periods respectively. The decrease in days falling below 

freezing caused accumulated snow pack to melt more regularly throughout the winter therefore leading 

to a reduction in recharge amplitude in the far future. Graphs showing mean daily recharge rates for each 

of the 3 simulation periods can be found in Appendix 9. 

Mean annual evapotranspiration rates simulated by SWAT are predicted to change little in the 

future from 1.395 mm/d to 1.320 mm/d and 1.412 mm/d in the historical, near future, and far future 

scenarios. While annual rates are predicted to experience little change, seasonal differences in 

evapotranspiration rates are expected to increase in the future. Evapotranspiration rates are predicted to 
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Figure 3-5: mean daily recharge and evapotranspiration values by month calculated by SWAT 

increase in the spring and summer months while decrease in the fall and winter months (Figure 3-5). Mean 

winter evapotranspiration rates are predicted to decrease by 0.08 mm/d while mean summer 

evapotranspiration rates are expected to increase by 0.64 mm/d from the historical to the far future 

scenarios. Increases in spring and summer evapotranspiration rates coincide with increased temperatures 

in future scenarios, while decreases in fall rates coincide with decreases in precipitation rates over those 

months (Figure 3-4). 

Mean daily runoff contributing to streamflow, calculated by SWAT, is predicted to decrease in the 

future in Tonawanda and Cattaraugus Creeks, the two largest and most representative streams in the 

model domain. Mean daily runoff is expected to decrease from 309,000 and 372,000 m3 /din Tonawanda 

and Cattaraugus in the historical simulation to 205,000 and 148,000 m3 /d in the far future simulation in 
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all seasons. Only Spring of the near future scenario is predicted to experience an increase in runoff relative 

to the historical time period . Surface runoff contributing to stream flow is fo recasted to increase from 

464,000 and 528,000 m3 /din Tonawanda and Cattaraugus to 573,000 and 940,000 m 3 /dover that time 

period . The decrease in runoff in all other future scenarios is likely a result of two factors . First, given the 

reduction in winter snowpack accumulation in the far future, the volume of water released during spring 

freshet melting is decreased. Second, predicted decreases in runoff are likely a result of the MMSI-CCSM 

climate model's prediction of decrease in frequency of heavy precipitation events. These decreases in 

large volume of water sources to the model domain result in an increased percentage of precipitation 

contributing to recharge than to runoff. This partitioning is a result of the vadose zone soil water content 

remaining lower in the future relative to the historical scenario throughout the year due to a predicted 

decrease in the frequency of heavy precipitation events. 

3.5.3 MODFLOW Results and Discussion 

3.5.3.1 Stream Discharge 

Results of the MODFLOW model suggest that mean annual stream discharge, for streams within 

the Western New Yo rk study area, will increase by 7.1% in the near future time period and decrease by 

25.9% in the far future time period (Table 3-2). Changes in future stream discharge rates are largely 

controlled by the volume of surface runoff contributing to streamflow. Mean seasonal stream discharge 

for the near future time period is predicted to increase in spring and summer and decrease in fall and 

winter. Spring is predicted to experience the largest seasonal increase over the near future time period 

increasing by 43.3% relative to historical values (Table 3-2). The large increase in spring discharge 

coincides with large increases in both groundwater recharge and runoff contributing to streamflow. These 

three occurrences are the result of a larger spring freshet melting events from increased snow pack 

accumulation due to increased winter precipitation. By the far future time period mean stream discharge 
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is predicted to decrease in all seasons relative to the historical time period with the largest decreases in 

summer and fall stream flow (Table 3-2) . Decreased stream discharge rates coincide with decreases in the 

volume of surface runoff contributing to stream flow in all seasons. A table containing mean seasonal 

stream discharge for the historical, near future, and far future scenarios can be found in Appendix 10. 

Table 3-2: Percent change in mean daily discharge from the historical values grouped by season for the near future and far future 
models 

Winter Spring Summer Fall 

2045 2065 2045 2065 2045 2065 2045 2065 

Eighteenmile Creek 
-38.6% 94.3% 0.1% 1.9% 9.0% -63 .4% -23 .4% 36.1% 

(Niagara) 

Tonawanda Creek -44.1% 54.9% 25 .5% 32.3% -40.8% -55 .7% -18 .5% -43 .1% 

Scajaquada Creek -20.7% 16.9% -15 .6% 34.3% -31.7% -10.0% -3.7% -23 .2% 

Buffa lo Creek 11.2% 6.4% -17 .7% 165.2% -43.3% -33 .8% 103.3% -73 .8% 

Smoke Creek -25.8% 7.0% 40.9% 38.8% -55.1% 25.1% -8.3% -75 .7% 

Eighteenmile Creek 

(Erie) 
-29.2% 22.1% 22 .0% 42 .0% -42.4% -41.7% -3.7% -28 .9% 

Big Sister Creek 84.9% -63 .5% 40.3% -22 .8% -26.0% -28 .1% -15 .2% -73 .3% 

Cattaraugus Creek -16.6% -25 .3% 104.4% 54.3% -63.0% 12.5% 40.6% -79 .1% 

All Streams Average -25.0% 8.9% 38.5% 44.5% -48.0% -29 .1% 18.4% -64.4% 

Daily variability in stream discharge is predicted to increase in the near future and decrease in the 

far future. The standard deviation of daily stream flow relative to the historical time period for all streams 

increased 29.4% for the near future time period and decreased 23.9% for the far future period. The 

average number of high stream flow events, defined as days exceeding the 95 th percentile of stream 

discharge for the historical time period, is forecasted to increase by 5.2 d/yr and decrease 9.2 d/yr for the 

near future and far future time periods respectively. The average number of stream low flow events, 

defined as days below the 5th percentile of historical stream discharge, is expected to decrease 3.2 d/yr 

and increase 53.0 d/yr for the near future and far future time periods. The decrease in streamflow 

variability in the far future scenario is a result of decreased surface runoff from both intermittent spring 

freshet melting as opposed to a discrete melt event and a decrease in heavy precipitation events. 
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3.5.3.2 Water Table Elevation 

Average water table elevation in the Western New York study area is predicted to rise in both near future 

and far future climate change scenarios. Seasonally averaged water table elevations are expected to 

increase relative to the historical period in all seasons, expect winter of the near future time period where 

average water table elevation is predicted to decrease by 0.044 m (Table 3-3). Water table elevations are 

predicted to experience the greatest increases over the near future time period in the spring months 

(Table 3-3). This increase in water table elevation corresponds with the expected increases in spring 

recharge rates over the same time period (Figure 3-5). 

The average water table elevation is forecasted to rise in all seasons relative to historical levels 

over the far future scenario (Table 3-3, Figure 3-6). The spring months are forecasted to experience the 

Table 3-3: Mean water table elevation over the entire model domain grouped by season 
greatest average rise, while for the historical, near future, and far future models 

the fall months are predicted Change in meters in Seasonally Averaged Water Table Elevation Over 

the Entire Model Domain 
to see the lowest average 

rise. The largest increase in 
Change from 

Yearly 

Average 
Winter Spring Summer Fall 

mean seasonal water table Historical to Near 0.008 -0.044 0.033 0.033 0.011 

Future (m) 

elevation occurring in the Change from 

Historical to Far 0.066 0.052 0.093 0.059 0.059 

spring corresponds with Future (m) 

increased recharge rates over that time period. The lower increase in fall water table elevation is a result 

of the decreases in recharge rates from the historical to the far future scenarios. The increase in fall water 

table elevation in the face of decreases in seasonal recharge rates is the result of an already elevated 

summer water table and decreases in fall evapotranspiration rates. Seasonal variations in water table 

elevations are not predicted to change in either future scenarios relative to the historical model. The range 

of average daily water table elevations over each five year span is expected to reduce from 0.518 m to 

0.470 m and 0.509 m for the historical, near future, far future time periods respectively. The daily changes 
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in average water table elevation is forecasted to decrease slightly in the near future period and increase 

in the far future scenario. The standard deviation of daily average water table elevation is predicted to 

change from 0.126 to 0.122 and 0.134 in the historical, future, and far future scenarios. 

Spatial changes in water table elevations from historic and future simulations vary significantly 

across the model domain, with some areas experiencing greater increases or decreases in water table 

elevations (Figure 3-6). While changes in water table elevations averaged across the entire study area for 

the two forecasted periods appear small, localized areas in many parts of the domain are predicted to 

experience much larger increases in elevations relative to the mean change (Figure 3-6). Spatial variation 

in changes in water table elevations are a product of several factors including, spatially varying weather 

patterns, recharge rates, fluctuations in stream discharge rates, and aquifer characteristics. 
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Mean Seasonal Change in Water Table Elevation from Historical Levels 

Winter 2045-2050 Spring 2045-2050 Summer 2045-2050 Fall 2045-2050 

l•tf.··"\~.~-
Winter 2065-2070 Spring 2065-2070 Summer 2065-2070 Fall 2065-2070 Legend 

Change in 
Mean Water 
Table 
Elevation 

- >-1 .25 

- -1 .25- -1.0 

• =1 .0--0.75 

. -0.75 - -0.5 

. -0.5--0.25 

. =0.25--0.05 

-o.o5-0.050 
. 0.05 - 0.25 

- 025-0.5 

. 0.5-0.75 

. 0.75 - 1.0 

. 1.0-1.25 

Figure 3-6: Change in mean seasonal water table elevation between the historical and near future and historical and far future models 

61 

https://1.0-1.25
https://0.5-0.75
https://o.o5-0.05
https://0.25--0.05
https://0.5--0.25
https://1.0--0.75


North-south variations in water table elevations are largely a product of regional weather patterns 

resulting from lake effect and orographic induced precipitation. For both future time periods, decreases 

in water table elevation are largely constrained to the northern portion of the model, while increases are 

largely centered on the southern portion of the model (Figure 3-6) . These changes mirror spatial variability 

in precipitation outputs from the MM5I-CCSM model where lake effect precipitation results in a greater 

mean annual precipitation in the southern portion of the model (1,200 mm/yr) than in the northern 

portion (955 mm/yr) for the near future time period . Spatial differences in precipitation rates are even 

more pronounced for the far future time period where 1308 mm/yr and 977 mm/yr of precipitation is 

forecasted for the southern and northern portions of the model respectively. The north-south dichotomy 

in changes in water table elevations is most pronounced in the summer and fall months for both future 

scenarios (Table 3-1) . 

Spatial variation in changes to water table elevations are strongly influenced by spatially varying 

recharge rates. Comparing Figure 3-2 to Figure 3-6, there is a strong connection in localized differences in 

changes to water table elevation and recharge zones in MODFLOW. The recharge zones and recharge 

rates were calculated in SWAT and are a result of climate inputs and land cover characteristics. Comparing 

localized, adjacent areas in the south-western portion of the model areas, three areas experiencing an 

increased water table elevation of 0.25 - 0.5 m and O - 0.25 m and a decrease of O - 0.25 m, each fall 

within recharge zones with mean daily recharge rates of 0.0014, 0.00084, and 0.00048 m/d respectively 

for the near future time period . This variability shows that changes in water table elevation are strongly 

correlated to recharge rates. Because localized groupings of recharge zones are driven by the same 

climate inputs, differences in recharge rates between adjacent zones are a result of varying surface 

characteristics. 

Geographic differences in water table elevations are also a product of differences in hydraulic 

conductivity in the surficia l aquifer. Although having less of a correlation than recharge rates, increases in 
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water table elevations along the Lake Erie and Lake Ontario shorelines, Niagara Escarpment, and areas 

around Tonawanda Creek correspond with low conductivity lacustrine silts and clays covering that area 

(Figure 3-6 and Appendix 5). Conversely, lower increases, relative to the surrounding areas, in water table 

elevations in the south-central portion of the model correspond with glacial out washes with higher 

hydraulic conductivity units within the same areas (Figure 3-6). A figure showing the boundaries between 

the various geologic units within the model domain and an accompanying table show each units geologic 

characteristics can be found in appendix 5. 

Throughout the year, streams contained within the model domain act as either a source or a sink 

based on seasonal fluctuations of water table elevation and stream stage. These seasonal changes are 

more pronounced for the near future time period than they are in the far future time period (Figure 3-6) . 

For the near future time period baseflow from the aquifer to the stream is greatest in the winter months 

while in the spring months recharge from the stream to the aquifer is greatest. Streams are under gaining 

conditions in the winter months, as stream stages fall below the adjacent water table elevation. This 

results in reductions in water table elevations in the areas surrounding these streams as the streams act 

as regional sinks (Figure 3-6). Conversely, streams are under loosing conditions in the spring months when 

stream stages are at their highest levels due to increased runoff from spring freshet melting events. This 

results in increased water table elevations as streams act and regional sources to the aquifer (Figure 3-6) . 

Seasonal fluctuations in stream stage are far less pronounced in the far future time period. All streams in 

all seasons act as regional sinks lowering the water table in their immediate area (Figure 3-6) . This is a 

result of decreases in stream flow occurring concurrently with rises in water table elevation in the far 

future scenario. 
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3.5.4 Sewers at Risk of Leaky Combined Sewer Overflow 

The risk of leaky Table 3-4: Average daily percentage of sewer line in Buffalo-Niagara Metro Region at 
risk of leaky combined sewer overflow, for the historical, near future, and far future 
scenarios, grouped by season 

combined sewer overflow (LCSO) 

Average Daily Risk of LCSO in Western New York 
due to a rising water table is 

Winter Spring Summer Fall 
Yearly 

Avera e 
predicted to increase in the 

Historical 20.2% 22.6% 16.6% 7.6% 16.8% 

future under a changing climate, 
Near 

with greater risk occurring in Future 
15.4% 26.9% 19.5% 7.6% 17.4% 

Far 

each subsequent forecasted Future 
25 .9% 32.4% 22.2% 14.7% 23.8% 

period (Table 3-4) . For the purpose of this analysis a sewer line in a given MOD FLOW cell is determined to 

be at risk of LCSO if the water table elevation on a given day exceeds the sewer line elevation. Sewer line 

elevations were assumed to be 0.5 meters below surface elevation for each cell. Current Buffalo sewer 

code states that a minimum of 36 inches (0.91 m) of cover must be maintained for all sanitary sewer lines 

(New York Codes, Rules and Regulations; 2013). However, given the age of some of the City's sewer lines, 

many do not meet this minimum requirement. The 0.5 m assumption is based on analysis of GIS data of 

sewer lines within Erie and Niagara Counties that shows that sewer lines less than 0.5 m below grade are 

common throughout the model domain. The area of LCSO analysis was constrained to cities and towns 

within the model domain that were confirmed to have a combined sewer system. This methodology states 

that a sewer line is at an elevated risk not that a LCSO event will occur. 

Risk of LCSO increases in each subsequent time period. For the historical time period an average 

of 16.75% of the sewer lines per day within the analysis area are determined to be at risk. The average 

number of sewer lines at risk per day increases to 17.37% and 23.77% in the near future and far future 

time periods respectively. The rise in average risk of leaky combined sewer overflows in the two 

forecasted time periods is a direct result of forecasted rise in water table elevation. The percentage of 

sewer lines at risk varies seasonally with the highest risk associated with the spring months and the lowest 
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risk associated with the fall months for all three analysis periods (Table 3-4, Figure 3-7). For the near future 

time period the percentage of sewer lines at risk increased in the spring and summer months, remained 

the same in the fall months and decreased in the winter months relative to the historical period (Table 3-

4, Figure 3-7). This seasonal trend corresponds with equivalent changes in mean seasonal water table 

elevations, where increased snowpack accumulation in the winter and subsequent increased spring 

freshet melting translate to lower water table elevation in the winter and higher in the spring. These 

seasonal trends in water table elevations result in lower LCSO risk in the winter and higher risk in the 

spring. Leaky combined sewer overflow risk increases significantly in all seasons for the far future time 

period (Table 3-4, Figure 3-7) . This increased risk also corresponds with seasonal trends in increases in 

water table elevation (Figure 3-6) . The large increase in winter LCSO between the near future and far 

future scenarios is a result of decreased winter snowpack accumulation and intermittent melting 

occurring through the winter in the far future scenario. 

Spatial variability in sewer lines at elevated risk of leaky combined sewer overflow is predicted to 

increase in the future (Table 3-4, Figure 3-7). Results of all three of the models show two distinct areas of 

varying LCSO risk. The more urbanized areas centered around the City of Buffalo and City of Niagara Falls 

are marked by lower LCSO risk. Lower risk in these areas are a result of less permeable land cover leading 

to lower recharge rates and therefore lower water table elevations relative to the surrounding areas. 

Suburban areas within the model domain are marked by greater risk of LCSO. This is a result of higher 

water table elevations due to higher recharge rates from more permeable land cover relative to the Urban 

areas. Leaky combined sewer overflow risk is generally lower in the immediate areas around streams 

within the model domain. Risk of LCSO is lower in these areas when streams are under gaining conditions, 

resulting in loss of water from the aquifer to the channel reaches. Only the areas around the outlet of 

Eighteenmile Creek in Erie County and Buffalo Creek in the Spring over all three time periods show 

elevated risk of LCSO. These streams are under losing conditions in the Spring months leading to elevated 
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water table elevations in their immediate areas. The southern portion of the model domain is 

characterized by larger increases in LCSO risk than the northern portions in the future relative to the 

historical scenario. This is a result of the larger increases in precipitation rates predicted by the RCM in 

the southern portion of the domain in the future. The north-south dichotomy in LCSO risk increases in 

each subsequent scenario, resulting in modest increases in LCSO risk in the northern portion and larger 

increases in the southern portion. 

Number of Days of Sewer Lines at Risk of LCSO Caused By Groundwater Infiltration of Sewer Lines 

Winter Historical Spring Historical Summer Historical 

\ 
Legend I 
%of Days 
at Risk of 
LCSO 

<VALUE> 

- 0-511 

- S-10% 

- 11).1511 

- 15-20'4 

- 21).25% 

- 25-30'4 .) 

- 30-3511 

- 35-40'4 Winter Near Future Spring Near Future Summer Near Future Fall Near Future 
- •1).4511 

- 45-50'4 

- 50-5511 

- 55-60'4 

- 80-8511 

- SS-70'4 

- 71).7511 

- 75-80'4 

- 80-8511 

- 85-90'4 

- 90-9511 

- 95-1()0'4 } 

Winter Far Future Summer Far Future Summer Far Future 

Figure 3-7: Percentage of days, over each season, when sewer lines are at risk of LCSO events due to groundwater infiltration for 
the historical, near future, and far future scenarios. Analysis of LCSO risk is constrained to areas within the model domain with 
known combined sewer systems 

66 



3.6 Conclusions 

In general, arid regions receive a greater degree of concern pertaining to water related climate 

change issues. While these concerns are certainly warranted, water quantity issues relating to climate 

change in water-rich areas must also be carefully considered. This is particularly applicable in the older 

urban areas of the Great Lakes Region where a changing climate will result in additional stresses on the 

already dated sewer infrastructures. 

Hydrologic systems are complex and contain many interrelated components. The three-part 

climate, surface water, and groundwater systems model was developed in order to fully integrate all the 

complexities and nuances of the system. The three-part approach provides a means by which regional 

assessments of changes to surface water and groundwater flow regimes at a scale fine enough to assist 

stakeholders and allow for better informed decisions can be made. This three-part approach consists of 

three models that are readily accessible to a large number of scientists and policy makers and therefore, 

is easily replicable to any region facing water quantity issues. 

Outputs of the MMSI-CCSM RCM are generally in line with expected changes to the climate of 

Western New York predicting both warmer and wetter conditions. However, the RCM fails to predict the 

expected increase in frequency of heavy precipitation events in the future (Kunkel, et al., 2013; Hayhoe, 

et al., 2007). This failure to predict increased daily variability in precipitation patterns is problematic in 

that it prevents the assessment of these expected changes on the surface water and groundwater 

systems. While these climate data are problematic, this analysis is based on the best data available to the 

public and therefore there is currently no way to alleviate the issue. While the systems response to 

increased frequency of heavy precipitation events could not be assessed, the RCM outputs were still able 

to produce outputs fitting to the expected warmer and wetter Western New York climate and therefore, 
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the surface water and groundwater systems responses could still be assessed under climate change 

conditions. 

Results from the SWAT surface water model suggest significant changes to the amplitude and 

temporal distribution of groundwater recharge, evapotranspiration, and runoff contributing to 

streamflow in Western New York under a changing climate. Mean daily recharge rates are expected to 

increase and spring peak recharge levels are expected to shift toward the beginning of the year in each 

subsequent analysis time period . Given the predicted reduction in the number of days falling below 

freezing in the far future scenario the monthly change in mean daily recharge rates are expected to 

decrease due to a decrease in snowpack accumulation from intermittent melting throughout the winter 

and early spring months. Mean daily evapotranspiration rates are expected to increase in the spring and 

summer months in the future scenarios due to increases in mean temperatures in those months. 

Stream discharge within the Western New York study area are predicted to increase slightly for 

the near future time period and decrease significantly for the far future time period . Spring stream 

discharge for the near future time period is predicted to increase significantly due to increases in spring 

freshet melting from snowpack accumulation due to increased winter precipitation. Stream discharge is 

forecasted to decrease in all seasons in the far future scenario due to decreases in surface runoff 

contributing to stream flow. 

Mean water table elevations are expected to increase in both the near future and far future 

scenarios with greater increases in the far future than the near future. For both future time periods spring 

and summer months are predicted to experience the greatest increase in water table elevation. Overall, 

increases in water table elevations are driven by increases in groundwater recharge rates. Temporal 

differences in the changes in water table elevations are largely a result of changes in weather patterns 

predicted by the RCM, seasonal changes in stream discharge and changes in the timing of peak recharge 
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from freshet melting events due to increasing temperatures. Geographic variation in changes to water 

table elevations in the future scenarios are a result of a number of factors including, changes to spatial 

weather patterns, spatial variability in recharge rates, and geologic characteristics of the surficial aquifer. 

The percentage of sewer lines at risk of leaky combined sewer overflow in the Western New York 

study area is predicted to increase in the future. The increased future risk is a direct result of the predicted 

rise in water table elevation . The rise in water table elevation over the near future scenario is associated 

with only a small increase in the percentage of sewer lines at risk of groundwater inundation while risk 

increases to a larger degree by the distant future scenario. These increases in risk of LCSO are not uniform 

across the model domain. Suburban areas are at greater risk due to more permeable land cover 

characteristics in those areas relative to urban areas. The southern portion of the domain is also 

characterized by greater LCSO risk due to the RCM's prediction of larger increases in precipitation rates in 

those areas. 

Each model within the three-part modeling approach contains its own degree of uncertainty. 

These uncertainties can compound as uncertainty in results from the climate or surface water model are 

also uncertainty in the inputs to the surface water or groundwater model. Uncertainty associated with 

choices made by the modeler include broad assumptions, the large model domain, and homogeneity 

over large portions of each model. While heterogeneity in model properties exist in both the surface 

water and groundwater models the large model domain required coarse grid spacing resulting in the 

exclusion of heterogeneities at finer scales than could be captured at that resolution . Given the large 

model domain a balance between incorporation of fine scale heterogeneities and model performance 

was made. This balance was made with the belief that exclusion of finer scale heterogeneities would not 

significantly affect model results . Uncertainty in model calibration resulted from non-uniform 

distribution of calibration targets across the model domain. While the number of calibration targets was 

likely adequate for the size of the model, a disproportionate number of head targets were located along 
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the southern and eastern bounds of the model domain. This resulted in a higher degree of uncertainty 

over the underrepresented areas to the north and west. Furthermore, only four streams represented in 

the model had stream discharge targets available. This resulted in the inability to calibrate five of the 

streams to historical stream discharge which lead to greater uncertainty in those streams. 

To best predict and understand expected changes in groundwater and surface water systems 

under a changing climate the three-part modeling approach was developed. The approach allows for the 

incorporation of all the necessary complexities and allows each individual aspect of the system to be 

analyzed in detail. This research presents a foundation for analyzing regional groundwater and surface 

water resources at the regional scale under climate change conditions. 
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Chapter 4: Conclusions 

4.0 Conclusions 

While climate change is a global issue that will affect nearly every corner of the globe, each region 

faces its own unique set of challenges. To plan for and address these challenges each region must be 

analyzed at a scale fine enough to make properly informed decisions. In general, arid regions receive more 

attention and concern pertaining to water related climate change issues. While these concerns are 

certainly warranted, water quantity issues resulting from climate change in water-rich areas must also be 

carefully considered. Predicted increases in temperature and precipitation in Western New York could 

result in broad changes to the regional hydrologic system, which would lead to widespread water quantity 

and quality issues. Increased future precipitation rates will likely result in regional challenges including 

increases in frequency of flooding, nutrient fluxes into the Great Lakes, contaminant transport, and 

stresses on infrastructures. While conceptual models and water balance approaches can lead to these 

broad conclusions they negate the spatial and temporal resolution required to make informed decisions 

on how to best address these issues. Furthermore, these approaches are incapable of accounting for the 

many interconnected components and feedback loops that drive regional scale changes to the hydro logic 

system. In order to incorporate the whole system, with all of its components, a three-part modeling 

approach which included fully linked climate, surface water, and groundwater models was employed. 

This research demonstrated the importance of incorporating all three portions of the hydro logic 

system into the model in order to capture the many complex and interrelated components. The three

part approach consists of three discrete but, fully linked models allowing for the simulation of the entire 

hydro logic system of a region . The three parts, climate, surface water, and groundwater were included 

in order to develop a fully integrated model with all the necessary complexities and nuances of the 

system that could not be captured in a typical mass balance approach. This research demonstrated 
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successful utilization of the outputs of the regional climate model (RCM) to analyze future surface water 

and groundwater systems. Outputs of the model were of a spatial and temporal scale fine enough to 

assess changes to surface water and groundwater flow regimes under a changing climate. While results 

of each model run contain their own degree of uncertainties, this approach represents an improvement 

from past approaches, which relied heavily on broad based assumptions, mass balance equations, and 

conceptual models for representing one or more aspects of the hydrologic system. 

Climate change has the potential to adversely affect much of the regions infrastructures. Damages 

to infrastructures could arise from both water quantity and quality issues. Flooding risks are likely to 

increase across the region in the future. Increases in groundwater recharge rates resulting from predicted 

higher frequency of precipitation will likely result in elevated frequencies of occurrences of groundwater 

induced flooding. Urban sewer infrastructures in Great Lakes Region are highly susceptible to additional 

stresses resulting from a changing climate. Sewer lines in the Great Lakes region were originally installed 

under the belief that climates, on an anthropogenic scale, were generally static. Under the expected 

warmer and wetter future climate in Western New York, these sewer lines will be at an elevated risk of 

leaky combined sewer overflow (LCSO) from groundwater inundation as a result of a rising water table. 

Combined sewer overflow events in Western New York threaten the water quality of Lake Erie, the 

drinking water supply for over a million people living in the region . 

Although the research presented here is preliminary, results suggest dramatic changes to 

groundwater and surface water flow regimes under climate change conditions in Western New York that 

will negatively impact the regions sewer infrastructures. Future works will benefit from building off of 

the presented methodology and from the increased understanding of potential spatial and temporal 

changes in flow regimes under a changing climate. The following chapter discusses implications of major 

findings from each of the three models presented in this research. Lastly, recommendations for future 
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work are included to acknowledge some of the limitations of the presented methodology and offer 

suggestions for how these might be corrected. 

4.1 Impacts of Climate Change on Surface Water Processes 

Analysis of forecasted MM51-CCSM climate data suggest large changes to daily and seasonal 

weather in the Western New York region under the A2 climate forcing scenario relative to historical data 

(Nakienovic, et al., 2000). While the MM51-CCSM model domain spans nearly all of North America, only 

a small portion, covering the Western New York study area, was used for this research. Analysis of the 

MM51-CCSM climate model was limited to the 6 climate nodes that cover the study area in order to 

assess climate change. A dynamically downscaled climate mode was specifically selected for this study 

due to its ability to capture regional climate forcings. Specifically, for the Western New York study area, 

the impacts of lake effect precipitation and orographic influences on the climate in the southern portion 

of the model domain could be incorporated into and assessed by the model. The MM51-CCSM model 

pairing was chosen for this research because it performs better at recreating historical precipitation 

patterns compared to other regional climate models (Rawlins, et al., 2013). 

Outputs from the MM51-CCSM model for Western New York show increases in mean seasonal 

and daily temperatures for both the 2045 through 2049 (near future) and 2065 through 2069 (far future) 

climate scenarios. Mean seasonal temperatures are predicted to increase in all seasons with higher 

degrees of warming in each subsequent forecasted period . Furthermore, results of the climate model 

also indicate significant increases in the frequency of extreme heat days with a larger share of days 

falling under this distinction in each subsequent time period . Increased mean and extreme temperatures 

have implications for evapotranspiration rates and seasonal recharge patterns, which are reflected in 

the outputs of the SWAT model. 
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Results of the SWAT model suggest that mean evapotranspiration rates will increase modestly 

from the historical to far future scenarios as a result of the forecasted warming trends. While mean 

evapotranspiration rates are predicted to increase only slightly, seasonal variation in evapotranspiration 

rates are predicted to become more pronounced in the future. Mean seasonal evapotranspiration rates 

are predicted to increase in the future in the summer months, due to increased seasonal temperatures 

and decrease in the fall months due to forecasted reductions in fall precipitation. The seasonal 

variability in evapotranspiration rates is expected to increase in each subsequent future scenario. This 

suggests that changes in future evapotranspiration will have more of an effect on seasonal water 

budgets than on annual water budgets. 

Analysis of the MMSI-CCSM RCM suggests that annual precipitation rates will increase in the 

future with larger increases in each subsequent period. Forecasts from SWAT based on inputs from the 

MMSI-CCSM model suggest large changes to groundwater recharge rates in the future. Changes in rates 

and seasonal distribution of future groundwater recharge are a result of MMSI-CCSM forecasts 

indicating warming and increased precipitation rates. MMSI-CCSM projections indicate increases in 

mean daily precipitation in Western New York for the winter, spring, and summer months relative to the 

historical values with larger increases in each subsequent time period . Fall precipitation rates are 

predicted to decrease in the future relative to historical levels with larger decreases in the near future 

than the far future scenarios . Mean annual daily recharge rates are predicted to increase in each 

subsequent time period from 0.814 mm/din the historical period to 0.841 and 0.956 mm/din the near 

future and far future scenarios. Groundwater recharge rates mimic predicted seasonal changes in 

precipitation indicating large increases in daily recharge rates in the winter and spring, little change in 

the summer, and slight decreases in the fall in both forecasted periods. The timing of peak recharge is 

predicted to shift toward the beginning of the year in the future scenarios due to earlier warming 

induced spring freshet melting. Peak recharge rates shifted from June in the historical model to April 
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and March in the near future and far future scenarios respectively. The near future scenario is marked 

by large increases in seasonal variation relative to historical rates. Differences between seasonal high 

recharge rates in the spring and lows in the fall are most pronounced in the near future scenario due to 

increases in snowpack accumulation from elevated winter precipitation. For the far future scenario this 

trend is reversed, with seasonal differences in recharge rates decreasing by a large margin. This 

decreased amplitude in seasonal recharge rates in the far future is a result of the MMSI-CCSM model 

predicting large decreases in the number of days falling below freezing in the far future. This results in a 

reduction in snowpack accumulation and intermittent melting occurring throughout the winter and 

early spring that will significantly decrease spring peak groundwater recharge rates. 

A known issue with the MMSI-CCSM model is its tendency toward under predicting the 

variabil ity in dai ly precipitation rates. Relative to historical data the RCM under predicts the frequency of 

heavy precipitation events (Rawlins et al., 2012) . This issue carries through to future forecasts as well, 

where outputs of the RCM for the Western New York model domain show a decrease in heavy 

precipitation events relative to historic data for both forecasted time periods. Climate scientists 

generally agree that the frequency of heavy precipitation events has been and will continue to increase 

in the future in Western New York (Hayhoe, et al., 2007; Horton et al., 2013; Kunkel et al., 2013). This 

inability to predict increases in daily variability is problematic in that it prevents the analysis of increased 

frequency and intensity of heavy precipitation events on groundwater and surface water flow regimes. 

Mean daily surface runoff is predicted to decrease in winter, summer and fall for the near future 

scenario, and decrease in all seasons in the far future scenario, relative to the historical model. 

Predicted large increases in spring runoff for the near future scenario are a result of the increased 

snowpack accumulation and subsequently large spring freshet melting event. Decreases in surface 

runoff in all other seasons is a result of a predicted decrease in frequency and intensity of heavy 

precipitation events. When the ratio of soil water content in the rooting zone to the field water capacity 
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of the rooting decreases, the ratio of runoff to recharge decreases. Because the frequency of heavy 

precipitation events is decreasing and evapotranspiration is increasing, the soil water content in the 

rooting zone is generally lower in the future scenarios as precipitation has time to travel through the 

rooting zone and recharge into the saturated zone. Decreases in spring runoff in the far future scenario 

is also a result of decreases in freshet melt from warmer winter months. Because the MMSI-CCSM RCM 

is likely under predicting the frequency of heavy precipitation events in the future, results from the 

SWAT model are likely skewed, over predicting groundwater recharge and under predicting surface 

runoff. 

Mean annual stream discharge is predicted to increase in the near future and decrease in the far 

future scenarios. Mean seasonal stream discharge for the near future period is predicted to increase in 

spring and summer and decrease in fall and winter. Increases in spring stream discharge in the near 

future scenario coincide with the large increase in surface water runoff rates in those months. 

Conversely, decreases in stream discharge in winter and fall of the near future scenario and all seasons 

in the far future scenario coincide with decreases in surface runoff. Mean seasonal stream discharge 

decreases in all seasons by the far future scenario. Despite increases in baseflow contributing to stream 

flow due to a rising water table, significant reductions in surface runoff cause streamflow to decrease by 

the far future scenario. Daily variability in stream discharge increases in the near future and decreases in 

the far future scenarios. The average number of high streamflow events, defined as a day above the 95 th 

percentile for stream discharge over the historical time period, will increase in the near future and 

decrease in the far future. At the same time, low streamflow events, defined as a day below the 5th 

percentile for stream discharge over the historical time period, will decrease in the near future and 

increase in the far future. Stream discharge rates largely follow changes in surface runoff rates with 

higher surface runoff translating to higher discharges and lower surface runoff resulting in lower stream 

discharge rates. Given the large reductions in runoff, resulting from freshet melt events and decreases in 
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runoff due to decreases in vadose soil water content, stream discharge is predicted to decrease in every 

season in the far future. Given that SWAT is likely under predicting future surface runoff, future stream 

discharge rates, calculated by MODFLOW, may be skewed toward lower values. 

4.2 Impacts of Climate Change on Groundwater Flow 

Mean water table elevations, averaged over the length of each analysis periods for the entire 

Western New York study area, is predicted to increase in both the near future and far future scenarios 

with subsequently larger rises in each period. Temporal variability in water table elevations increased in 

both forecasted periods. Results of the near future scenario suggest water table elevations will rise in 

spring, summer, and fall months and decreases in the winter months. Largest rises are expected in the 

spring months due to large increases in spring recharge rates. Mean water table elevations increase in 

all seasons in the far future scenario. Largest increases in water table elevations relative to the near 

future levels are in the winter months where increasing temperatures result in decreases in the 

percentage of winter precipitation falling as snow. This results in significant increases in recharge rates 

when historically seasonal recharge rates were lowest. Largest increases in water table elevations 

relative to the historical period are expected in the spring. While spring recharge rates are lower in the 

far future than the near future scenario, winter water table elevations in the far future are higher than 

the near future. Therefore, spring increases in water table elevations compound upon the already 

elevated winter water table. 

Spatial changes in water table elevations vary significantly in the future scenarios, with areas 

experiencing a range of increases or decreases in elevation relative to historical levels. Several factors 

contribute to these spatial variabilities including, spatially varying weather patterns, geographically 

specific groundwater recharge rates, fluctuations in stream discharges, and aquifer characteristics. 
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Relative changes in water table elevations are strongly influenced by regional climate. In all 

seasons in both future scenarios, water table elevations in the southern half of the domain increased 

more than elevations in the northern half. These geographic changes are a product the regional climate 

model forecasting greater precipitation rates in the southern portion of the model than the northern 

portion due to greater lake effect precipitation and orographic effects in those areas. 

Spatial variability in groundwater recharge rates are another factor strongly influencing localized 

changes in water table elevations. Recharge rates are a product of precipitation rates, land cover type, 

soil type, and land slope. These physical surficial characteristics vary spatially causing groundwater 

recharge rates to vary as well. In many instances, localized differences in water table elevations coincide 

with changes in the surficial characteristics controlling recharge rates. 

Hydraulic conductivity also exhibits an influence on groundwater levels, although to a lesser 

degree than groundwater recharge rates. In future scenarios, larger increases in water table elevations 

along the Lake Erie and Lake Ontario shorelines, Niagara Escarpment, and areas around Tonawanda 

Creek correspond with low conductivity lacustrine silts and clays covering that area. Conversely, lower 

increases, relative to the surrounding areas, in water table elevations in the south-central portion of the 

model correspond with glacial out washes with higher hydraulic conductivity units within the same 

areas. 

Throughout the year, streams within the model domain act as either a source or sink depending 

on the relative position of the stream stage and water table elevation. Seasonal variabilities in streams 

acting as either sources or sinks, are more pronounced in the near future scenario where temporal 

changes in stream discharge is greater. Relative to historical levels, stream discharge rates decrease in 

the winter months in the near future scenario, this results in streams acting as regional sinks reducing 

water table elevations in their immediate area. Increases in spring discharge rates in the near future 
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scenario reverse this trend, raising stream stage and causing streams to act as regional sources, rising 

water table elevations in their immediate areas. Seasonal fluctuations in stream discharge are far less 

pronounced in the far future scenario. Nearly all streams in all seasons act as regional sinks lowering 

water table elevations in their immediate area by the far future scenario. 

4.3 Impacts of Climate Change on Leaky Combined Sewer Overflow Risk 

The percentage of sewer lines at risk of leaky combined sewer overflow is predicted to increase 

in the future. Increases in risk are a direct result of a rising water table, which could inundate perforated 

sewer lines if water table elevations exceed sewer line elevations. The average percentage of sewer 

lines at risk of LCSO on a given day is predicted to increase in each subsequent future scenario, with 

larger risk associated with the far future scenario. The percentage of lines determined to be at risk of 

LCSO varies seasonally, with the greatest risk in the spring months and the least risk in the fall months 

for both future scenarios. The largest increases in risk from the near future to far future scenarios is in 

the winter months. This increase in risk is a result of increases in far future winter water table elevations 

due to increased recharge rates over that time period. 

Increased risk of future LCSO is not uniform across the model domain. Given the large spatial 

variability in increases in water table elevations, changes in risk to sewer lines associated with the rising 

water tables vary significantly as well. Spatial variability in the far future scenario is higher than the near 

future scenario. Risk of LCSO is higher in all three scenarios in the suburban areas of the model domain 

where the land cover is more permeable than in the less permeable urban areas. There is also greater 

risk of LCSO in the near and far future scenarios in the Sothern portion of the domain than in the 

northern portion. Increases in risk in this area are a result of higher groundwater recharge rates 

resulting from increases in lake effect precipitation predicted by the RCM. Sewer lines in the immediate 

area of Buffalo Creek and Eighteenmile Creek in Erie County are also predicted to experience increased 
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risk of LCSO in the near future scenario . These streams are under loosing conditions over this time 

period, supplying water to the aquifer and rising the water table elevation in their immediate area. This 

condition results in increased risk of LCSO in the stream's immediate areas. 

Spatial variability in LCSO is a direct result of variability in changes to water table elevations 

These geographic differences arise from the same variables that resulted in high spatial variability in 

increases in water table elevations. The factors leading to increased spatial variability in LCSO risk 

include variability in weather patterns, recharge rates, and stream discharge. Localized increased risk of 

LCSO are strongly influenced by recharge rate, with stark changes in associated risk along the 

boundaries of recharge zones. This suggests that certain combinations of land use type and soil type are 

more susceptible to LCSO due to their associated groundwater recharge rate. There is a higher degree of 

risk of LCSO in the southern portion of the study area where the RCM predicts larger increases in 

precipitation relative to the northern portion. This results in increased groundwater recharge rates in 

the south and therefore higher water table elevations. There are also significant reductions in risk of 

LCSO in sewer lines in the immediate area around streams. By the far future scenario all streams are 

under gaining conditions for a majority of the year resulting in depressed water table elevations in their 

immediate area due to loss of water from the aquifer to the stream reaches. 

4.4 Analysis of Uncertainty 

Each model within the three-part hydrologic systems modeling approach contains its own 

degree of uncertainty. These uncertainties can compound as uncertainty in results from the climate or 

surface water model are also uncertainty in the inputs to the surface water or groundwater model. 

These uncertainties are a result of a number of factors, which result from model code or choices made 

by the modeler. Uncertainties resulting from linking of these models cannot be reduced unless changes 

in the methodology are made. Given that climate model domains are generally significantly larger than 
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surface water or groundwater model domains, the finest resolution RCM was selected so that 

differences in scale between the different model types could be minimized . The RCM is at a scale fine 

enough to capture spatial weather patterns and regional climate characteristics that are important for 

the surface water and groundwater models. Furthermore, outputs of the RCM are at a scale at which 

differences in weather between climates nodes are unlikely to be significant. 

Uncertainty associated with choices made by the modeler include the large model domain and 

homogeneity over large portions of each model. While heterogeneity in model properties exist in both 

the surface water and groundwater models the large model domain required coarse grid spacing 

resulting in the exclusion of heterogeneities at finer scales than could be captured at that resolution. 

Given the large model domain, a balance between incorporation of fine scale heterogeneities and model 

performance was made. This balance was made with the belief that exclusion of finer scale 

heterogeneities would not significantly affect model results . This belief cannot be assessed until results 

from a finer scale model are produced and compared against current results. However, results of model 

calibration indicate that parameter heterogeneities were at a scale appropriate for reproducing 

historical conditions. 

Uncertainty in model calibration resulted from non-uniform distribution of calibration targets 

across the model domain. While the number of calibration targets was likely adequate for the size of the 

model, a disproportionate number of head targets were located along the southern and eastern bounds 

of the model domain. This resulted in a higher degree of uncertainty in the underrepresented areas to 

the north and west. Only four streams represented in the model had stream discharge targets available. 

This resulted in the inability to calibrate five of the streams to historical stream discharge, which lead to 

greater uncertainty in those streams. 
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4.5 Future Research 

The calibrated historical model is an important tool through which new analysis can be made. 

Using it as a baseline, the model can be expanded and improved upon to test additional scenarios. There 

are many aspects of the hydro logic systems model of Western New York that can be improved upon in 

the future. Additional calibration targets can be introduced to reduce uncertainty in results . Additional 

head targets should be acquired for the northern and western portions of the model where targets are 

sparse. This will allow for a reduction in model uncertainty, particularly in areas of high interest such as 

the Buffalo-Niagara Metro area. If possible, additional stream discharge measurements should be 

acquired for the remaining five streams, which do not currently have calibration targets. Again, this will 

result in a reduction of uncertainty in both the model as a whole and more so in currently uncalibrated 

stream reaches. 

Incorporating additional RCMs into the methodology in the future would lead to a more robust 

hydro logic systems model. Running the model with climate data from three or more RCMs and assessing 

results of the surface water and groundwater models as a range of possible outcomes would reduce 

some of the inherent uncertainty in climate model outputs. Furthermore, running the systems model 

under additional climate forcing scenarios would also lead to a more robust analysis as there is also 

inherent uncertainty in the future climate forcing scenario used in an assessment. 

The greatest concern with the current methodology arises from the RCM's under prediction of 

the frequency and intensity of heavy precipitation events relative to historical data. This under 

predication results in the inability to assess the hydrologic system under the expected increased 

frequency and intensity of heavy precipitation events. This issue could be alleviated if a fourth scenario, 

with climate data for the 2010 through 2014 time period from the RCM were assessed. While the RCM 

under predicted the frequency and intensity of heavy storm events relative to historical data, outputs of 
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the RCM do indicate increased intensity and frequency of storm events in the future relative to 2010 

through 2014 outputs. Through the evaluation of a 2010-2014 scenario, the effects of increased 

frequency and intensity of heavy precipitation on the hydrologic system could be assessed. 

For future research, the baseline model can be expanded upon to assess additional scenarios. 

Western New York faces many additional climate change related hydrologic challenges that can be 

assessed with the aid of this model. Flooding risks from both surface water and groundwater can be 

assessed using this approach by comparing stream stage and water table elevation to ground surface 

elevation. While the resolution is likely not fine enough to draw conclusive results, trends and 

generalized areas of increased risk can be determined. 

Incorporation of a MT3D, groundwater solute transport model, would allow for the assessment 

of contaminant fluxes into the Great Lakes in the future under a changing climate. (Bedekar, et al., 

2016). Of particular interest in Western New York is the response of nutrient fluxes entering the Great 

Lakes to a changing climate. Preliminary research suggests that nutrient fluxes into Lake Erie are highest 

following high intensity short duration storms. Given the predicted increase in intensity and frequency 

of heavy precipitation events in the future under a changing climate, nutrient fluxes are predicted to 

increase as well. Increased nutrient fluxes can lead to significant reductions in water quality due to 

increased risk of algal blooms. Algal blooms can produce toxic byproducts leading to significant 

reductions in water quality of Lake Erie, the drinking water sources for over a million people living in the 

Western New York area. Further research incorporating the MT3D transport model would allow future 

researchers to predict areas of the Lake experiencing elevated nutrient fluxes and would allow for the 

assessment of mitigation techniques. 

85 



4.6 References 

Bedekar, V., E. D. Morway, C. D. Langevin, and M. J. Tonkin (2016), MT3D-USGS version 1: A US 

Geological Survey release of MT3DMS updated with new and expanded transport capabilities for use 

with MODFLOWRep. 2328-7055, US Geological Survey. 

Hayhoe, K., et al. (2007), Past and future changes in climate and hydrological indicators in the US 

Northeast, Climate Dynamics, 28(4), 381-407, doi: 10.1007 /s00382-006-0187-8. 

Horton, R., G. Yohe, W. Easterling, R. Kates, M. Ruth, E. Sussman, A. Whelchel, D. Wolfe, and F. 

Lipschultz (2014), Ch. 16: Northeast, Climate Change Impacts in the United States: The Third National 
Climate Assessment, 371-395. 

Kunkel, K. E., L. E. Stevens, S. E. Stevens, L. Sun, E. Janssen, D. Wuebbles, K. Redmond, and J. Dobson 

(2013), Regional climate trends and scenarios for the US national climate assessment, Part, 3, 142-143. 

Nakicenovic, N., J. Alcamo, A. Grubler, K. Riahi, R. Roehrl, H.-H. Rogner, and N. Victor (2000), Special 

report on emissions scenarios (SRES), a special report of Working Group Ill of the intergovernmental 

panel on climate change, Cambridge University Press. 

Rawlins, M.A., R. S. Bradley, and H. F. Diaz (2012), Assessment of regional climate model simulation 

estimates over the northeast United States, Journal of Geophysical Research: Atmospheres, 117(023), 

n/a-n/a, doi: 10.1029/2012jd018137. 

Trenberth, K. E. (1999), Conceptual framework for changes of extremes of the hydrological cycle with 

climate change, in Weather and Climate Extremes, edited, pp. 327-339, Springer. 

86 



Appendix 1: MMSI-CCSM Raw Climate Data 
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Appendix 2: SWAT Model Files (Digital) 
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Appendix 5: Surficail geologic map of Western New York Study area. Lacustrine silts and clays were 
assigned a hydraulic conductivity value of 0.000001 m/d, glacial outwah 0.01 m/d, and glacial till 
0.0001 m/d. 



Appendix 6: List of Calibration Targets 



Appendix 6: List of all hydraulic head calibration targets used in the MODLOW inverse model 
calibration process computed and observed head values as well as residuals are included . 

Well ID Easting Northing Observed Computed Residual 

CT2773 726186.32 4740661.25 445.6176 492.995964 -47.378364 

WO1338 726186.32 4740661.25 445.6176 492.995964 -47.378364 

E3340 699045.68 4729302.71 288.036 298.474922 -10.438922 

E3396 705711.61 4744209.76 346.8624 346.119468 0.742932 

WO1332 731932.63 4742680.49 419.4048 400.010289 19.394511 

E3337 672495.88 4707311.24 281.94 302.517478 -20.577478 

E3338 665667.89 4716953.91 242.9256 250.953306 -8.027706 

CT2776 709822.23 4704497.98 477.3168 498.874944 -21.558144 

CT2789 705883.28 4700015.08 500.4816 514.192749 -13 .711149 

CT2801 707374.33 4701102.73 499.872 506.425036 -6.553036 

CT2805 713557.36 4708606.7 537.0576 521.23054 15.82706 

CU3164 648336.35 4699067.86 346.2528 357.121123 -10.868323 

E3350 691986.46 4710154.95 416.052 412.018523 4.033477 

GS902 711791.71 4757322.61 261.5184 269.636465 -8.118065 

CT2807 688772.97 4704865.64 347.472 371.824835 -24.352835 

E3357 700215.14 4745572.93 242.316 265.56709 -23 .25109 

E3356 688811.91 4715383.78 428.244 411.491826 16.752174 

CT2808 717274.08 4696142.54 532.1808 579.50318 -47.32238 

GS907 714743.52 4760502.33 256.6416 265.227308 -8.585708 

GS911 715415.64 4764509.98 257.8608 272.439553 -14.578753 

WO1349 712765.76 4748064.61 386.1816 371.678647 14.502953 

WO1348 711655.72 4731140.58 411.1752 439.455507 -28.280307 

E3361 672430.54 4704966.99 321.8688 304.181833 17.686967 

GS915 708005.19 4771938.36 211.5312 194.648287 16.882913 

E3393 677163.13 4716771.58 382.2192 388.389566 -6.170366 

GS908 715881.21 4756996.21 281.3304 292.403268 -11.072868 

CT2860 707602.96 4699797.4 494.0808 516.290668 -22 .209868 

E3408 700954.8 4717175.39 543.4584 535.330616 8.127784 

CT2756 688029.1 4691652.48 537.3624 559.432396 -22 .069996 

CT2821 699568.85 4701995.84 573.3288 585.518784 -12 .189984 

CT2829 706826.94 4700512.24 465.7344 506.764585 -41.030185 

WO1358 716147.45 4745928.25 427.6344 416.437357 11.197043 

CT2820 715966.07 4704163.76 587.3496 582.677434 4.672166 

GS916 712080.18 4771569.68 216.408 217.770082 -1.362082 

E3391 704475.86 4724891.69 441.0456 427.695416 13.350184 

WO1375 719559.96 4745888.04 431.292 430.446725 0.845275 

GS918 726596.92 4773117.02 227.3808 225.509348 1.871452 

WO1376 719562.73 4745872.69 432.2064 430.634302 1.572098 

GS914 715856.93 4765249.56 274.0152 273.159491 0.855709 

CT2845 717263.46 4709406.82 551.3832 552.907589 -1.524389 

E3385 698247.36 4727356.43 432.2064 423.478762 8.727638 

GS923 731263.74 4774434.87 220.0656 225.147141 -5.081541 

CT2841 714451.11 4700044.49 560.832 539.150846 21.681154 

E3392 665227.32 4719270.53 223.7232 227.556654 -3.833454 

E3406 665889.61 4716169.09 257.8608 257.527067 0.333733 

GS927 714438.94 4759075.44 253.2888 266.332842 -13 .044042 



OL374 722936.31 4803049.08 95.4024 91.823362 3.579038 

E3407 700345.31 4716395.23 559.0032 552.765398 6.237802 

E3397 700266.49 4711129.22 453.2376 433.817152 19.420448 

WO1396 720937.44 4730677.48 459.0288 454.816233 4.212567 

Nl1270 659392.22 4772068.62 165.8112 174.40857 -8.59737 

E3390 693979.82 4728439.51 463.6008 449.506843 14.093957 

E3353 705271.62 4712537.82 421.2336 427.255759 -6.022159 

Nl1264 668607.71 4781825.1 202.0824 196.390507 5.691893 

E3363 675000.85 4703512.47 340.7664 359.509632 -18.743232 

GS930 708068.8 4771856.92 215.7984 194.010115 21.788285 

WO1367 716490.1 4730573.89 454.4568 436.865565 17.591235 

WO1370 707994.26 4744336.99 314.8584 322.580934 -7.722534 

CT2907 711511.96 4700411.79 590.0928 570.119925 19.972875 

E3413 702519.38 4719696.88 431.9016 440.351239 -8.449639 

E3403 707261.76 4714097.33 435.2544 441.392216 -6.137816 

E3405 683921 4741562.07 218.5416 219 .294363 -0.752763 

E3414 706896.91 4734087.17 284.988 326.540922 -41.552922 

GS935 725750.62 4771872.17 221.8944 228.458895 -6.564495 

CU3281 647652.28 4695739.14 415.4424 415 .534698 -0.092298 

CT2906 676537.76 4696412.05 531.876 536.29548 -4.41948 

E3433 693827.63 4712592.27 419.1 452 .955072 -33 .855072 

E3418 696357.93 4710619.58 457.8096 471.915684 -14.106084 

E3434 680932.44 4710155.14 429.1584 433.478035 -4.319635 

CT2911 710303.24 4704466.16 487.0704 504.561001 -17.490601 

E3427 692090.41 4707876.54 405.9936 410.223339 -4.229739 

E3432 691837.96 4713799.69 414.8328 434.400825 -19 .568025 

WO1386 707153.72 4749153.04 318.516 312.690434 5.825566 

E3435 706066.18 4721304.88 422.4528 422.483128 -0.030328 

E3436 657631.4 4718655.59 178.0032 184.230446 -6.227246 

E3437 668725.84 4717910.26 246.888 245.608001 1.279999 

E3439 689500.39 4713732.49 519.9888 497.331183 22.657617 

GS942 714317.2 4766510.44 229.8192 256.680475 -26.861275 

WO1392 714319.79 4742804.89 426.72 435 .954921 -9.234921 

GS943 711110.85 4772166.48 199.0344 208.459122 -9.424722 

E3444 683765.36 4719585.46 478.536 471.385693 7.150307 

E3443 683520.55 4725987.25 263.9568 268.040644 -4.083844 

WO1393 709005.89 4725906.83 344.424 352.556012 -8.132012 

CU3296 652431.04 4702510.52 383.4384 379.543077 3.895323 

WO1397 722906.52 4738263.09 437.6928 443.488878 -5.796078 

CU3297 655807.24 4706140.28 279.8064 307.466407 -27 .660007 

WO1398 709902.13 4716013.63 474.5736 508.420042 -33 .846442 

E3461 674419.74 4715748.39 391.9728 396.986617 -5.013817 

CU3317 653476.89 4709801.08 238.0488 234.815557 3.233243 

E3462 681171.93 4731114.34 247.1928 257.600085 -10.407285 

E3450 686737.31 4722183.72 341.376 380.506529 -39 .130529 

E3453 698336.55 4719458.75 546.2016 553.831894 -7.630294 

CT2920 716258.97 4703123.04 577.2912 578.47636 -1.18516 



CT2968 688577.92 4692951.35 552.2976 542.881506 9.416094 

WO1401 717547.54 4748581.66 403.86 402.462212 1.397788 

CU3316 650559.3 4698816.1 450.4944 434.907532 15.586868 

E3459 665400.4 4716981.48 228.9048 245.719167 -16.814367 

CT2929 707233.98 4700437.87 497.7384 505.295405 -7.557005 

GS952 705950.35 4772518.3 192.9384 189.725207 3.213193 

GS953 717067.68 4758793.8 268.224 269.825819 -1.601819 

GS955 728399.28 4777368.12 203.9112 201.05714 2.85406 

WO1408 718598.42 4712727.8 560.832 569.237276 -8.405276 

CT2943 686343.61 4695363.99 435.2544 448.201946 -12 .947546 

CT2967 678284.19 4700765.23 379.1712 361.449957 17.721243 

CT2969 678468.02 4697417.91 412.3944 433.521937 -21.127537 

E3477 703286.08 4711494.65 420.9288 426.266367 -5.337567 

E3464 682375.87 4716752.17 355.3968 375.22349 -19 .82669 

CT2948 713666.54 4702209.51 517.5504 522.006608 -4.456208 

CT2966 706917.89 4700298.83 505.968 504.770723 1.197277 

E3478 673880.44 4752388.95 196.596 197.868651 -1.272651 

E3479 676043.74 4712335.44 366.3696 373.381071 -7.011471 

CT2954 713912.37 4700231.75 518.7696 528.3316 -9.562 

CT2957 716991.21 4710445.05 560.5272 586.909635 -26.382435 

E3476 701075.23 4716246.52 516.0264 523.287226 -7.260826 

GS961 717209.76 4756957.87 272.796 281.986763 -9.190763 

CT2958 663242.5 4702400.23 425.5008 417 .268855 8.231945 

E3475 684108.42 4719288.96 477.9264 468.188201 9.738199 

E3480 706277.97 4750256.78 291.9984 290.12781 1.87059 

GS960 714289.17 4766537.35 261.5184 256.359062 5.159338 

CT2970 703935.86 4706459.74 540.7152 535.146782 5.568418 

CT2982 712929.16 4701118.69 552.2976 530.409322 21.888278 

CT2975 702236.23 4701476.8 552.2976 573.459398 -21.161798 

E3481 671596.3 4713502.09 307.848 328.988117 -21.140117 

CT2983 696600.57 4706310.66 457.8096 447.745248 10.064352 

OL379 723131.25 4785050.25 231.9528 202.422211 29.530589 

E3482 694771.67 4727819.63 464.2104 469.741953 -5.531553 

CT2984 706602.92 4709069.96 423.9768 423.999249 -0.022449 

CT2986 687873.38 4683619.65 589.4832 591.188477 -1.705277 

E3489 680152.03 4719203.64 352.6536 349.683177 2.970423 

E3490 693873.72 4712331.16 420.9288 452.946475 -32 .017675 

E3486 705809.78 4738179.62 329.184 347.222151 -18.038151 

CT3017 691039.57 4701874.42 548.3352 531.461598 16.873602 

WO1419 726851.56 4743669.39 517.2456 506.64775 10.59785 

E3495 692430.24 4707978.53 411.48 410.266863 1.213137 

E3492 683108.13 4719432.26 477.6216 481.029952 -3.408352 

WO1412 721561.78 4746396.87 306.9336 307.164315 -0.230715 

WO1421 723005.73 4743985.4 416.3568 417.376003 -1.019203 

CT3016 716834.31 4706753.47 543.4584 543.573339 -0.114939 

E3494 702500.8 4736680.01 274.9296 293.752445 -18.822845 

WO1413 709624.6 4716134.93 478.8408 502.300533 -23.459733 



E3493 707175.15 4735207.03 410.2608 416.270544 -6.009744 

WO1424 708074.14 4741390.72 411.48 408.513256 2.966744 

E3507 700503.58 4717789.06 549.8592 541.617981 8.241219 

E3508 692316.25 4707722.25 407.8224 402.653039 5.169361 

GS965 713434.48 4766408.72 261.8232 254.178597 7.644603 

E3506 705799.02 4736709.64 366.6744 374.971562 -8.297162 

E3511 688807.6 4717137.05 323.088 337.457844 -14.369844 

WO1418 711186.23 4734951.84 448.056 456.097009 -8.041009 

E3503 660193.53 4715612.58 204.5208 204.875774 -0.354974 

WO1433 717798.16 4740150.3 462.6864 442.322183 20.364217 

CU3392 643093.52 4704241.37 218.8464 223 .596662 -4.750262 

E3505 703733.9 4722375.22 447.1416 429.169684 17.971916 

WO1425 711186.23 4734951.84 448.056 456.077074 -8.021074 

CT3024 684690.44 4694884.9 475.488 453 .391877 22.096123 

E3512 705689.12 4718947.24 430.9872 425.904461 5.082739 

WO1426 711484.12 4731688.02 440.436 437.951019 2.484981 

WO1423 711413.04 4734829.09 463.296 463.498897 -0.202897 

E3524 684386.1 4722481.96 380.3904 353.753457 26.636943 

CT3033 718649.29 4706087.66 536.1432 544.286093 -8.142893 

WO1430 716256.43 4717906.77 544.068 544.098611 -0.030611 

E3514 673381.13 4718879.94 367.284 369.974589 -2.690589 

WO1432 718077.49 4734403.31 503.2248 502.988424 0.236376 

WO1434 709485.01 4718190.09 501.0912 499.54422 1.54698 

WO1439 714442.02 4726767.75 439.8264 455.05649 -15 .23009 

WO1438 731475.36 4749848.64 374.5992 381.398284 -6.799084 

CT3051 688622.55 4692909.34 560.2224 545.363504 14.858896 

E3526 689122.18 4706060.47 324.0024 347.035513 -23 .033113 

E3529 698409.75 4757329.94 221.5896 232.74167 -11.15207 

E3532 705973.38 4755261.93 259.08 253.324292 5.755708 

E3531 706767.25 4715910.36 438.912 447.581719 -8.669719 

E3533 704756.64 4713356.22 441.96 430.121866 11.838134 

CT3052 702770.5 4702606.8 556.8696 547.131313 9.738287 

WO1442 709219.05 4716567.3 493.4712 496.926705 -3.455505 

WO1445 723098.91 4738013 459.0288 448.705074 10.323726 

WO1441 712809.43 4748121.54 380.0856 369.958663 10.126937 

E3538 661085.41 4716988.07 207.264 210.319195 -3.055195 

GS979 707669.56 4771437.18 192.6336 197.057582 -4.423982 

Nl1286 668872.74 4780522.87 185.0136 194.931909 -9.918309 

CT3054 717097.62 4696149.41 566.928 574.14699 -7 .21899 

E3541 693700.91 4712388.08 430.9872 446.239331 -15 .252131 

E3543 686112.52 4759238.76 187.1472 211.229747 -24.082547 

E3542 686089.86 4759238.14 187.1472 211.144421 -23 .997221 

CT3090 683590.01 4697140.07 415.1376 446.792642 -31.655042 

E3547 698003.32 4715547.02 526.9992 526.282273 0.716927 

GS986 716685.95 4750978.48 365.1504 347.692201 17.458199 

GSllO0 711568.18 4751544.63 305.4096 309.832173 -4.422573 

CT3091 691283.69 4703893.79 459.3336 437.068795 22.264805 



E3552 703723.93 4715798.84 463.296 462.176562 1.119438 

CT3075 691198.51 4704499.58 425.196 405 .533257 19.662743 

E3568 701760.36 4735935.87 386.7912 344.856654 41.934546 

WO1453 718241.13 4726182.43 524.256 520.192745 4.063255 

WO1452 709870.24 4731218.93 384.6576 385.699886 -1.042286 

WO1454 720019.1 4713007.27 571.8048 573.084958 -1.280158 

E3555 699956.26 4731758.7 421.2336 417.007946 4.225654 

CU3452 655202.08 4710234.36 240.1824 238.337728 1.844672 

WO1463 715457.58 4711212.55 554.1264 576.949552 -22 .823152 

WO1456 708596.17 4730652.4 306.0192 308.342464 -2.323264 

GS992 734134.69 4777649.24 194.4624 196.097921 -1.635521 

CT3003 708295.29 4706866.56 460.8576 465.228368 -4.370768 

CT3089 711539.73 4702061.35 516.3312 516.000582 0.330618 

CT3078 713007.94 4699135.82 546.2016 553.135254 -6.933654 

WO1459 717151.22 4717020.72 522.4272 530.294963 -7.867763 

CT3079 687553.3 4686160.73 458.4192 506.079924 -47 .660724 

E3589 698531.99 4714694.6 517.2456 528.622086 -11.376486 

CT3127 707124.72 4701113.84 513.8928 503.093722 10.799078 

E3575 704401.92 4730249.29 452.9328 449.98363 2.94917 

WO1470 717599.25 4711381.09 590.0928 598.28435 -8.19155 

GS994 731143.16 4751687.41 349.6056 345.766025 3.839575 

WO1467 714130.44 4710847.38 505.0536 509.803364 -4.749764 

E3582 690325.77 4711510.82 479.7552 469.470471 10.284729 

E3569 705086.39 4721742.04 473.0496 471.761804 1.287796 

WO1465 716223.19 4720731 530.9616 536.518403 -5.556803 

CT3126 688800.84 4693003.67 569.6712 533.974217 35.696983 

CU3478 645035.54 4696853.88 504.1392 515.363782 -11.224582 

E3560 670785.51 4722429.88 237.1344 247.256099 -10.121699 

GS1101 731948.52 4751714.55 321.2592 349.41182 -28.15262 

WO1464 712083.28 4715511.76 515.7216 526.772144 -11.050544 

WO1473 711975.29 4715310.86 513.8928 524.140907 -10.248107 

E3583 704763.94 4713418.19 433.1208 430.405071 2.715729 

CT3096 663678.93 4702111.09 427.0248 423.815862 3.208938 

GS1104 712384.59 4774809.12 187.452 195.799537 -8.347537 

CT3129 685562.83 4700377.71 429.1584 430.158707 -1.000307 

CT3128 711228.62 4705386.42 520.2936 531.826431 -11.532831 

GS1105 707589.38 4773031.12 184.7088 192.292448 -7.583648 

CT3114 700081.81 4704677.84 593.4456 590.198162 3.247438 

CT3113 699885.01 4704925.35 581.2536 581.11914 0.13446 

E3581 678625.02 4720945.2 425.8056 391.223805 34.581795 

Nl1287 690598.64 4796854.63 99.9744 106.152379 -6.177979 

WO1469 709101.88 4735011.92 391.9728 395.741826 -3.769026 

CT3112 716998.31 4708898.34 549.2496 545.714063 3.535537 

CT3164 707313.38 4709529.49 419.4048 431.415235 -12 .010435 

CT3133 718508.06 4696647.24 659.5872 626.807495 32.779705 

GSlllO 715850.09 4765968.85 254.8128 261.949544 -7.136744 

WO1481 709615.61 4718700.39 497.1288 501.563982 -4.435182 



E3592 696023.36 4714629.57 502.0056 509.743802 -7.738202 

E3591 694715.69 4728756.55 458.724 456.632052 2.091948 

CU3674 641870.58 4703161.03 220.3704 227 .278844 -6.908444 

E3608 698254.12 4739258.12 306.6288 293.576598 13.052202 

GS1112 715694.99 4766001.01 252.0696 259.924007 -7.854407 

E3606 705418.21 4732758.64 370.332 365.172844 5.159156 

E3607 693919.49 4729129.34 431.5968 433.070087 -1.473287 

E3605 663271.47 4715477.45 221.2848 230.531756 -9.246956 

CU3509 644943.67 4702378.7 333.1464 317.564552 15.581848 

E3604 704763.68 4712806.88 432.2064 426.135374 6.071026 

E3594 706631.01 4752712.78 288.3408 267.877942 20.462858 

WO1484 733247.53 4743138.72 476.4024 477.634286 -1.231886 

CT3166 711733.01 4706615.11 532.1808 566.8974 -34.7166 

E3603 694342.15 4721528.32 501.396 502.143971 -0.747971 

CT3153 720724.61 4701830.19 563.5752 570.762702 -7.187502 

E3599 696173.32 4719499.13 494.0808 486.602222 7.478578 

CU3528 655756.18 4706993.98 273.7104 270.610788 3.099612 

E3616 667550.22 4717394.13 231.0384 238.471829 -7.433429 

WO1485 721325.32 4719740.13 608.3808 591.725106 16.655694 

E3615 704314.63 4724639.94 451.4088 438.695979 12.712821 

WO1513 721891.84 4748352.99 311.2008 307.85916 3.34164 

E3613 703732.58 4738960.85 360.5784 352.788728 7.789672 

E3614 675325.11 4722799.4 320.6496 323.154874 -2.505274 

WO1491 710034.86 4716378.88 502.92 512.010521 -9.090521 

CT3167 688794.85 4693055.98 559.0032 529.651348 29.351852 

CT3185 706747.7 4701642.95 506.5776 502.564141 4.013459 

E3611 673209.18 4702961.57 325.8312 338.521477 -12 .690277 

E3612 669290.61 4715322.12 249.6312 256.164945 -6.533745 

E3691 701745.44 4727241.38 473.0496 465.41569 7.63391 

GS1117 712382.66 4766425.38 249.3264 255.144851 -5.818451 

WO1490 712192.31 4729832.42 432.2064 449.503107 -17 .296707 

WO1509 711726.38 4723763.28 449.58 441.562817 8.017183 

GS1127 721161.94 4758943.21 270.3576 279.513181 -9.155581 

E3610 698124.06 4711148.15 438.3024 446.708589 -8.406189 

E3609 689306.12 4715585.53 410.2608 384.48239 25.77841 

WO1503 709187.18 4741952.41 376.428 390.985581 -14.557581 

E3635 708073.13 4719700.64 449.8848 437.379929 12.504871 

E3634 703421.37 4736864.54 294.7416 302.334779 -7.593179 

E3637 696222.56 4709751.38 385.572 418.716292 -33 .144292 

WO1508 709677.69 4714148.17 484.632 489.622359 -4.990359 

CT3182 708043.8 4707177.05 442.5696 455 .988069 -13.418469 

GS1136 731974.33 4752228.1 366.9792 343.871182 23.108018 

OL394 723904.32 4802608.54 95.4024 94.483282 0.919118 

E3640 677067.05 4718213.68 391.9728 386.798682 5.174118 

E3641 688050.75 4711973.72 441.96 479.787116 -37 .827116 

CT3190 687522 4695025.08 451.7136 470.173741 -18.460141 

E3644 687209.46 4722341.54 389.8392 402.522434 -12 .683234 



WO1514 707687.35 4741851.46 409.6512 396.114203 13.536997 

CT3196 683317.64 4695138.92 422.7576 422.68945 0.06815 

E3646 691336.13 4710220.39 402.0312 420.633682 -18.602482 

CT3221 688817.14 4693078.19 564.7944 527.519434 37.274966 

CU3570 656612.91 4702402.55 371.856 374.710397 -2.854397 

GS1140 711409.4 4757875.88 259.6896 266.939138 -7.249538 

E3649 700840.38 4709917.05 404.1648 396.409471 7.755329 

WO1518 712166.58 4719358.36 513.588 515.238354 -1.650354 

E3653 707299.3 4733117.39 291.3888 313.983973 -22 .595173 

E3652 676842.2 4719609.29 363.9312 357.845135 6.086065 

E3659 662736.41 4716798.17 238.3536 225.059528 13.294072 

CT3205 691704.47 4695471.87 547.4208 520.455629 26.965171 

CT3206 688822.84 4693121.56 554.1264 523.842718 30.283682 

CT3207 676389.28 4698306.51 525.4752 513.04611 12.42909 

E3656 697804.64 4722435.07 520.9032 517.097099 3.806101 

WO1576 717474.76 4738648.65 510.54 499 .595192 10.944808 

E3657 677242.11 4709912.02 394.716 390.967219 3.748781 

GS1145 711344.49 4774708.87 192.6336 200.304384 -7.670784 

E3671 706443.3 4728923.63 443.7888 438.362918 5.425882 

E3672 704637.55 4744100.56 331.3176 321.804099 9.513501 

E3670 702463.89 4734446.72 389.8392 386.239061 3.600139 

E3662 705272.51 4712198.23 424.8912 424.856924 0.034276 

E3660 707573.41 4732631.61 299.6184 311.4544 -11.836 

GS1146 720999.99 4750087.55 309.6768 318.24723 -8.57043 

CT3219 679093.81 4690661.99 427.9392 432.878309 -4.939109 

CT3238 688670.09 4693268.69 554.4312 515.306832 39.124368 

E3658 692302.97 4768492.51 193.548 180.178972 13.369028 

E3682 677164.56 4716358.01 369.4176 384.5067 -15 .0891 

E3707 690508.34 4714179.86 385.2672 422.565064 -37 .297864 

E3680 698393.59 4713866.37 513.8928 514.646887 -0.754087 

GS1158 730620.06 4751506.14 362.712 356.477789 6.234211 

E3706 693846.43 4710524.48 450.1896 432.122633 18.066967 

WO1535 715643.58 4746125.5 414.2232 406.740073 7.483127 

WO1577 725258 4734534.92 612.9528 584.39386 28.55894 

E3702 675318.51 4713579.53 343.8144 377.71998 -33 .90558 

CT3242 714976.33 4698587.87 580.9488 587.985294 -7.036494 

E3685 680460.17 4721733.52 360.2736 377.599027 -17 .325427 

E3700 699543.95 4718554.84 561.4416 554.810848 6.630752 

E3693 705548 4720168.77 403.5552 417 .788019 -14.232819 

CT3257 700738.56 4704412.7 650.4432 615.458719 34.984481 

E3686 705584.04 4719722.16 431.9016 418.533071 13.368529 

E3688 700991.23 4719226.4 482.4984 485.410102 -2.911702 

E3689 697269.36 4727380.97 448.9704 451.45132 -2.48092 

CT3254 707653.82 4700394.77 516.9408 516.669325 0.271475 

CT3255 689408.3 4689248 535.2288 526.553798 8.675002 

E3694 690709.75 4726518 406.908 406.924976 -0.016976 

E3695 696339.2 4712820.17 497.7384 507.828918 -10.090518 



WO1540 716729.43 4718177.8 542.2392 553.270389 -11.031189 

CT3273 685123.84 4687750.64 510.8448 500.896187 9.948613 

CT3260 714942.12 4700368.35 523.6464 527.686958 -4.040558 

WO1544 722216.53 4719907.56 591.6168 593.734767 -2.117967 

WO1545 717113.13 4723340.18 536.448 527.053501 9.394499 

E3705 677117.21 4717409.34 389.2296 387.247361 1.982239 

CU3628 642415.23 4701549 270.0528 264.876474 5.176326 

CU3638 653154.94 4701282.71 424.2816 425 .049783 -0.768183 

E3708 693720.34 4711280.38 430.0728 437.43508 -7.36228 

CT3264 720011.38 4701745.91 550.4688 554.674091 -4.205291 

E3709 698407.06 4727348.66 427.0248 416.520999 10.503801 

GS1161 711926.49 4757292.81 265.176 269.222304 -4.046304 

GS1162 723603.2 4755452.48 323.3928 311.102265 12.290535 

GS1163 714965.28 4773488.01 209.3976 214.024023 -4.626423 

CT3259 718321.78 4704502.66 544.068 556.027852 -11.959852 

CT3274 676373.1 4697225.82 526.0848 531.556486 -5.471686 

WO1549 712282.05 4728911.96 446.2272 449.125289 -2.898089 

CU3642 649000.94 4702096.96 284.0736 300.806771 -16.733171 

E3713 705415.22 4719800.52 431.9016 418.809221 13.092379 

GS1164 715953.25 4756149.29 279.5016 286.245062 -6.743462 

CU3641 649041.19 4702458.87 290.1696 295 .555823 -5.386223 

E3701 692855.22 4724820.87 438.6072 439.693472 -1.086272 

GS1165 718598.27 4765629.98 266.7 263 .837089 2.862911 

WO1547 726847.78 4743162.8 495.3 501.709055 -6.409055 

WO1552 715690.4 4735396.74 446.8368 410.81543 36.02137 

CU3639 649313.34 4702875.12 276.4536 290.511162 -14.057562 

CU3640 649019.12 4702529.38 289.8648 296.476599 -6.611799 

CU3657 649178.25 4702674.73 293.5224 293 .072444 0.449956 

CU3656 649107.21 4702577.54 302.0568 294.493719 7.563081 

WO1550 713235.06 4749487.18 362.712 352.35622 10.35578 

E3712 693216.49 4713800.82 430.3776 439.339866 -8.962266 

CU3659 653062.09 4702493.47 399.288 391.641258 7.646742 

WO1551 718733.32 4714028.9 520.2936 549.190535 -28.896935 

WO1554 719171.92 4725649.84 527.6088 529.586367 -1.977567 

GS1167 729169.19 4754894.91 299.6184 301.414421 -1.796021 

E3699 684182.3 4721315.88 423.0624 416.486566 6.575834 

E3722 684317.22 4713824.65 418.1856 437.824343 -19 .638743 

CT3300 707996.96 4707138.6 454.152 454.972891 -0.820891 

CT3303 707523.36 4699551.13 505.3584 514.552638 -9.194238 

WO1562 722555.42 4720153.11 562.356 590.545877 -28.189877 

E3727 693072.49 4724792.96 436.4736 447.641428 -11.167828 

E3728 693122.07 4724812.86 439.2168 449.053686 -9.836886 

WO1560 717591.82 4716287.27 509.6256 494.771675 14.853925 

CT3306 707297.61 4701606.78 484.9368 503.785755 -18.848955 

WO1561 725147.93 4739024.53 502.92 507.408018 -4.488018 

E3724 700986.54 4716314.96 491.3376 527.293888 -35 .956288 

E3723 695334.12 4725807.21 508.7112 500.578557 8.132643 



CT3315 707615.06 4700390.53 481.2792 514.207056 -32 .927856 

WO1567 720635.09 4725727.17 568.452 572.506185 -4.054185 

CT3309 718305.17 4699916.91 590.7024 593.971714 -3.269314 

CT3314 686835.7 4697670.59 532.1808 518.066016 14.114784 

WO1569 722691.61 4732719.33 555.9552 551.302645 4.652555 

GS1182 721316.28 4752960.37 350.2152 345.477248 4.737952 

E3737 663665.89 4718582.31 213.9696 216.681181 -2.711581 

CT3330 707580.88 4700386.43 498.9576 511.533736 -12 .576136 

GS1180 731531.86 4753698.69 337.1088 345.256516 -8.147716 

WO1570 718789.57 4723538.02 516.636 520.432142 -3.796142 

E3740 684310.75 4722229.92 391.0584 371.674926 19.383474 

WO1571 716266.09 4730526.74 445.9224 442.597306 3.325094 

CT3321 719287.99 4706129.34 559.308 560.487854 -1.179854 

E3729 693186.6 4724786.88 438.6072 451.280679 -12 .673479 

GS1185 711424.18 4774912.05 200.8632 198.111158 2.752042 

E3746 686886.37 4720289.28 289.8648 309.302811 -19.438011 

E3744 675341.1 4708425.53 334.3656 334.259492 0.106108 

E3742 695285.51 4713923.46 498.0432 498.341031 -0.297831 

E3739 664991.71 4718727.9 222.1992 224.445357 -2.246157 

E3745 690162.18 4728537.3 365.1504 345.475048 19.675352 

E3748 698473.54 4719453.4 554.1264 554.367107 -0.240707 

E3756 692252.75 4721318.82 387.7056 380.065485 7.640115 

CU3723 649145.96 4701726.66 280.7208 310.045971 -29 .325171 

CU3724 648181.09 4699274.41 343.5096 346.102826 -2.593226 

E3755 697106.18 4724949.77 491.6424 487.883105 3.759295 

CT3339 700389.38 4706381.54 569.0616 577.930804 -8.869204 

CU3722 649165.05 4702757.77 286.512 292 .538258 -6.026258 

CU3708 649320.8 4702526.57 289.56 295.069093 -5.509093 

CU3729 643997.11 4707493.94 206.3496 204.861122 1.488478 

GS1190 729172.66 4751729.49 372.7704 364.481813 8.288587 

E3764 683119.44 4759250.74 192.3288 191.234168 1.094632 

WO1589 722605.38 4737935.3 458.1144 443.335175 14.779225 

WO1614 722563.86 4742322.08 454.4568 438.766511 15.690289 

E3766 691948.41 4707144.1 359.664 363.302519 -3.638519 

CT3362 693340.65 4704969.22 400.2024 402.897704 -2.695304 

E3771 692251.66 4712622.62 422.148 425.692866 -3.544866 

CT3359 707097.06 4699964.53 498.6528 503.938308 -5.285508 

E3773 682820.46 4711815.77 445.3128 439.167543 6.145257 

GS1195 717036.85 4758836.06 261.8232 269.575027 -7.751827 

WO1601 718707.66 4729161.49 484.632 484.470296 0.161704 

CT3375 686718.35 4699321.97 453.8472 451.636769 2.210431 

E3786 707867.09 4726795.72 411.48 406.377872 5.102128 

E3788 692200.29 4721237.1 361.188 375.928993 -14.740993 

E3779 690453.6 4706251.08 360.8832 356.729048 4.154152 

E3776 680026.8 4712946.71 447.7512 450.795915 -3.044715 

WO1604 718257.58 4748542.4 395.0208 390.332948 4.687852 

E3790 700135.33 4716318.17 571.1952 561.960096 9.235104 



E3793 705389.42 4737169.83 372.7704 360.583176 12.187224 

CT3352 717950.38 4696475.44 589.1784 598.222293 -9.043893 

WO1610 726140.46 4744137.03 459.9432 476.906165 -16.962965 

CT3382 714822.42 4704255.03 569.6712 539.69755 29.97365 

E3792 693775.81 4710272.46 428.5488 428.49525 0.05355 

OL401 723272.2 4803115.76 83.2104 89.995661 -6.785261 

WO1609 709484.91 4715923.85 494.0808 499.899277 -5.818477 

WO1612 733224.39 4743418.98 482.1936 480.467153 1.726447 

E3797 676213.73 4721192.18 368.1984 325.360535 42.837865 

CT3385 662937.19 4708516.21 261.8232 253.567357 8.255843 

E3794 678393.97 4708175.9 384.6576 395.335107 -10.677507 

GS1200 721316.28 4752960.37 359.664 345.206119 14.457881 

E3791 675087.58 4731374.28 238.6584 236.941757 1.716643 

CT3398 716674.36 4707193.12 516.636 533.877486 -17 .241486 

E3805 703170.05 4729002.72 409.6512 385.896977 23.754223 

WO1617 719063.59 4731158.25 452.9328 443.191124 9.741676 

WO1621 709597.69 4719067.26 498.348 495.443761 2.904239 

E3808 678277.59 4721778.92 408.1272 394.897407 13.229793 

GS1201 727293.26 4756086.37 281.0256 284.615819 -3.590219 

GS1209 712316.65 4775464.73 190.1952 191.35579 -1.16059 

E3811 697906.62 4738053.35 321.8688 320.649978 1.218822 

GS1208 708898.64 4766629.92 231.3432 245.913431 -14.570231 

E3813 682776.69 4706351.08 388.62 417.136174 -28.516174 

CU3782 654332.97 4711341.45 224.028 216.795679 7.232321 

E3814 683599.78 4710397.86 416.3568 430.842793 -14.485993 

CU3789 654488.45 4708552 256.032 252.287483 3.744517 

WO1626 722585.2 4737996.41 448.9704 442.539694 6.430706 

E3818 709169.09 4702341.85 516.3312 521.672385 -5.341185 

CT3416 689564.2 4695496.86 531.2664 575.690366 -44.423966 



Appendix 7: Map of HRUs and 
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Appendix 7: HRUs from SWAT, recharge and evapotranspiration zones from MODFLOW, and 
corresponding climate nodes from the MMSI-CCSM regional climate model 



Appendix 8: Stream Discharge Graphs 
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Appendix 8: Stream discharge graphs calculated by the SFR package in MODFLOW for 
the periods 2010 through 2014, 2045 through 2049, and 2065 through 2069. Stream 
discharges were calculated at the end of each stream segemtn length. 



Appendix 9: Mean Daily Recharge Values 
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Appendix 10: Mean Seasonal Stream 
Discharges 



Appendix 10: Mean seasonal discharge for all stream modeled inthe MODFLOW model domain . Stream 
discharges are included for the 2010 through 2014, 2045 through 249, and 2065 through 2069 scenarios 

Winter Spring Summer Fall 

2010-2015 2045-2050 2065-2070 2010-2015 2045-2050 2065-2070 2010-2015 2045-2050 2065-2070 2010-2015 2045-2050 2065-2070 

Eighteenmile Creek 
l.99E+07 l.22 E+07 2.37E+07 2.37E+07 2.42E+07 2.64E+07 9.64E+06 7.38E+06 l.00E+07 4.88E+06 3.73E+06 6.62E+06 

(Niagara) 

Tonawanda Creek l.38E+08 7.70E+07 l.19E+08 l.50E+08 l.98E+08 l.17E+08 5.19E+07 4.23E+07 2.40E+07 3.88E+07 3.08E+07 3.05E+07 

Scajaquada Creek 3.05E+06 2.42E+06 2.83E+06 2.39E+06 3.21E+06 2.19E+06 l.97E+06 l.90E+06 l.46E+06 l.56E+06 l.23E+06 l.19E+06 

Buffalo Creek 2.18E+07 2.42E+07 2.58E+07 2.12E+07 5.62E+07 3.19E+07 2.11E+07 4.30E+07 l.13E+07 l.79E+07 2.37E+07 6.29E+06 

Smoke Creek 3.18E+07 2.36E+07 2.53E+07 3.56E+07 4.94E+07 2.22E+07 2.78E+07 2.55E+07 6.19E+06 2.40E+07 l.66E+07 9.57E+06 

Eighteenmile Creek 
5.72E+07 4.05E+07 4.95E+07 6.04E+07 8.57E+07 4.94E+07 2.88E+07 2.78E+07 l.97E+07 2.14E+07 l.58E+07 l.79E+07 

(Erie) 

Big Sister Creek l.28E+07 2.36E+07 8.61E+06 l.21E+07 9.33E+06 6.90E+06 4.97E+06 4.21E+06 l.12E+06 4.91E+06 3.03E+06 2.88E+06 

Cattaraugus Creek l.17E+08 9.74E+07 7.28E+07 l.49E+08 2.30E+08 8.50E+07 9.57E+07 l.35E+08 2.81E+07 6.05E+07 7.09E+07 2.32E+07 
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