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stream phase. The water quality module in SWAT was QUAL2E, a one dimensional model 

developed by the US EPA (Brown & Barnwell, 1987).  

Aside from the whole watershed, SWAT had three levels of computation, each operating 

differently depending on the user configuration: the subbasin, the reach, and the Hydrologic 

Response Unit (HRU). A subbasin was a spatially explicit construct that was determined by flow 

accumulation on a digital elevation map (DEM). The number of subbasins for a watershed was 

based on user discretion either by specifying a minimum catchment area if automatically 

delineating the watershed through public domain software such as ArcHydro (Maidment, 2002) 

or by manual configuration. Each subbasin had one reach or channel running through its lowest 

elevation. SWAT assumed the dimensions of the reach to be longitudinally uniform in cross-

sectional area, side slope, longitudinal slope, and bed roughness. Aside from ponds abstracted as 

a fraction of a subbasin area, the reach was the water phase’s smallest unit of computation, 

realized as an implicit backward-difference finite difference scheme.   

The smallest unit of computation for the land modules was the (HRU). An HRU was a 

unique combination of land use, slope class, and soil type. Chapter 3 details the development of 

an HRU and what data can be used to determine an HRU. The user had the option of defining an 

entire subbasin as an HRU or have more than one HRU in a subbasin. The model lost granularity 

when computing each subbasin as an HRU, but computation time for simulations greatly 

decreased. If the user chose to have multiple HRUs, the model gains greater granularity and 

longer computation times; however, the HRUs are not spatially explicit. The HRUs were 

abstracted as fractions of a subbasin’s area. Thus the input of constituent loads and water into a 

reach were the area weighted sum of the HRUs’ outputs: 

Equation 2-1 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑡𝑡𝑛𝑛 =  � 𝑓𝑓𝑚𝑚,𝑛𝑛𝐻𝐻𝐻𝐻𝑈𝑈𝑚𝑚,𝑛𝑛

NHRU

i=1

 

Inputn was the input into the n’th subbasin’s reach. HRUm,n  was an output from the m’th HRU in 

the n’th subbasin.  fm,n was the fraction of the total subbasin area that the m’th HRU takes up. 
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CHAPTER 3: MODEL DEVELOPMENT, SENSITIVITY 
ANALYSIS, AND CALIBRATION 

Introduction 

SWAT required four general inputs: (1) elevation or surface geometry, (2) soil type and 

characteristics, (3) land use or cover, and (4) climatic and meteorological records. Aside from the 

climate datasets, the inputs were in the form of digital maps and geodatabases. Geodatabases 

contained data tied with spatial coordinates along with other properties such as geographic 

projection, spatial units, and associated metadata describing their source and development. The 

climatic data were not from geodatabases, but downloaded as comma delimited files (USDA, 

2010b) accompanied by a metadata text file with the stations’ geographic coordinates. 

The procedure for developing the SWAT model used a Geographic Information Science 

(GIS) approach through the application of the ArcSWAT extension for ESRI ArcGIS software 

(Winchell et al., 2009). The SWAT model itself was an executable compiled from the 

FORTRAN scientific programming language, but ArcSWAT provided all the necessary tools 

and databases to write and edit the initial input files. From the context of ArcSWAT, the main 

steps in developing the model were: (1) watershed delineation, (2) HRU definition, and (3) 

editing or adding details to suit the user’s purpose. The details in step (3) were specific land 

management operations such as timing of planting or tilling for crops and the land use update 

module. 

Input Data 

Surface Geography  

The surface features came from a Digital Elevation Model (DEM), sourced from the 

USGS National Elevation Dataset or NED (USGS, 2013). The NED had multiple resolutions and 

the resolution chosen for this model’s development was one arc-second, resulting in a pixel edge 

of approximately 30 meters at the ICRB’s geographical location (Gesh et al., 2002). The DEM 
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mask covered. If the LULC clipped area covered the mask, then the clipped LULC map fed 

directly into the SWAT2009_LUC module. If the clipped area did not cover the entire watershed, 

then that portion which was missing sourced data from a map of the previous or next year, 

depending on whichever is available. The missing area was clipped from a different year's map 

and then composited into a complete map to be fed into SWAT2009_LUC. The process was 

repeated for all years until the last year for which LULC data were available. For years where 

large portions of the watershed were missing, a LULC update was not created for that year. For 

example, the 2003 CDL map covered only the area of the ICRB in Minnesota. 

The results could be quite disjointed such as the DNR maps with their Minnesota portion 

clipped from a CDL map. The process was not perfect, but given that HRUs were not spatially 

explicit and the need to account for crop rotation and periodicity, a spatially broken LULC map 

which accounts for some LULC change was perhaps better than assuming no change at all. The 

land use change scenarios in Chapter 7 exploited SWAT’s LULC update capability by either 

feeding new maps or manipulating the area fractions directly. With the final step for model 

development done, calibrating the model parameters to best fit the observations came next.  
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Table 3-1 Soil type distribution in the ICRB 
 

Series Name Area 
Coverage (%) 

Hydrologic 
Soil Group 

Layers  
Simulated 

Maximum 
Depth (mm) 

Bassett 0.46 B 3 1854 
Bixby 0.02 B 3 1524 
Blooming 0.52 B 4 1524 
Blue earth 0.31 B 3 1524 
Canisteo 0.97 B 4 1524 
Clarion 12.2 B 3 1524 
Clinton 2.48 B 3 2032 
Clyde 0.80 B 4 1524 
Coland 1.47 B 3 1524 
Colo 9.43 B 3 1524 
Dinsdale 11.5 B 3 1854 
Downs 5.77 B 4 1524 
Estherville 0.45 B 3 1524 
Fayette 0.02 B 3 1854 
Hayden 0.09 B 3 1524 
Kenyon 10.8 B 3 1930 
Kilkenny 0.46 B 3 1524 
Kossuth 1.03 B 3 1524 
Ladoga 1.35 B 3 1524 
Lester 3.25 B 3 1524 
Mahaska 0.97 B 3 1778 
Marna 0.52 C 3 1524 
Marshan 0.81 B 4 1524 
Maxcreek 0.47 B 4 1600 
Maxfield 0.11 B 3 1676 
Otley 3.76 B 3 1854 
Readlyn 1.23 B 3 1524 
Rockton 1.68 B 4 813 
Rossfield 0.03 B 3 1524 
Sargeant 0.43 D 4 1625 
Skyberg 0.29 C 4 1676 
Sparta 2.70 A 3 1524 
Spillville 6.44 B 2 1524 
Tama 14.9 B 3 1524 
Titus 0.42 B 3 1575 
Tripoli 1.12 B 3 1676 
Udolpho 0.54 B 5 1524 
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Table 3-2 ArcSWAT modification on STATSGO database 
 

Characteristic Name SWAT Variable 
from Chapter 2 Description 

NLAYER j1,j2, … , jn Number of layers 

HYDGRP not in Chapter 2 Hydrologic group for CN classification 

SOL_ZMX zj,max total soil column depth 

SOL_ALB not in Chapter 2 moist soil albedo for temperature calculations 

ANION_EXCL θe fraction of porosity from which anions are excluded 

USLE_K not in Chapter 2 soil erodibility factor for universal soil loss equation 

SOL_Z(j) zj depth of soil layer j 

SOL_CLAY(j) mc clay content in the j’th layer 

SOL_SILT(j) not in Chapter 2 silt content in the j’th layer 

SOL_SAND(j) not in Chapter 2 clay content in the j’th layer 

SOL_ROCK(j) not in Chapter 2 rock fragment in the j’th layer 

Texture (not used by SWAT) USDA soil texture descriptor 

SOL_BD(j) ρb soil bulk density in the j’th layer 

SOL_AWC(j) AWC plant-available water capacity 

SOL_K(j) Ksat,j saturated hydraulic conductivity in the j’th layer 

SOL_CBN(j) Corg organic carbon content in the j’th layer 

SOL_EC3(j) not in Chapter 2 electrical conductivity in the j’th layer 
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Table 3-3 SWAT land use and cover classes in the ICRB 
 

Code Area  (%) Name Plant  Equivalent 
for EPIC Crop Growth Model 

AGRL 0.19 Agricultural Land—Generic Grain Sorghum 
AGRR 2.40 Agricultural Land—Row Crops Corn 
ALFA 1.93 Alfalfa - 
BARR 0.05 Barren none 
CORN 42.94 Corn - 
FRSD 0.05 Deciduous Forest Oak 
FRSE 0.06 Evergreen Forest Pine 
FRST <0.01 Mixed Forest Oak 
LIMA 0.02 Lima Beans - 
OAK 4.40 Oak - 
OATS <0.01 Oats - 
PAST 5.04 Pasture Alamo Switchgrass 
PEAS 0.02 Peas - 
RNGB 0.25 Range-brush Little Bluestem 
RNGE 15.06 Range-grass Little Bluestem 
RYE <0.01 Rye - 
SGBT 0.00 Sugarbeet - 
SOYB 24.28 Soybeans - 
SWHT 0.00 Spring Wheat - 
UIDU 0.72 Industrial/Commercial Bermuda Grass 
URBN 1.06 General Urban/Residential Bermuda Grass 
URHD <0.01 High-Density Residential Bermuda grass 
URLD 0.02 Low-Density Residential Bermuda Grass 
URMD <0.01 Medium-Density Residential Bermuda Grass 
UTRN 0.51 Infrastructure/Transportation Bermuda Grass 
WATR 0.74 Open Water none 
WETF 0.12 Forested Wetland Oak 
WETN 0.13 Non-Forested Wetland Alamo Switchgrass 
WWHT <0.01 Winter Wheat - 
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Table 3-4 Iowa DNR land use classes and SWAT equivalent 
 
Iowa DNR LULC SWAT LULC Code SWAT LULC Name 

water WATR Open Water 
wetland WETN Non-Forested Wetland 
bottomland forest OAK Oak 
coniferous forest FRST Pine 
deciduous forest OAK Oak 
ungrazed grassland RNGE Range-grass 
grazed grassland PAST Pasture 
alfalfa  ALFA Alfalfa 
corn CORN Corn 
soybeans SOYB Soybeans 
other rowcrop AGRR Agricultural Land—Row Crops 
roads UTRN Infrastructure/Transportation 
commercial industrial UIDU Industrial/Commercial 
residential URBN General Urban/Residential 
barren BARR Barren 

 

 
Table 3-5 2001 NLCD Land use classes and SWAT equivalent 
 
NLCD LULC SWAT LULC Code SWAT LULC Name 

Open Water WATR Open Water 
Developed, Open Space URLD Low-Density Residential 
Developed, Low Intensity URLD Low-Density Residential 
Developed, Medium Intensity URMD Medium-Density Residential 
Developed, High Intensity URHD High-Density Residential 
Deciduous Forest OAK Oak 
Evergreen Forest PINE Pine 
Mixed Forest OAK Oak 
Shrub/Scrub RNGB Range-shrub 
Grassland/Herbaceous RNGE Range-grass 
Pasture/Hay PAST Pasture 
Cultivated Crops AGRR Agricultural Land—Row Crops 
Woody Wetlands WETF Forested Wetland 

Emergent Herbaceous Wetland WETN Non-Forested Wetland 
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Table 3-6 2012 USDA CDL land use classes and SWAT equivalent  
 
CDL LULC SWAT LULC Code SWAT LULC Name 

Open Water WATR Open Water 
Barren BARR Barren 
Deciduous Forest OAK Oak 
Evergreen Forest PINE Pine 
Mixed Forest OAK Oak 
Developed/Open Space URLD Low-Density Residential 
Developed/Low Intensity URLD Low-Density Residential 
Developed/Med Intensity URMD Medium-Density Residential 
Developed/High Intensity URHD High-Density Residentia 
Grassland Herbaceous RNGE Range-grass 
Shrubland RNGB Range-brush 
Herbaceous Wetlands WETN Non-Forested Wetlands 
Woody Wetlands WETF Forested Wetlands 
Corn CORN Corn 
Lima Beans LIMA Lima Beans 
Oats OAT Oats 
Peas PEAS Peas 
Soybeans SOYB Soybean 
Sugarbeet SGBT Sugabeet 
Sweet Corn CORN Corn 
Rye RYE Rye 
Spring Wheat SWHT Spring Wheat 
Winter Wheat WWHT Winter Wheat 
Alfalfa ALFA Alfalfa 
Pasture/Hay PAST Pasture 
Other Hay/Non Alfalfa PAST Pasture 
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Table 3-7 Reservoir parameters provided the U.S. Army Corps of Engineers 
 
SWAT Variable Value Units Description 

RES_EVOL 51929 104 m3 Volume of water needed to fill reservoir to emergency spillway 
RES_PVOL 3462 104 m3 Volume needed to fill reservoir to principal spillway 
STARG(1) 3462 104 m3  Target reservoir storage for January 
STARG(2) 3067 104 m3 Target reservoir storage for February 
STARG(3) 2374 104 m3 Target reservoir storage for March 
STARG(4) 1942 104 m3  Target reservoir storage for April 
STARG(5) 2482 104 m3  Target reservoir storage for May 
STARG(6) 3462 104 m3  Target reservoir storage for June 
STARG(7) 3462 104 m3  Target reservoir storage for July 
STARG(8) 3462 104 m3  Target reservoir storage for August 
STARG(9) 3889 104 m3  Target reservoir storage for September 
STARG(10) 4316 104 m3  Target reservoir storage for October 
STARG(11) 4316 104 m3  Target reservoir storage for November 
STARG(12) 3876 104 m3  Target reservoir storage for December 
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Figure 3-1 Slope class distribution for ICRB   
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Figure 3-2 STATSGO soil type distribution for ICRB  
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Figure 3-3 Land use or cover distribution for the ICRB in 1985 and at the start of the 

historical simulation period  
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Figure 3-4 Watershed delineation flowchart, summarized from the ArcHydro software  
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Table 4-4 Final parameter values after autocalibration for nitrate loading and concentration.  

 

Parameter Units Change Whole Basin Cedar Rapids Wapello 

ANION_EXCL unitless replace - 0.900 0.861 

ARFT_SURFACE unitless replace - 0.236 0.531 

AUTO_EFF unitless replace - 1.770 1.706 

AUTO_NYR kg N/ha replace - 440 541 

BIOMIX unitless replace - 0.279 0.211 

CDN unitless replace 0.562 - - 

CMN unitless replace 0.000672 - - 

HLIFE_NGW days replace - 143 91 

NPERCO unitless replace 0.836 - - 

RCN ppm replace 1.344 - - 

SDNCO unitless replace 0.993 - - 

SOL_CBN % soil relative - 0.590 0.98 

SOL_ORGN mg/kg replace - 35.76 65.88 

SOLN_CON ppm replace - 2.59 0.94 
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layer, a “hidden” layer, and output layer. The number of neurons in the input layer was equal to 

the number of input variables. The output layer was a single neuron as nitrate concentration was 

the sole variable of interest. The hidden layer contains ten neurons that act as nodes, collecting 

input data multiplied by weights with numerical interval of [0,1].  

Figure 5-1 shows a schematic of the ANN architecture with input xi and weights wi,j 

denoting the weight for i'th variable to the j’th node or neuron. The circles were neurons and the 

boxes were transfer functions. The neurons summed the products and weights from each input 

vector plus a bias term, equivalent to a constant in an ordinary regression analysis. Transfer 

functions transformed the neurons’ sums with a tan-sigmoid function that mapped the sum from 

an interval of (-∞,+∞) to (-1,1): 

Equation 5-4 𝑓𝑓𝑡𝑡𝐻𝐻(Σ) =
2

1 + 𝑒𝑒−2Σ
− 1 

Σ was the sum of the weights and inputs to the j’th neuron or ∑ 𝑥𝑥𝑖𝑖𝑤𝑤𝑗𝑗,𝑖𝑖
𝑛𝑛
𝑖𝑖  and ft

H was the transfer 

function for the hidden layer. A second set of weights wj,O were multiplied with the outputs of 

the hidden layer and were summed at the output node before undergoing the output transfer 

function, ft
O, which was simply the identity function: 

The flow of inputs through the hidden layer to the output neuron and finally an output 𝑦𝑦� 

was one iteration of the ANN training. The training initialized with a randomized weights that 

change with each iteration by comparing the ANN estimated 𝑦𝑦� and target output, y. ANN 

training was an optimization routine of finding the best weights with respect to an objective 

function. The objective function for the ANN in this dissertation was the mean squared error 

(MSE): 

Equation 5-5 𝑓𝑓𝑡𝑡𝑂𝑂 ��𝑤𝑤𝑗𝑗,𝑂𝑂𝑓𝑓𝑡𝑡,𝑗𝑗
𝐻𝐻(Σ)

10

j

� = �𝑤𝑤𝑗𝑗,𝑂𝑂𝑓𝑓𝑡𝑡,𝑗𝑗
𝐻𝐻(Σ)

10

j

= 𝑦𝑦� 
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Figure 5-1 Schematic of a simple neural network with inputs x, weights w, and hidden (ft

H) 
and output (ft

O) transfer functions 
 
 
 
 

 
Figure 5-2 Updating schematic for the (a) j’th weight to the output neuron and (b) the j’th 

weight to the i’th variable 
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simulated historical medians. CRCMccsm showed the only difference with a median flow that 

was statistically significantly lower than the simulated median. DJF and SON had the most 

models showing statistically significant greater median discharges while the statistical 

significance was in the minority for MAM and JJA. 

Evapotranspiration 

Historical NARCCAP temperatures did not deviate from the observations as all but one 

model and season had percent differences less than one percent (Table 6-7, Figure 6-22). The 

boxplots in Figure 6-24 and the Q-Q plots in Figure 6-26 show a consistent comparison. For the 

projected period the mean annual (Figure 6-23) and median daily (Figure 6-25) temperatures 

increased for all seasons with DJF having the greatest relative increase. The lowest absolute 

mean temperature increase occurs in MAM in the ECP2gfdl model at 1.23°C and the greatest 

absolute increase occurs in JJA in the HRM3gfdl model at 5.11°C (Table 6-9). While daily mean 

temperatures increased overall, the Q-Q plots in Figure 6-27 do not show evidence of extremes at 

either end of the distribution. Increased temperatures were expected in the climate change inputs 

as the driving A2 emission scenario depicted greater or little slowdown in greenhouse gas 

emissions. 

Actual evapotranspiration (ET) can be considered a proxy for watershed response to 

temperature increases due to climate change. Observations for actual ET were not available and 

so the horizontal lines for the historical period were all calibrated SWAT model outputs. Table 

6-5 shows the mean annual percent change from the calibrated SWAT simulation. ET was more 

well-behaved than stream discharge in the historical NARCCAP-driven simulations as seen on 

Figure 6-16 where the deviations in mean annual percent change was less than 10 percent in all 

cases except for three models and seasons in DJF and SON. MAM and JJA showed the least 

deviations in ET from the calibration and DJF and SON showed the most. DJF’s models had ET 

randomly distributed above and below zero while SON had ET consistently lower than the 

calibration. A reason for this might be that ET was already low for DJF and SON and small 
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changes in temperature from the NARCCAP time-series induced large changes in a watershed 

model outputs. 

The historical period box plots in Figure 6-18 show a consistent story with the bar plot as 

the maximum monthly cumulative ET rarely exceeded the calibrated model’s ET. DJF and SON 

did have lower raw ET values; DJF had low enough ET that the historical NARCCAP-driven ET 

had maximums that exceed the calibrated maximum. The Q-Q plots in Figure 6-20 show that 

MAM and JJA had distributions that generally align with the calibrated model’s distribution; 

however, sub-median ET values for JJA seemed to undershoot the calibrated model’s ET values. 

Between the models the ET distributions for DJF and SON were all strikingly similar, showing 

that despite the large percent changes, the distributions did not differ greatly from the observed 

temperature-driven calibrated model’s ET. Quantitatively, the p-values from Table 6-6 show 

only four models having statistically significant different medians from the calibrations, one 

occurring in DJF and the other three occurring in SON. 

The projected percent change in Figure 6-17 shows the greatest differences occurring in 

DJF with a majority of models reporting changes in exceedance of 25 percent. MAM had 

increased ET while JJA and SON had decreased ET, but the magnitudes of these changes were 

not as great as DJF and were all below 25 percent in either direction. MAM and SON showed a 

consistent trend across all models with increased and decreased ET, respectively. JJA had 

slightly mixed results with two models showing increased ET and others decreased; however, the 

magnitudes of the increases were small and below 5 percent. The projected period’s boxplots in 

Figure 6-19 shows an uncertain climate change signal for DJF: the large percent changes were 

due to the already low ET. MAM and SON’s median ET agreed with the bar plots as the models 

for those seasons were consistently above and below the calibrated model’s, respectively. JJA 

showed a more mixed response with the median ET being scattered across the models, but the 

maximum projected cumulative ET for JJA months were all above the calibrated models.  

The Q-Q plots in Figure 6-21 show a bimodal response with respect to the values below 

and above the median for DJF and JJA. The sub-median ET values for DJF were above the 
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historical NARCCAP-driven simulations, but the above median values did not deviate too much 

from the 1:1 line. JJA’s trend was opposite from DJF: sub-median projected ETs agreed with the 

historical and the above median projected ETs were generally higher than the historical ET. SON 

Q-Q plots generally showed the projected ETs agreeing with the historical NARCCAP-driven 

ET with the maximum projected values sometimes smaller than the historical. MAM had a 

similar trend as SON between the models except the maximum ETs generally exceeded the 

historical. Quantitatively, the projected median ETs for DJF were statistically significantly 

greater than the historical across all models. Such a broad trend cannot be said for the other 

seasons as the majority of models did not have statistically significant p-values. 

Nitrate Load 

Like evapotranspiration observed nitrate load data were not available for the historical 

period and horizontal lines for the boxplots are from the calibrated model outputs. Due to the low 

performance of the nitrate autocalibration for SWAT, the analysis here was different from those 

of the previous variables. Loads were summarized on an annual basis and not seasonal and Q-Q 

plots were not done for nitrate loads. The historical (1971-1998) percent change in Figure 6-28 

shows a slight degree of model variability, but the majority did have relatively small changes 

(<15% in either direction). Nitrate loads for the historical period were not statistically significant 

from the calibrated models and the medians on the boxplots agreed. The maximum historical 

NARCCAP loads for the models tended to under-predict the calibration maximum. 

The percent change for the projected period (2041-268) also on Figure 6-28 with the 

historical NARCCAP-driven simulations as the reference showed an ensemble agreement for 

increased nitrate loads on the annual basis. CRCMccsm reported decreased mean annual loads, 

but the decrease was small at 2.4 percent. The medians in projected period box plots also seemed 

to be higher for a few models and the maximum nitrate loads are mixed in their position below or 

above the calibration’s maximums. The projected p-values have 6 out 11 models with 

statistically significant and greater medians than the historical NARCCAP medians. As 
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mentioned in previous chapters, nitrate loads correlate with discharge and these result should not 

come as a surprise.  

Conclusion 

This chapter presented an enormous amount of information about the watershed response 

to climate change. With 11 GCM-RCM models, seasonal differences, considerations for what 

was the reference period, and the need to use multiple methods for data analysis, one can only 

provide general statements about the results. The enumeration of each and every percent change, 

median, p-value, etc. would be better read from tables and figures. That said, the general trends 

were that of changes in extreme values and of seasonal differences in the climate change signal. 

Inter-model comparison in the results and discussion suggested CRCMccsm as the model that 

appeared to be the exception to many trends in the results, despite the geographical home of the 

model being nearest to the ICRB.  The discharge plots and tables showed a wetter climate except 

for JJA, which had enough inter-model variability to prevent a clear conclusion on the status of 

precipitation during the summer months. Statistically, the median monthly precipitation did not 

show many statistically significant differences between the historical and projected NARCCAP 

models (Table 6-1), but the overall trend as displayed by the figures showed that increases in the 

annual mean precipitation occurred in all months except JJA. The discharge results indicated a 

wetter 2041-2068 projected period for most months except JJA, which had mixed results similar 

to precipitation. The extreme discharges for the projected period also increased for the non-JJA 

months. 

The evapotranspiration results showed the results of a warmer climate with the winter 

months the most affected, but it should be remembered that ET is low in the winter months of 

DJF. The ET plots did show that the distribution of ET in MAM and JJA were much wider than 

that of the calibrated SWAT model, supporting that changes in the extreme values of ET were 

projected for the period 2041-2068. Annual nitrate loads increased in a similar manner as 

discharge and this may be mostly due to load being a function of discharge at the basin outlet.  In 
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general, nitrate loads are projected to increase in the period 2041-2068 relative to the reference.  

Such a condition could presumably cause greater export of nutrients to the Gulf of Mexico and 

Gulf Hypoxia. 

Nevertheless, climate change and prediction cannot be exact and will always have 

uncertainty even with infinite computational power and speed. Another uncertain dimension to 

the future alongside climate change is land use change. Land use change can be induced by 

climate change and vice versa. It can also be induced by the choices of humans.  Chapter 7 

covers the ICRB and SWAT’s sensitivity to land use distribution with a look at specific 

scenarios based on specific considerations. The final part of this dissertation was the application 

of both land use and climate change scenarios to explore their combined impacts.  
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Table 6-1 Precipitation mean annual percent change for historical and projected periods. 
Reference period for historical columns are observed values and reference for 
projected values are historical NARCCAP. 

 
 Model Historical (%) Projected (%) 
  DJF MAM JJA SON DJF MAM JJA SON 

CRCMccsm -0.9 -0.4 1.5 0.9 -0.6 12.3 -20.0 26.2 
CRCMcgcm3 0.2 0.3 -0.2 0.5 12.0 17.5 1.2 2.5 
ECP2gfdl -0.9 0.2 -1.0 0.2 19.0 1.0 0.5 14.6 
HRM3gfdl -0.4 0.6 1.1 0.3 21.0 8.6 -8.7 1.5 
HRM3hadcm3 -0.7 -1.5 0.9 1.8 6.4 9.1 -3.1 28.1 
MM5Iccsm -1.3 -0.2 -0.1 0.6 -2.5 8.4 -11.0 16.3 
MM5Ihadcm3 1.0 -0.8 0.1 2.0 -5.1 6.6 -4.6 -0.7 
RCM3cgcm3 -0.7 0.5 0.1 0.1 11.5 14.5 8.7 10.8 
RCM3gfdl -0.6 0.0 0.6 0.3 21.1 22.7 4.4 14.3 
WRFGccsm 1.5 0.6 1.1 1.5 10.8 20.2 -13.4 6.6 
WRFGcgcm3 -0.8 0.1 0.5 1.2 22.2 6.1 11.3 18.2 

 
 
 
Table 6-2 Mann-Whitney U-Test p-values. Blue highlights indicate medians statistically 

significantly greater than historical climate model. Reference period for historical 
columns are observed values and reference for projected values are historical 
NARCCAP. 

 
 Model Historical Projected 

  DJF MAM JJA SON DJF MAM JJA SON 

CRCMccsm 0.44 0.87 0.22 0.83 0.76 0.14 0.08 0.10 
CRCMcgcm3 0.82 0.92 0.87 0.98 0.59 0.18 0.60 0.92 
ECP2gfdl 0.69 0.80 0.74 0.58 0.21 0.91 0.83 0.07 
HRM3gfdl 0.79 0.83 0.95 0.81 0.08 0.50 0.12 0.40 
HRM3hadcm3 0.62 0.66 0.91 0.97 0.73 0.46 0.92 0.01 
MM5Iccsm 0.16 0.92 0.87 0.65 0.57 0.27 0.16 0.43 
MM5Ihadcm3 0.56 0.65 0.66 0.85 0.72 0.54 0.81 0.64 
RCM3cgcm3 0.78 0.60 0.76 0.83 0.58 0.14 0.66 0.51 
RCM3gfdl 1.00 0.98 0.91 0.80 0.25 0.06 0.52 0.11 
WRFGccsm 0.39 0.95 0.66 0.60 0.25 0.02 0.10 0.81 
WRFGcgcm3 0.67 1.00 0.82 0.83 0.17 0.52 0.24 0.19 
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Table 6-3 Stream discharge mean annual percent change for historical and projected 
periods. Reference period for historical columns are observed values and 
reference for projected values are SWAT simulations using the historical 
NARCCAP climate projections as input. 

 
Model  Historical (%)   Projected (%) 
  DJF MAM JJA SON DJF MAM JJA SON 

CRCMccsm -4.3 -9.8 30.8 -15.1 10.7 40.5 -35.7 83.3 
CRCMcgcm3 -3.0 -6.7 5.5 -19.5 47.8 19.0 25.1 25.9 
ECP2gfdl 6.3 -12.0 -13.0 10.8 30.3 13.9 15.0 28.8 
HRM3gfdl 0.1 7.6 -4.4 -7.5 29.7 13.8 -4.0 14.7 
HRM3hadcm3 -1.1 4.3 4.9 -1.2 46.3 26.1 -5.0 74.7 
MM5Iccsm -14.9 5.4 10.4 -6.3 -6.2 10.5 5.6 72.5 
MM5Ihadcm3 17.2 0.4 12.2 -15.8 -15.4 -0.1 -13.7 31.4 
RCM3cgcm3 16.2 -12.2 2.8 -0.9 24.1 26.1 40.9 39.3 
RCM3gfdl 11.5 -10.5 -5.4 -1.1 31.9 50.8 31.3 51.0 
WRFGccsm 10.8 3.8 27.5 -9.5 -10.4 40.2 -14.5 35.8 
WRFGcgcm3 10.4 0.5 8.7 -5.1 49.4 21.4 26.9 80.7 

 
 
 
Table 6-4 Stream discharge Mann-Whitney U-Test p-values. Shades of orange indicate 

medians statistically significantly less than historical climate model and shades of 
blue indicate greater. Reference period for historical columns are observed values 
and reference for projected values are SWAT simulations using the historical 
NARCCAP climate projections as input. 

 
 
 Model Historical       Projected       
  DJF MAM JJA SON DJF MAM JJA SON 

CRCMccsm 0.42 0.30 0.98 <0.01 0.37 <0.01 <0.01 <0.01 
CRCMcgcm3 0.98 0.34 0.89 0.15 0.02 0.27 0.64 0.98 
ECP2gfdl 0.65 0.07 0.65 1.00 0.08 0.56 0.44 0.01 
HRM3gfdl 0.74 0.52 0.62 0.13 <0.01 0.71 0.33 0.07 
HRM3hadcm3 0.67 0.94 0.72 0.36 <0.01 0.13 0.94 <0.01 
MM5Iccsm 0.08 0.88 0.67 0.26 0.72 0.21 0.75 <0.01 
MM5Ihadcm3 0.73 0.65 0.71 0.02 0.29 0.84 0.39 0.08 
RCM3cgcm3 0.30 0.16 0.80 0.46 0.14 0.08 0.01 0.15 
RCM3gfdl 0.34 0.30 0.95 0.61 0.02 <0.01 0.02 <0.01 
WRFGccsm 0.56 0.99 0.26 0.02 0.70 <0.01 0.17 0.02 
WRFGcgcm3 0.65 0.89 0.95 0.38 <0.01 0.02 0.02 <0.01 
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Table 6-5 Evapotranspiration mean annual percent change for historical and projected 
periods. Reference period for historical columns are observed values and 
reference for projected values are SWAT simulations using the historical 
NARCCAP climate projections as input. 

 
 
 Model Historical  (%) Projected (%) 
  DJF MAM JJA SON DJF MAM JJA SON 

CRCMccsm 2.7 4.8 -1.1 -8.5 25.7 13.6 -8.8 -5.4 
CRCMcgcm3 -2.6 5.1 2.2 -3.9 57.8 15.2 -3.2 -18.6 
ECP2gfdl 9.3 1.6 1.2 1.9 54.5 2.8 -1.6 -1.9 
HRM3gfdl -1.9 1.7 2.0 -2.5 62.1 19.1 -11.6 -6.6 
HRM3hadcm3 3.3 -0.7 0.2 -4.7 40.2 10.7 -3.2 -0.9 
MM5Iccsm -6.6 0.5 0.1 -2.5 25.1 4.6 -13.0 -7.0 
MM5Ihadcm3 -0.8 2.2 0.9 -11.1 51.9 10.0 -4.9 -6.2 
RCM3cgcm3 6.1 3.4 0.5 -4.0 48.5 11.5 -0.5 -11.1 
RCM3gfdl 13.2 4.7 0.7 0.6 40.8 6.9 1.6 -4.6 
WRFGccsm -5.1 0.2 -0.6 -10.1 40.9 9.8 -8.0 -1.4 
WRFGcgcm3 8.8 1.3 -0.8 -5.5 12.5 6.4 2.2 -3.2 

 
 

 
 
Table 6-6 Evapotranspiration Mann-Whitney U-Test p-values. Shades of orange indicate 

medians statistically significantly less than historical climate model and shades of 
blue indicate greater.  Reference period for historical columns are observed values 
and reference for projected values are SWAT simulations using the historical 
NARCCAP climate projections as input. 

 
 Model Historical       Projected       
  DJF MAM JJA SON DJF MAM JJA SON 

CRCMccsm 0.96 0.29 0.89 0.02 0.01 0.01 0.22 0.23 
CRCMcgcm3 0.54 0.36 0.32 0.35 <0.01 0.01 0.60 <0.01 
ECP2gfdl 0.02 0.77 0.84 0.56 <0.01 0.71 0.81 0.52 
HRM3gfdl 0.94 0.75 0.56 0.56 <0.01 <0.01 0.15 0.16 
HRM3hadcm3 0.86 0.84 0.82 0.26 <0.01 0.09 0.79 0.82 
MM5Iccsm 0.59 0.95 0.68 0.65 <0.01 0.44 <0.01 0.12 
MM5Ihadcm3 0.55 0.70 0.59 <0.01 <0.01 0.25 0.50 0.23 
RCM3cgcm3 0.27 0.60 0.95 0.27 <0.01 0.09 0.60 <0.01 
RCM3gfdl 0.21 0.40 0.79 0.80 <0.01 0.15 0.41 0.26 
WRFGccsm 0.93 0.88 0.99 0.02 <0.01 0.08 0.53 0.82 
WRFGcgcm3 0.95 0.78 0.86 0.17 0.23 0.23 0.26 0.55 
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Table 6-7 Mean annual percent change for mean daily temperature for historical and 
projected periods. Reference period for historical columns are observed values 
and reference for projected values are SWAT simulations using the historical 
NARCCAP climate projections as input. 

 
 
 Model Historical (%) Projected (%) 
  DJF MAM JJA SON DJF MAM JJA SON 

CRCMccsm -0.4 0.1 0.0 0.0 43.0 29.4 16.7 26.4 
CRCMcgcm3 -0.5 0.1 0.0 0.0 55.0 31.7 16.4 32.6 
ECP2gfdl -0.6 0.0 0.0 0.0 62.7 13.8 10.0 24.5 
HRM3gfdl -0.2 0.0 0.0 0.1 61.0 32.7 23.2 29.6 
HRM3hadcm3 -1.4 -0.4 -0.1 0.2 38.4 19.6 15.3 32.4 
MM5Iccsm -0.4 0.0 0.0 0.1 36.4 19.0 8.6 23.2 
MM5Ihadcm3 -0.4 -0.3 -0.2 0.2 62.6 20.4 12.4 37.0 
RCM3cgcm3 -0.5 0.1 0.0 0.1 51.2 25.8 14.3 31.0 
RCM3gfdl -0.4 0.0 0.0 0.1 50.8 14.5 14.6 21.7 
WRFGccsm -0.4 0.0 0.0 0.0 55.1 19.3 12.0 35.0 
WRFGcgcm3 -0.2 0.1 0.0 0.0 23.3 15.2 7.7 25.2 

 
 
 

 
Table 6-8 Mean daily temperature Mann-Whitney U-Test p-values. Shades of blue indicate 

medians statistically significantly greater than historical climate model. Reference 
period for historical columns are observed values and reference for projected 
values are SWAT simulations using the historical NARCCAP climate projections 
as input. 

 
 Model Historical       Projected       
  DJF MAM JJA SON DJF MAM JJA SON 

CRCMccsm 0.64 0.98 0.73 0.99 <0.01 <0.01 <0.01 <0.01 

CRCMcgcm3 0.56 1.00 0.81 0.99 <0.01 <0.01 <0.01 <0.01 

ECP2gfdl 0.68 0.94 0.99 0.93 <0.01 <0.01 <0.01 <0.01 

HRM3gfdl 0.78 0.97 0.72 0.93 <0.01 <0.01 <0.01 <0.01 

HRM3hadcm3 0.49 0.86 0.70 0.92 <0.01 <0.01 <0.01 <0.01 

MM5Iccsm 0.70 0.95 0.64 0.99 <0.01 <0.01 <0.01 <0.01 

MM5Ihadcm3 0.63 0.90 0.83 0.89 <0.01 <0.01 <0.01 <0.01 

RCM3cgcm3 0.60 1.00 0.77 0.96 <0.01 <0.01 <0.01 <0.01 

RCM3gfdl 0.50 0.99 0.55 0.92 <0.01 <0.01 <0.01 <0.01 

WRFGccsm 0.58 0.77 0.98 0.88 <0.01 <0.01 <0.01 <0.01 

WRFGcgcm3 0.63 0.96 0.74 0.92 <0.01 <0.01 <0.01 <0.01 
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Table 6-9 Absolute change (°C) in mean daily temperature by season between NARCCAP 
historical 1971-1998 and projected 2041-2068 period  

 
 Model DJF (°C) MAM (°C) JJA (°C) SON (°C) 
CRCMccsm 2.70 2.60 3.67 2.63 
CRCMcgcm3 3.47 2.81 3.62 3.26 
ECP2gfdl 3.95 1.23 2.21 2.44 
HRM3gfdl 3.82 2.91 5.11 2.96 
HRM3hadcm3 2.43 1.73 3.37 3.24 
MM5Iccsm 2.29 1.69 1.89 2.32 
MM5Ihadcm3 3.93 1.81 2.74 3.70 
RCM3cgcm3 3.22 2.30 3.15 3.08 
RCM3gfdl 3.19 1.29 3.22 2.17 
WRFGccsm 3.45 1.71 2.65 3.50 
WRFGcgcm3 1.46 1.35 1.70 2.51 

 
 
 
 
Table 6-10 Nitrate load mean annual percent change and Mann-Whitney U-test p-values for 

historical and projected periods. Blue highlights indicate medians statistically 
significantly greater than historical climate model and shades of blue indicate 
greater. 

 
 
Model Percent Change    p-value   
  Historical Projected Historical Projected 

CRCMccsm 15.8 -2.7 0.27 0.26 
CRCMcgcm3 -0.8 20.4 0.52 0.38 
ECP2gfdl -15.8 23.7 0.29 <0.01 
HRM3gfdl -7.7 2.7 0.42 0.38 
HRM3hadcm3 2.4 12.8 0.49 <0.01 
MM5Iccsm -2.8 16.5 0.43 <0.01 
MM5Ihadcm3 -4.3 3.1 0.14 0.20 
RCM3cgcm3 -0.5 30.6 0.79 <0.01 
RCM3gfdl -6.9 48.9 0.46 <0.01 
WRFGccsm 10.5 11.9 0.51 0.13 
WRFGcgcm3 -0.5 27.7 0.54 <0.01 
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Figure 6-1 Bias-correction of precipitation by distribution mapping adapted from 

Teustchbein & Seibert (2012, Figure 6) 
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Figure 6-2 A model based on ocean and atmosphere interactions (NOAA, 2012) 
 
 
 

 
Figure 6-3 Downscaling of GCM to RCM (Gebetsroither et al., 2013)  
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Figure 6-4 Mean annual percent change of monthly cumulative precipitation of 1971-1998 

NARCCAP historical period for 11 GCM-RCM model combinations and 4 
seasons. The reference period is the 1971-1998 precipitation input data from the 
actual historical record. 
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Figure 6-5 Mean annual percent change of monthly cumulative precipitation of 2041-2068 

NARCCAP projected period for 11 GCM-RCM model combinations and 4 
seasons. The reference period is the 1971-1998 NARCCAP precipitation. 
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Figure 6-6 Boxplot of cumulative monthly precipitations over the 1971-1998 NARCCAP 

historical period for 11 GCM-RCM model combinations and 4 seasons. The 
reference period for the horizontal lines is the 1971-1998 precipitation input data 
from the actual historical record 

  

149 
 



  

 
 
Figure 6-7 Boxplot of cumulative monthly precipitations over the 2041-2068 NARCCAP 

historical period for 11 GCM-RCM model combinations and 4 seasons. The 
reference period for the horizontal lines is the 1971-1998 precipitation input data 
from the actual historical record. 

150 
 



  

Figure 6-8 Quantile-quantile plots of median normalized monthly precipitation by season for 
the historical 1971-1998 simulation period with historical observations as 
reference. Horizontal lines at -1 and 1 indicate the min and max observations. 
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 Figure 6-9 Quantile-quantile plots of median normalized monthly precipitation by season for 
the projected 2041-2068 simulation period with 1971-1998 model values as 
reference. Horizontal lines at -1 and 1 indicate the min and max reference values. 
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Figure 6-10 Mean annual percent change of monthly stream discharge of 1971-1998 

NARCCAP historical period for 11 GCM-RCM model combinations and 4 
seasons. The reference discharge is from the 1971-1998 simulation from the 
calibrated SWAT model.  
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Figure 6-11 Mean annual percent change of stream discharge at the basin outlet over the 

projected 2041-2068 NARCCAP simulation period for eleven GCM-RCM model 
combinations. The reference discharge is from the 1971-1998 NARCCAP-driven 
simulations for each model.  
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Figure 6-12 Boxplot of monthly stream discharge over the 1971-1998 NARCCAP historical 

period for 11 GCM-RCM model combinations and 4 seasons. The reference 
discharge for the horizontal lines is from the 1971-1998 simulation from the 
calibrated SWAT model. 
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Figure 6-13 Boxplot of monthly stream discharge over the 2041-2068 NARCCAP projected 

period for 11 GCM-RCM model combinations and 4 seasons. The reference 
discharge for the horizontal lines is from the 1971-1998 simulation from the 
calibrated SWAT model. 
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Figure 6-14 Quantile-quantile plots of median normalized monthly stream discharge by season 
for the historical 1971-1998 simulation period with calibrated model as reference. 
Horizontal lines at -1 and 1 indicate the min and max calibration values. 
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Figure 6-15 Quantile-quantile plots of median normalized monthly stream discharge by season 
for the projected 2041-2068 simulation period with historical NARCCAP as 
reference. Horizontal lines indicate the min and max historical model values. 
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Figure 6-16 Mean annual percent change of cumulative evapotranspiration (ET) of 1971-1998 

NARCCAP historical period for 11 GCM-RCM model combinations and 4 
seasons. The reference ET is from the 1971-1998 simulation from the calibrated 
SWAT model.  
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Figure 6-17 Mean annual percent change of cumulative evapotranspiration (ET) of 2041-2068 

NARCCAP period for 11 GCM-RCM model combinations and 4 seasons. The 
reference ET is from the 1971-1998 simulation from the historical NARCCAP 
driven SWAT outputs.  
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Figure 6-18 Boxplot of cumulative monthly evapotranspiration (ET) over the 1971-1998 

NARCCAP historical period for 11 GCM-RCM model combinations and 4 
seasons. The reference (ET) for the horizontal lines is from the 1971-1998 
simulation from the calibrated SWAT model.  

161 
 



  

 
 
Figure 6-19 Boxplot of cumulative monthly evapotranspiration (ET) over the 2041-2068 

NARCCAP projected period for 11 GCM-RCM model combinations and 4 
seasons. The reference (ET) for the horizontal lines is from the 1971-1998 
simulation from the calibrated SWAT model. 
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Figure 6-20  Quantile-quantile plots of median normalized evapotranspiration by season for 
historical 1971-1998 simulation period with calibrated model as reference. 
Horizontal lines at -1 and 1 indicate the min and max calibration values. 
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Figure 6-21 Quantile-quantile plots of median normalized evapotranspiration by season for the 
projected 2041-2068 simulation period with historical NARCCAP as reference. 
Horizontal lines indicate the min and max historical model values. 
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Figure 6-27 Quantile-quantile plots of median normalized daily mean temperature by season 
for the projected 2041-2068 simulation period with 1971-1998 model values as 
reference. Horizontal lines at -1 and 1 indicate the min and max reference values.  
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Figure 6-28 Boxplots and annual percent change for nitrate loads for the NARCCAP 

simulation periods. The reference for the 1971-1998 percent change is the 
calibrated SWAT model. The reference for the 2041-2068 percent change is the 
historical NARCCAP-driven SWAT outputs. 
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CHAPTER 7: IMPLEMENTING LAND USE SCENARIOS 
WITH CLIMATE CHANGE 

Introduction 

 Climate change represented the atmospheric aspect of prediction and the boundaries were 

large, covering vast geographic and altitudinal dimensions. At the surface land use and cover 

(LULC) were the other aspects or axis that affects water quality and quantity. Excepting 

geological considerations for aquifers, the ridges that form the boundaries of watersheds gave a 

convenient focus area where the water that falls anywhere in this boundary will route and collect 

the constituents to a single point at the outlet by gravity. Thus the upstream inhabitants’ activities 

were responsible for any positive or negative effect to those downstream. Land use change was 

in some ways more complicated than climate change. While anthropogenic activities drove the 

current climate change, these activities were typically wide-spread and by definition global in 

scale. Barring catastrophic events, humans instigated land use change and the decisions that 

guide these changes were already complex for the individual human, but together with 

institutions, regulatory agencies, and the economy, the human system provided a complex 

challenge in computation and the modeling of physical systems.  

This chapter accessed the LULC impacts on water quality and water quantity through two 

tasks. The first task took a guided approach with LULC scenarios that met certain objectives: 

LULC distributions that maximized agricultural output, water quality, or biodiversity. With the 

11 climate models and a “base” LULC, the first task produced 44 land and climate change 

scenarios. The ICRB’s dominant LULC was agriculture, which was the primary culprit for poor 

water quality through fertilizer application and the subsequent runoff. SWAT’s allows LULC 

update by modifying percent or fraction of land area an HRU occupies in a subbasin. The second 

task generalized the first by changing or updating the HRU fractions such that the basin-wide 

percent of agriculture LULC changed linearly. Each update was a SWAT scenario, creating N × 

11 simulations with N changes to percent agricultural land. The dependent variables were stream 
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a conclusion on whether discharge decreases or increases. This variation showed up again in 

Figure 7-4 with the wide range the minimum and maximum discharges take during JJA.  

Nitrate concentration and agricultural land area had a more complex relationship. Spatial 

variability was not considered in this analysis like Ewing & Runck (2015) where the trade-off 

between water quality and crop yields in Iowa had differences between counties. Instead, the 

focus of the evaluation was concentration at the terminal gage station averaged decades. The data 

aggregation would obfuscate the relationship between local water quality and agriculture. Still, if 

one were to set all agricultural land area in the basin to zero, the nitrate concentrations would not 

drop to zero. Legacy nitrogen in the soil hard-coded as the initial soil organic nitrogen parameter 

(SOL_ORGN, Table 4-4), natural background cycling, and a non-zero wet deposition (RCN) 

would maintain a minimum nitrate export. Additionally, one must consider that these were 

model outputs from an autocalibration that generally under-predicted nitrate loads and 

concentration over a five year span. Between land use and climate change the latter had a greater 

impact, often muting extreme changes to the landscape. Nevertheless, to meaningfully simulate 

the impacts of LULC change, SWAT required more comprehensive management information or 

a method or model to dynamically produce the management information. Changing the inputs or 

modifying the HRU distribution yielded results that have a more exploratory research narrative, 

as opposed to a predictive one useful in policy and engineering. 
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Table 7-1 Land use class distribution (%) over ICRB with the USACE scenarios and the 
base NLCD map. 

 

Land Use NLCD Base Agriculture Biodiversity Water Quality 

Agriculture 73.0 76.9 38.0 28.4 

Pasture 6.1 0.2 16.4 40.0 

Range 5.6 0.3 0.9 1.5 

Forest 3.4 3.0 1.7 3.3 

Water 0.8 2.1 0.8 2.1 

Wetlands 2.5 3.0 7.3 7.3 

Urban 8.7 8.6 8.6 8.6 

Bioreserve 0.0 5.0 18.8 8.1 

Riparia 0.0 0.9 6.3 0.7 

 
 

 
Table 7-2 SSURGO Non-Irrigated Class Definitions 
 

Class Description 

1 Soils have slight limitations that restrict their use. 

2 Soils have moderate limitations that reduce the choice of plants or require moderate 
conservation practices. 

3 Soils have severe limitations that reduce the choice of plants or require special 
conservation practices, or both. 

4 Soils have very severe limitations that restrict the choice of plants or require very careful 
management, or both. 

5 Soils have little or no hazard of erosion but have other limitations, impractical to remove, 
that limit their use mainly to pasture, range, forestland, or wildlife food and cover. 

6 Soils have severe limitations that make them generally unsuited to cultivation and that 
limit their use mainly to pasture, range, forestland, or wildlife food and cover. 

7 Soils have very severe limitations that make them unsuited to cultivation and that restrict 
their use mainly to grazing, forestland, or wildlife. 

8 
Soils and miscellaneous areas have limitations that preclude their use for commercial plant 
production and limit their use to recreation, wildlife, or water supply or for esthetic 
purposes. 
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Table 7-3 Stream discharge Mann-Whitney U-test p-values for climate and land use change 
scenarios with historical NARCCAP-driven discharge as reference. Shades of 
orange indicate medians statistically significantly less than historical climate 
model and shades of blue indicate greater.  

 
  USDA NLCD AGRP WATQ BIOD USDA NLCD AGRP WATQ BIOD 

      DJF        MAM   
CRCMccsm 0.37 0.13 0.24 0.34 0.22 <0.01 <0.01 <0.01 0.16 0.02 

CRCMcgcm3 0.02 <0.01 <0.01 0.06 0.01 0.27 0.13 0.18 0.66 0.73 

ECP2gfdl 0.08 <0.01 0.02 0.17 0.08 0.56 0.34 0.46 0.37 0.79 

HRM3gfdl <0.01 <0.01 <0.01 0.08 0.01 0.71 0.57 0.72 0.21 0.57 

HRM3hadcm3 <0.01 <0.01 <0.01 <0.01 <0.01 0.13 0.08 0.15 0.79 0.46 

MM5Iccsm 0.72 0.63 0.80 0.51 0.77 0.21 0.13 0.18 0.36 0.97 

MM5Ihadcm3 0.29 0.61 0.44 0.17 0.33 0.84 0.63 0.78 0.16 0.46 

RCM3cgcm3 0.14 0.01 0.02 0.27 0.12 0.08 0.02 0.06 0.97 0.44 

RCM3gfdl 0.02 <0.01 <0.01 0.08 0.02 <0.01 <0.01 <0.01 0.06 <0.01 

WRFGccsm 0.70 0.91 0.98 0.40 0.71 <0.01 <0.01 <0.01 0.33 0.09 

WRFGcgcm3 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.01 0.05 0.93 0.41 

    JJA      SON   

CRCMccsm <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 

CRCMcgcm3 0.64 0.35 0.44 0.66 0.57 0.98 0.32 0.33 0.12 0.61 

ECP2gfdl 0.44 0.17 0.24 0.90 0.60 0.01 <0.01 <0.01 0.26 0.02 

HRM3gfdl 0.33 0.67 0.56 0.18 0.33 0.07 <0.01 <0.01 0.96 0.24 

HRM3hadcm3 0.94 0.51 0.63 0.81 0.97 <0.01 <0.01 <0.01 <0.01 <0.01 

MM5Iccsm 0.75 0.37 0.47 0.93 0.82 <0.01 <0.01 <0.01 0.02 <0.01 

MM5Ihadcm3 0.39 0.75 0.62 0.20 0.34 0.08 0.01 0.01 0.84 0.22 

RCM3cgcm3 <0.01 <0.01 <0.01 0.02 0.01 0.15 0.01 0.01 0.90 0.30 

RCM3gfdl 0.02 <0.01 <0.01 0.19 0.08 <0.01 <0.01 <0.01 0.07 <0.01 

WRFGccsm 0.17 0.27 0.24 0.09 0.13 0.02 <0.01 <0.01 0.52 0.12 

WRFGcgcm3 0.02 <0.01 <0.01 0.07 0.02 <0.01 <0.01 <0.01 0.09 <0.01 
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Table 7-4 Nitrate load Mann-Whitney U-test p-values for climate and land use change 
scenarios with historical NARCCAP-driven discharge as reference. Shades of 
orange indicate medians statistically significantly less than historical climate 
model and shades of blue indicate greater 

 
  USDA NLCD AGRP WATQ BIOD 
CRCMccsm 0.26 0.01 <0.01 <0.01 <0.01 
CRCMcgcm3 0.38 0.10 0.03 <0.01 <0.01 
ECP2gfdl <0.01 0.66 0.55 <0.01 <0.01 
HRM3gfdl 0.38 0.04 0.03 <0.01 <0.01 
HRM3hadcm3 <0.01 0.44 0.58 <0.01 0.02 
MM5Iccsm <0.01 0.78 0.59 <0.01 <0.01 
MM5Ihadcm3 0.20 0.01 <0.01 <0.01 <0.01 
RCM3cgcm3 <0.01 0.60 0.79 <0.01 0.01 
RCM3gfdl <0.01 0.01 0.03 <0.01 0.58 
WRFGccsm 0.13 0.21 0.14 <0.01 <0.01 
WRFGcgcm3 <0.01 0.04 0.15 <0.01 0.35 
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