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Abstract 

Climate change may have a variety of impacts on Midwest USA agriculture, including 

impacts to water quality, soil erosion, and nutrient loss. Existing and future climate scenarios 

were modeled in the Le Sueur watershed using the Soil & Water Assessment Tool (SWAT) to 

compare the watershed outflow and nutrient concentration outflows under those scenarios.  

The Le Sueur watershed, in south-central Minnesota, USA, is approximately 1,112 

square miles, 87% of which is agriculture. The agriculture land is predominantly in corn and 

soybean rotations. Much work has been done using global climate models to predict the climate 

impacts from anthropogenic climate changes, resulting in predictions that the Midwest will 

experience increased temperatures, increased precipitation in the winter months, and decreased 

precipitation in the summer months. Minnesota has already documented an increase in extreme 

rainfall events. These events can cause flooding, damage land and property, and impact 

agricultural production. 

This analysis uses six global climate model (GCM) projections from the Coupled Model 

Intercomparison Project Phase 5 (CMIP5) for the Le Sueur River watershed area. The magnitude 

of change of five weather inputs; maximum temperature, minimum temperature, relative 

humidity, solar radiation, and wind speed, was averaged over three future climate time periods 

(2006-2029, 2030-2059, and 2060-2099) for two emissions scenarios, RCP 4.5 and 8.5. Average 

changes were applied to local weather in the Weather Input for Nonpoint Data Simulations 

(WINDS) model to simulate local climate projections. Predictions from WINDS are used in 

SWAT, to investigate watershed response to climate change in the Le Sueur River watershed. 



iii 

Table of Contents 

Acknowledgements .............................................................................................................. i 

Abstract ............................................................................................................................... ii 

Table of Contents .............................................................................................................. iii 

List of Tables ....................................................................................................................... v 

List of Figures ................................................................................................................. viii 

Chapter 1 – Downscaling Global Climate Models for Use in SWAT .............................. 1 

Introduction ....................................................................................................................... 1 

Methods.............................................................................................................................. 3 

Location .................................................................................................................................... 3 

Global Climate Models and Selection ...................................................................................... 4 

Global Climate Model Downscaling ........................................................................................ 7 

Stochastic Weather Generation ................................................................................................ 8 

Results and Discussion .................................................................................................... 11 

Downscaled Stochastic Weather Generation .......................................................................... 11 

Summary.......................................................................................................................... 25 

Conclusions ...................................................................................................................... 25 

Temperature ........................................................................................................................... 25 

Precipitation ........................................................................................................................... 26 

Relative Humidity .................................................................................................................. 26 

Implications for Watershed Modeling .................................................................................... 26 

Uncertainties and Future Research ......................................................................................... 27 

Chapter 2 - Modeling Watershed Response to Climate Change in the Le Sueur River 

Basin using SWAT ........................................................................................................... 28 

Introduction ..................................................................................................................... 28 

Methods............................................................................................................................ 31 

Project Area ............................................................................................................................ 31 

SWAT Hydrologic Model ...................................................................................................... 33 



iv 

SWAT Sensitivity Analysis .................................................................................................... 36 

Statistical Analyses ................................................................................................................ 40 

Results and Discussion .................................................................................................... 41 

Watershed Scale Hydrologic Analysis ................................................................................... 42 

Watershed Scale Nitrate Analysis .......................................................................................... 52 

Field Scale Nutrient and Sediment Analysis .......................................................................... 56 

Conclusions ...................................................................................................................... 66 

Hydrologic Analysis ............................................................................................................... 67 

Nitrate Losses ......................................................................................................................... 67 

Field Scale Nitrogen, Phosphorus, and Sediment Losses ....................................................... 68 

Future Research ...................................................................................................................... 69 

Bibliography ..................................................................................................................... 71 

Appendix ........................................................................................................................... 78 

 

  



v 

List of Tables 

Table 1: Global climate models chosen for multi-model ensemble. Source - https://climatenorth 

westknowledge. net/MACA/GCMs.php ............................................................................. 7 

Table 2: Monthly mean maximum and minimum temperatures and standard deviations from 

WINDS modeling (temperature/standard deviation). RCP 4.5, METDATA and Livneh 

downscaled datasets. ......................................................................................................... 15 

Table 3: Monthly mean maximum and minimum temperatures and standard deviations from 

WINDS modeling (temperature/standard deviation) RCP 8.5, METDATA and Livneh 

downscaled datasets. ......................................................................................................... 16 

Table 4: Average seasonal temperatures of RCP 4.5 for METDATA and Livneh downscaling 

methods. ............................................................................................................................ 17 

Table 5: Average seasonal temperature of RCP 8.5 for METDATA and Livneh downscaling 

methods. ............................................................................................................................ 17 

Table 6: 1000-year annual average of precipitation, maximum precipitation depth, minimum 

precipitation depth, and range of depths, for both METDATA and Livneh downscaling 

methods for both climate scenarios modeled, RCP 4.5 and RCP 8.5. .............................. 18 

Table 7: Number of occurrences in the 1000-year model runs of average daily precipitation that 

would be considered NOAA Atlas 14-defined design rain events for Le Sueur Watershed, 

Minnesota. To be considered a certain design event, precipitation depth must be greater 

than or equal to the Atlas 14 24-hours depth. ................................................................... 19 

Table 8: Global climate model names, organization, and resolution of climate models chosen for 

analysis.............................................................................................................................. 34 

Table 9: Results of sensitivity analysis to determine number of gauges needed in simulation. .... 37 

Table 10: Confidence interval testing of number of years of simulated data required in SWAT to 

get stable output. Two confidence intervals calculated, 95% and 99%. Values show are 

limits of surface flow in mm. ............................................................................................ 39 

Table 11: Comparison of calibrated model output and Baseline simulated model output for water 

outputs. Differences in mean and standard deviation indicate a range of outputs is to be 

expected from SWAT. Table is presented as Calibrated Model / Baseline Model. .......... 40 

Table 12: Changes in average annual maximum temperature (°C) from Baseline conditions for 

RCP 4.5 and RCP 8.5. ....................................................................................................... 42 



vi 

Table 13: Monthly average temperatures (°C) for Baseline conditions and years 2015, 2045, and 

2080 for RCPs 4.5 and 8.5. ............................................................................................... 43 

Table 14: Changes from Baseline conditions for RCP 4.5 for precipitation, water yield, ET, and 

outflow. ............................................................................................................................. 47 

Table 15: Changes from Baseline conditions for RCP 8.5 for precipitation, water yield, ET, and 

outflow. ............................................................................................................................. 49 

Table 16: Simulated SWAT output for METDATA downscaling method, RCP 4.5 and RCP 8.5, 

for Baseline, 2015, 2045, and 2080. Mean yearly values of precipitation, water yield, ET, 

and outflow. ...................................................................................................................... 51 

Table 17: T-test significance for water yield at watershed outlet, for RCP 4.5 and RCP 8.5. ....... 51 

Table 18: T-test significance average watershed ET, for RCP 4.5 and RCP 8.5. .......................... 52 

Table 19: T-test significance for outflow at watershed outlet, for RCP 4.5 and RCP 8. ............... 52 

Table 20: Monthly averages (and year total) of nitrate export at watershed outlet, for RCP 4.5 and 

RCP 8.5, METDATA downscaling method. .................................................................... 53 

Table 21: Changes in average monthly tile flow (mm) from Baseline conditions, for years 2015, 

2045, and 2080 for RCP 4.5 and RCP 8.5. ....................................................................... 54 

Table 22: Changes in nitrate export between summary years 2015 to 2045 and years 2045 to 2080 

for RCP 4.5 and RCP 8.5. ................................................................................................. 55 

Table 23: T-test significance for nitrate at watershed outlet, for RCP 4.5 and RCP 8.5. .............. 56 

Table 24: HRU (Fields) used in analysis of nitrogen, phosphorus, and sediment export. ............. 56 

Table 25: Average yearly nitrogen export (kg/ha) for Fields 1108, 1109, 1111, and 1112. .......... 58 

Table 26: T-test significance for each field within respective RCP (comparison of Field 1108 for 

Baseline to 2015, Baseline to 2045, and Baseline to 2080, etcetera). ............................... 59 

Table 27: T-values for comparison of nitrogen export between fields of the same soil type but 

different slopes, within RCPs 4.5 and 8.5. ........................................................................ 59 

Table 28: F-test values for analysis of variance of nitrogen export. Comparison is within each 

field, comparing each summary year to Baseline conditions. ........................................... 60 

Table 29: Average yearly phosphorus export (kg/ha) for Fields 1108, 1109, 1111, and 1112 ...... 61 

Table 30: T-test significance for each field within respective RCP (comparison of Field 1108 for 

Baseline to 2015, Baseline to 2045, and Baseline to 2080, etcetera). ............................... 61 

Table 31: T values for comparison of phosphorus export between fields of the same soil type but 

different slopes, within RCPs 4.5 and 8.5 ......................................................................... 62 



vii 

Table 32: F-test values for analysis of variance of phosphorus export. Comparison is by field, 

comparing each summary year to Baseline conditions. .................................................... 62 

Table 33: Average yearly sediment export (metric tons/ha) for Fields 1108, 1109, 1111, and 1112.

 .......................................................................................................................................... 63 

Table 34: T-test significance for each field within respective RCP (comparison of Field 1108 for 

Baseline to 2015, Baseline to 2045, and Baseline to 2080, etcetera) of sediment export. 64 

Table 35: T values for comparison of sediment export between fields of the same soil type but 

different slopes, within RCPs 4.5 and 8.5. ........................................................................ 64 

Table 36: F-test values for analysis of variance of sediment export. Comparison is within each 

field, comparing each summary year to Baseline conditions. ........................................... 64 

Table 37: T-values for comparison of fields between RCP scenarios. An example of a comparison 

is the 2015 average nitrogen export for Field 1108 in RCP 4.5 to the average nitrogen 

export of Field 1108 in RCP 8.5. ...................................................................................... 65 

Table 38: T-values for comparison of fields between RCP scenarios. An example of a comparison 

is the 2015 average phosphorus export for Field 1108 in RCP 4.5 to the average 

phosphorus export of Field 1108 in RCP 8.5. ................................................................... 66 

Table 39: T-values for comparison of fields between RCP scenarios for sediment export. An 

example of a comparison is the 2015 average sediment export for Field 1108 in RCP 4.5 

to the average sediment export of Field 1108 in RCP 8.5. ............................................... 66 

 

  



viii 

List of Figures 

Figure 1: Le Sueur River Watershed ............................................................................................... 4 

Figure 2: GCM data acquisition process and analysis for climate predictions. ............................... 5 

Figure 3: Observed maximum temperature in Rochester, MN with fitted cosine curve. ................ 9 

Figure 4: Mean maximum temperature of 1000-years of predicted weather in Rochester, MN with 

fitted cosine curve. .............................................................................................................. 9 

Figure 5: Modeling of continuous (temperature) and discrete (precipitation) variables is done 

using different modeling protocols (Wilson et al., 2006) ................................................. 10 

Figure 6: WINDS output of 20-day maximum and minimum temperature averages for 

METDATA downscaled data for RCP 4.5 and RCP 8.5 scenarios. (a): Maximum 

Temperature, RCP 4.5; (b): Maximum Temperature, RCP 8.5; (c) Minimum 

Temperature, RCP 4.5; (d): Minimum Temperature, RCP 8.5 ......................................... 12 

Figure 7: WINDS output of 20-Day Maximum and Minimum Temperature Averages for Livneh 

downscaled data for RCP 4.5 and RCP 8.5 scenarios. (a): Maximum Temperature, RCP 

4.5; (b): Maximum Temperature, RCP 8.5; (c) Minimum Temperature, RCP 4.5; (d): 

Minimum Temperature, RCP 8.5 ...................................................................................... 13 

Figure 8: WINDS output for monthly precipitation totals for METDATA and Livneh downscaled 

datasets, for both RCP 4.5 and RCP 8.5. (a) METDATA downscaling, RCP 4.5; (b) 

METDATA downscaling, RCP 8.5; (c) Livneh downscaling, RCP 4.5; (d) Livneh 

downscaling, RCP 8.5. ...................................................................................................... 21 

Figure 9: WINDS output for average temperature and average relative humidity for METDATA 

downscaling, summary years Baseline, 2015, 2045, and 2080, for a) RCP 4.5 modeling 

scenario and b) RCP 8.5 modeling scenarios .................................................................... 22 

Figure 10: Average monthly temperature and average relative humidity, for METDATA 

downscaling method, for a) RCP 4.5 and b) RCP 8.5 modeling scenarios. ...................... 24 

Figure 11: Minnesota River Basin HUC 8 Watersheds ................................................................. 32 

Figure 12: Le Sueur River Watershed, located in southern Minnesota ......................................... 32 

Figure 13: Average of surface flow for Baseline conditions. Each year in the legend represents 

monthly average of a 100-year SWAT model .................................................................. 38 

Figure 14: Box plots of average annual precipitation, mm, for METDATA downscaling method 

and RCP 4.5 and RCP 8.5. ................................................................................................ 42 



ix 

Figure 15: SWAT monthly output for precipitation, water yield, ET, and outflow for METDATA 

downscaling method for RCP 4.5 and RCP 8.5. ............................................................... 44 

 

 



1 

Chapter 1 – Downscaling Global Climate Models for 

Use in SWAT  

Introduction 

The Le Sueur River watershed is one of twelve major watersheds (HUC-08) in the 

Minnesota River Basin with outflow to the Minnesota River which subsequently flows into the 

Mississippi River. The Minnesota River Basin covers 16,770 square miles (10,000,000 acres) 

(Musser, Kudelka, & Moore, 2009) and is one of Minnesota’s most productive agricultural 

production areas. 

The Le Sueur River watershed, and the Minnesota River Basin as a whole, have been the 

focus of studies relating to the high levels of sediment and nutrients like nitrogen and phosphorus 

in the Minnesota River and the resulting downstream implications and impacts (Dalzell & Mulla, 

2018; Day, Wittkop, Jennings, Gran, & Belmont, 2011; K. B. Gran et al., 2009). The Minnesota 

River Basin is close to the headwaters of the Mississippi River, which drains to the Gulf of 

Mexico. Each year, the Gulf of Mexico experiences a hypoxic zone, an area of low (< 2 mg/l) 

dissolved oxygen, which kills aquatic life and impacts the livelihoods of those who depend on the 

Gulf for work or sustenance. As an area of intensive agricultural production, water pollution from 

excess nutrients and sediment is observed, measured and shown to impact the size of the hypoxic 

zone. The five-year average size of the hypoxic zone between years 2014 – 2019 (excluding 

2016) was measured to be approximately 15,000 km2; higher than the goal of a 5,000 km2 

average over a five-year period set by the Mississippi River Nutrient/Gulf of Mexico Hypoxia 

Task Force. Size of the hypoxic zone has also been correlated to freshwater flows to the Gulf of 

Mexico; larger flows to the Gulf of Mexico result in larger hypoxic zones (Rabalais & Turner, 

2019).  If weather patterns change due to climate change, those changes could potentially have a 

larger negative impact on the hypoxic zone and others downstream.  

Research on the impact of climate change in the Upper Mississippi River Basin (UMRB) 

has shown that this area is sensitive to predicted climate changes (P. W. Gassman, Reyes, Green, 

& Arnold, 2007). Investigating the impacts of climate change on the smaller area of the Le Sueur 

River watershed complements the current research on nutrient outflows, provides more accurate 

predictions for area response to climate change for local decision makers, and can encourage 
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actions to reduce negative downstream impacts. As one of Minnesota’s two main agricultural 

regions, it will be important to investigate the effects of climate change to aid producers and land 

managers in making decisions for the future. 

Global climate modeling can be insightful and informative to answer questions of 

environmental changes due to climate change. Climate models are continually updated by various 

organizations with the latest technological updates, improved techniques, and new climate 

scenarios. Climate modeling has progressed over the years and is commonly used by academia, 

government organizations, and others. Changing climate can have multitudes of environmental 

impacts including water quality, which is especially dependent on location and land management.  

Downscaling global climate models (GCM) is a common practice to get more locational-

accurate predictions and to capture the spatial variations of predicted climate on a landscape scale 

(Jiang et al., 2018; Maurer, Hidalgo, Das, Dettinger, & Cayan, 2010). GCMs are commonly 

downscaled either using statistical or dynamic methods, to remove any bias the GCM has in 

representing local conditions and better represent climate at a smaller scale than provided by 

GCMs (Jang & Kavvas, 2014; Jiang et al., 2018; Mehan, Gitau, & Flanagan, 2018). Dynamic 

downscaling methods run the large-scale GCMs on a regional climate model, using observational 

data as boundary conditions. As it is a nesting of two models, it is very computationally 

demanding. Statistical downscaling establishes relationships between observed weather patterns 

and applies those patterns to the coarser resolution of a GCM. This method is known to be 

computationally efficient and used more widely in climate downscaling studies (Fowler, 

Blenkinsop, & Tebaldi, 2007). The downscaled GCMs are referred to as regional climate models 

(RCM) and outcomes of RCMs can be informative for scientists and decision makers of that 

region.  

The GCMs used in this analysis are from the Program for Climate Model Diagnosis and 

Intercomparison’s (PCMDI) World Climate Research Programme (WCRP) working. Twenty 

modeling groups are a part of the fifth phase of the Coupled Model Intercomparison Project 

(CMIP5) (Taylor, Stouffer, & Meehl, 2012; “WCRP Coupled Model Intercomparison Project - 

Phase 5 - CMIP 5,” 2011). The CMIP provides a common modeling framework, used by many 

modeling organizations to allow for easier comparisons of existing climate models and future 

climate modeling. Each phase of the CMIP introduces additions to modeling simulations, works 

to answer new scientific questions, and contains improvements in modeling calculations (Wayne, 

2013). 
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This study aims to create HUC-08 scale weather inputs for the Soil & Water Assessment 

Tool (SWAT) model to model and evaluate the Le Sueur River watershed response to two of the 

most recent carbon emission scenarios, created by the Intergovernmental Panel on Climate 

Change (IPCC), and modeled by the WCRP. The outcomes of the modeling may provide clarity 

and insight on the effects of climate change on this HUC-08 watershed in south-central 

Minnesota. The study area has far reaching water quality impacts, including impacts on the Gulf 

of Mexico hypoxic zone. 

Methods 

Global climate models can be used to address various environmental questions. The 

GCMs are typically downscaled to get improved predictions on smaller scales. This analysis 

starts with GCM projections for an area in south-central Minnesota, downscales the data using a 

statistical downscaling method, and uses a weather generation model, to produce more location-

representative weather predictions for the area of interest. Those statistical weather predictions 

are used to evaluate climate change impacts on a HUC-08 watershed in south-central Minnesota, 

USA. 

Location 

The Le Sueur River watershed area is approximately 1,112 square miles (710,832 acres), 

about 7% of the Minnesota River Basin area. Agriculture is the primary land use, accounting for 

87% of available acres (Spindler et al., 2012). This watershed sees on average 33.5-inches of 

precipitation per year, with maximum and minimum temperature averages of 55.1- and 35.5-

degrees F, respectively (Department of Natural Resources, 2019). The location of the watershed 

within the state of Minnesota is displayed in Figure 1. 
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Figure 1: Le Sueur River Watershed 

Global Climate Models and Selection 

From the modeling organizations using CMIP5 simulations, six GCMs were chosen for 

this analysis, shown in Table 1 (“WCRP Coupled Model Intercomparison Project - Phase 5 - 

CMIP 5,” 2011). CMIP5 uses four new GHG trajectory scenarios created by the IPCC, called 

Representative Concentration Pathways (RCP). The four scenarios are RCP 8.5, RCP 6, RCP 4.5, 

and RCP 2.6. The numbers designating each pathway (8.5, 6, 4.5, and 2.6) represent the level of 

radiative forcing produced in each pathway that will be seen in the atmosphere by year 2100. 

Radiative forcing is a measurement of the energy in the earth’s atmosphere, recorded as the 

difference between incoming and outgoing radiation in watts per square meter. A positive number 

indicates a net gain in energy in the atmosphere. The factors considered by the IPCC to impact 

energy change include both human-caused (GHG emissions, deforestation, population growth, 

future energy sources, land use) and natural-caused (solar and volcanic activity) events (IPCC, 

2014b; Taylor, Stouffer, & Meehl, 2007; Wayne, 2013). 

This study selected two RCP scenarios for in depth analysis: RCP 4.5 and RCP 8.5. RCP 

4.5 is described as a stabilization or low emission scenario, with radiative forcing reaching 4.5 

watts per square meter (W/m2) after the year 2100, from pre-industrial conditions with a radiative 

forcing equal to 0 W/m2. RCP 8.5 is an uncontrolled, or high emission scenario, with radiative 

forcing reaching 8.5 W/m2 after 2100 and continuing to increase. 

Figure 2 presents a flow diagram showing the methodology of data processing to create 

climate change projections. 
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Selection of Multi-Modeling Suite 

Due to the variability of the GCMs created by various organizations, it has become 

standard practice to create a multi-model ensemble, to account for uncertainty amongst climate 

model predictions. Ensembles consist of structurally different models, built by different 

organizations. It has been shown that multi-model ensembles lower variability in climate and 

provide more reliable results, as each model has different strengths and weaknesses in modeling 

various climate variables(Mote, Brekke, Duffy, & Maurer, 2011; Pierce, Barnett, Santer, & 

Gleckler, 2009; Sunde, He, Hubbart, & Urban, 2017; Winkler, Guentchev, Liszewska, Perdinan, 

& Tan, 2011)  

Studies have been done on the best method of selecting GCMs, by choosing ones that 

better represent local climate and therefore are thought to be better predictors of future climate for 

a specific area (Byun & Hamlet, 2018). Demaria et. al. and K. Byun et al. (2016) looked 

specifically at GCM performance in the Midwest, performed various statistical analyses and 

provided recommendations of downscaled GCMs that perform well in the Midwest. Two GCMs 

were recommended by both studies: GFDL-ESM2M, and MIROC5. Despite no major differences 

in results for GCM ensemble selection in results, those GCMs were chosen as they have been 

shown to represent the Midwest well (Demaria, Palmer, & Roundy, 2016). Another study then 

determined that selecting the GCMs based on performance in a study area versus a random 

assortment of the same number of GCMs resulted in indistinguishable differences (Pierce et al., 

2009). For this reason, the remaining four GCMs chosen for this study (bcc-csm1-1, CSIRO-

Mk3-6-0, HadGEM2-ES, and IPSL-CM5A-MR) were chosen to represent the array of 

organizations that produce global climate models.   
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Table 1: Global climate models chosen for multi-model ensemble. Source - https://climatenorth 

westknowledge. net/MACA/GCMs.php 

Model Name Organization 
Country of 

Origin 

Atmosphere 
Resolution 
(long x lat) 

bcc-csm1-1 
Beijing Climate Center, China Meteorological 

Administration 
China 2.8° x 2.8° 

CSIRO-Mk3-
6-0

Commonwealth Scientific and Industrial 
Research Organization in collaboration with 

Queensland Climate Change Centre of 
Excellence 

Australia 1.8° x 1.8° 

GFDL-
ESM2M 

NOAA Geophysical Fluid Dynamics Laboratory United States 2.5° x 2.0° 

HadGEM2-ES 
Met Office Hadley Centre (additional 

HadGEM2-ES realization contributed by Instituto 
Nacional de Pesquisas Espaciais) 

United 
Kingdom 

1.88° x 1.25° 

IPSL-CM5A-
MR 

Institut Pierre-Simon Laplace France 2.5° x 1.25° 

MIROC5 

Atmosphere and Ocean Research Institute (The 
University of Tokyo), National Institute for 

Environmental Studies, and Japan Agency for 
Marine-Earth Science and Technology 

Japan 1.4° x 1.4° 

Global Climate Model Downscaling 

Because of its computational efficiency (Fowler et al., 2007), statistical downscaling was 

chosen over dynamical downscaling as the method for this analysis. Statistically downscaled 

climate data from the CMIP5 suite of climate models were obtained from the University of Idaho-

hosted web server for the MACA downscaling method. The process of obtaining and analyzing 

trends of these GCMs was performed according to Abatzoglou (Abatzoglou, n.d.; Abatzoglou & 

Brown, 2012) Two training datasets are available and used for downscaled output: METDATA 

(Abatzoglou, 2013) and Livneh (Livneh et al., 2013). In statistical downscaling, an observational 

dataset, referred to as a “training dataset”, is used to identify statistical patterns of the historical 

weather. The weather predictions from the GCMs are then fit to those identified historical 

statistical patterns and relationships, created a predicted weather dataset that has similar weather 

patterns to the area of interest. Downscaled outputs are very sensitive to the training datasets 
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applied. Two different training datasets can result in significantly different outputs (Byun & 

Hamlet, 2018; Jiang et al., 2018; Kouwen et al., 2005). The Livneh training dataset obtains its 

historical observations from the National Weather Service Cooperative observer stations as well 

as the Parameter-Elevation Regressions on Independent Slopes Model (PRISM) (Livneh et al., 

2013) and METDATA obtains historical observations from  the NASA North American Land 

Data Assimilation System (NLDAS-2) and the PRISM (Abatzoglou, 2013). 

Jiang et al. (2018) compared both METDATA and Livneh training datasets to other 

downscaling methods in Northwest USA. In comparisons of precipitation and mean annual 

temperature, their analysis showed the Livneh training dataset resulted in cooler temperatures 

than the other datasets, by 2-4°C, and mean annual precipitation ranged from 50-80% higher than 

the other datasets. Although Livneh displays larger differences in variable values from the other 

dataset, all datasets, including METDATA and the others, showed similar magnitudes of change 

for annual mean parameters from the reference historical period to future period. Meaning that 

despite differences in predicted datasets that resulted from the differences in training datasets, the 

magnitudes of change within each downscaled dataset were similar. 

Stochastic Weather Generation 

Weather generation models identify relevant statistical relationships between observed 

weather parameters of an area and use those relationships to generate daily weather. The 

identified statistical relationships can be used to produce weather data to fill gaps in missing 

weather observations, predict future weather, and produce long time-series of daily weather. 

Because of those traits, weather generation models are commonly used in analyses and impact 

exercises in the environmental and hydrology discipline, also in conjunction with RCMs (Maraun 

et al., 2010; Wilks & Wilby, 1999). 

In the context of predicting climate change and impacts on a local area, it is common to 

apply the predicted changes of weather from an RCM (often by percent change) to a weather 

generation model for the area of interest. The outcome is a daily weather series under future 

climate predictions that match observed patterns and variances. 

WINDS is a calibrated, stochastic weather generation model chosen for this analysis 

(Wilson, Sheshukov, & Pulley, 2006). Statistical relationships from Rochester, Minnesota, a city 

approximately 75 miles east of the Le Sueur River watershed, are determined based on 

historically observed weather. A cosine curve is fit to the historical observed data that is then 
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used in the weather predictions. Figure 3 provides the historical observed maximum temperature 

for Rochester, MN, and the cosine curve, fitted to the observed records. 

Figure 3: Observed maximum temperature in Rochester, MN with fitted cosine curve. 

In predicting weather outcomes, WINDS uses that cosine curve, and applies any climate 

change parameters, if desired. Figure 4 provides the same fitted cosine curve, but shows the mean 

maximum temperature by day, for a WINDS prediction simulation of 1000-years. The predicted 

mean maximum temperature fits the cosine curve, that was developed by historical observed data. 

Figure 4: Mean maximum temperature of 1000-years of predicted weather in Rochester, MN with fitted 
cosine curve. 
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Cosine relationships, standard deviation relationships, and skew relationships are 

developed in WINDS for all input parameters. Those relationships are how the statistical 

parameters of the historical observed weather are used in weather predictions. 

Weather is simulated in WINDS as a combination of continuous events and discrete 

events, as shown in Figure 5. WINDS uses different modeling protocols for each type of event. A 

continuous variable, like temperature, is simulated as a Markov process, where the outcome of 

the next day is dependent on the outcome of the previous day. The occurrence of daily 

precipitation, as a discrete event, is simulated using wet and dry days in a Markov chain. The 

transitional probabilities of having a dry day when the previous day was either wet or dry and the 

probability of a wet day when the previous day was either wet or dry are more important to the 

determination of outcome. Precipitation depth is then estimated using a probability density 

function (Wilson et al., 2006). 

 

Figure 5: Modeling of continuous (temperature) and discrete (precipitation) variables is done using 

different modeling protocols (Wilson et al., 2006) 

The percent change from the RCMs between historical observed weather predictions 

(years 1950-2006 from the MACA downscaled data) and the future weather predictions are used 

as the change factors that are applied to observed weather patterns. The WINDS modeling 

algorithms used those changes with the statistical weather relationships for the region to produce 

projected weather under climate change. The change factors from the RCMs are average percent 

changes from observed weather to predicted weather, averaged in three prediction time ranges: 

2006 – 2029, 2030 – 2059, and 2060 – 2099. In doing so, results are presented as three projected 

years, 2015, 2045, and 2080. 

One-thousand potential annual scenarios were generated in WINDS for each RCP 

scenario, averaged over summary years 2015, 2045, and 2080. Individual years of weather are 
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produced, with the same climate scenarios. The scenarios developed are not progressions through 

time, but one-thousand potential annual representations.  

WINDS output for maximum and minimum temperature and precipitation are provided in 

the Results and Discussion section, and the percent changes applied to each weather variable for 

each RCP scenario and 20-day averages of WINDS output for all weather variables (maximum 

and minimum temperature, precipitation, solar radiation, wind speed, relative humidity) are in the 

Appendix, A1.2. 

Results and Discussion 

Downscaled Stochastic Weather Generation 

Temperature 

Figure 6 and Figure 7 display the 20-day temperature averages that resulted from the 

WINDS modeling of each downscaled training dataset, for both RCP 4.5 and RCP 8.5. The 

averages are from 1000 years of WINDS potential weather scenarios. Monthly minimum and 

maximum temperature averages and standard deviations from WINDS are provided in Table 2 

and Table 3 for both downscaled datasets. Figures and tables present output as Baseline, 2015, 

2045, and 2080. Those years represent ranges of years in the modeling, years 1950-2005, 2006-

2029, years 2030-2059, and years 2060-2099, as summary years Baseline, 2015, 2045, and 2080, 

respectively. 
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METDATA Results 

Maximum Temperature
T
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ra
tu

re
, °

C
 

(a) RCP 4.5 (b) RCP 8.5

Minimum Temperature

T
em

pe
ra
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re

, °
C

 

(c) RCP 4.5 (d) RCP 8.5

Figure 6: WINDS output of 20-day maximum and minimum temperature averages for METDATA 

downscaled data for RCP 4.5 and RCP 8.5 scenarios. (a): Maximum Temperature, RCP 4.5; (b): Maximum 

Temperature, RCP 8.5; (c) Minimum Temperature, RCP 4.5; (d): Minimum Temperature, RCP 8.5 

Climate modeling of the Le Sueur watershed using GCMs and WINDS indicate an 

average annual increase in maximum temperature of 1.4, 2.6, and 3.5°C with standard deviations 

of 0.4, 0.4, and 0.3 for the METDATA training dataset for RCP 4.5 for summary years 2015, 

2045, and 2080. For RCP 8.5, the average annual increase in maximum temperature is 1.4, 2.9, 

and 5.8°C with standard deviations of 0.3, 0.4, and 0.6.  
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The average increase in annual minimum temperature for RCP 4.5 is 1.3, 2.6, and 3.4°C 

with standard deviations of 0.3, 0.5, and 0.6. RCP 8.5 saw annual average increases of 1.4, 2.9, 

and 5.7°C with standard deviations of 0.3, 0.6, and 1.0, respectively.  

Livneh Results 

 Maximum Temperature 

T
em
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tu
re

, °
C

 

 

(a) RCP 4.5 

 

(b) RCP 8.5 

 Minimum Temperature 

T
em

pe
ra

tu
re

, °
C

 

 

(c) RCP 4.5 

 

(d) RCP 8.5 

 

Figure 7: WINDS output of 20-Day Maximum and Minimum Temperature Averages for Livneh downscaled 

data for RCP 4.5 and RCP 8.5 scenarios. (a): Maximum Temperature, RCP 4.5; (b): Maximum 

Temperature, RCP 8.5; (c) Minimum Temperature, RCP 4.5; (d): Minimum Temperature, RCP 8.5 

Figure 7 shows the WINDS temperature output for the Livneh downscaled dataset. The 

Livneh training dataset shows increases in annual maximum temperature of 1.4, 2.6, and 3.5°C 
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with standard deviations of 0.4, 0.4, and 0.3 for representative years 2015, 2045, and 2080 for 

RCP 4.5 For RCP 8.5, the average increases in annual maximum temperature are 1.5, 2.8, and 

5.8°C with standard deviations of 0.3, 0.7, and 0.6. The average increase in annual minimum 

temperature for RCP 4.5 is 1.4, 2.5, and 3.4°C with standard deviations of 0.4, 0.5, and 0.6, 

respectively. RCP 8.5 had annual increases of 1.5, 2.8, and 5.7°C with standard deviations of 0.3, 

0.8, and 0.9, respectively. An analysis of results of monthly average temperature and standard 

deviations for both RCP 4.5 and RCP 8.5 are similar between METDATA and Livneh training 

datasets. Tables of 20-day averages of all variables modeled in WINDS (minimum and maximum 

temperature, precipitation, wind speed, relative humidity, and solar radiation), are provided in the 

Appendix as A1.1. 
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A seasonal analysis of differences in predicted temperatures from both training datasets is 

presented in Table 4 and Table 5. Winter season is presented as December - February, Spring 

season is presented as March - May, Summer season is presented as June - August, and Fall 

season is presented as September - November. Differences in seasonal average temperature 

between downscaling methods for each summary year of 2015, 2045, and 2080 in both RCP 

scenarios are minimal. The largest difference in seasonal average temperature between 

METDATA and Livneh downscaling methods for RCP 4.5 is 0.2°C in the Spring season of year 

2045. The largest difference in RCP 8.5 is 0.6°C in the Winter season of year 2045. 

Table 4: Average seasonal temperatures of RCP 4.5 for METDATA and Livneh downscaling methods. 

Season Baseline 
METDATA Livneh 

2015 2045 2080 2015 2045 2080 

Winter -8.5 -7.3 -5.6 -4.6 -7.1 -5.7 -4.7 

Spring 6.5 8.1 8.9 9.7 8.0 9.1 9.7 

Summer 20.5 21.7 23.0 23.7 21.8 23.0 23.7 

Fall 8.2 9.6 10.8 11.7 9.6 10.7 11.7 

 

Table 5: Average seasonal temperature of RCP 8.5 for METDATA and Livneh downscaling methods. 

Season Baseline 
METDATA Livneh 

2015 2045 2080 2015 2045 2080 

Winter -8.5 -7.1 -5.2 -2.1 -7.0 -5.8 -2.1 
Spring 6.5 7.8 9.0 11.6 7.9 9.0 11.6 

Summer 20.5 21.9 23.5 26.2 22.0 23.5 26.2 
Fall 8.2 9.7 11.1 14.0 9.8 11.0 14.0 

Precipitation 

Table 6 displays average (of 1000-years of modeling outcomes) annual depth, maximum 

depth, minimum depth, and range of precipitation. Yearly precipitation depth averages of 1000-

years of modeled data result in increases in average precipitation (mm) from Baseline conditions 

for the METDATA downscaling method of 14.2, 25.1, and 39 mm for RCP 4.5 and 9.4, 33.9, and 

49.6 mm for RCP 8.5. The Livneh downscaling method resulted in increases in precipitation 

(mm) from Baseline conditions of 13.2, 22.5, and 31.3 mm for RCP 4.5 and 5.5, 36.9, and 43.9 

mm for RCP 8.5. 
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Table 6: 1000-year annual average of precipitation, maximum precipitation depth, minimum precipitation 
depth, and range of depths, for both METDATA and Livneh downscaling methods for both climate 
scenarios modeled, RCP 4.5 and RCP 8.5. 

METDATA 

Variable Baseline
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

Average Depth, mm 757.5 771.7 782.6 796.5 766.9 791.4 807.1 

Maximum Depth, mm 1236.7 1436.7 1355.9 1297.3 1202.1 1277.6 1283.6 

Minimum Depth, mm 438.9 400.6 425.7 412.6 435.6 450.9 452.2 

Range 797.8 1036.1 930.2 884.6 766.5 826.7 831.5 

Livneh 

Variable Baseline
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

Average Depth, mm 757.5 770.7 780 788.8 763 794.4 801.4 

Maximum Depth, mm 1236.7 1232.3 1267.8 1317.4 1240.9 1293.4 1287.2 

Minimum Depth, mm 438.9 426.4 383 421.6 409.3 430.3 447.7 

Range 797.8 805.9 884.8 895.8 831.6 863.1 839.5 

As WINDS is a stochastic model, the variability and range of output is to be expected and 

a result of the randomness of a stochastic model. Results indicate average annual precipitation 

depth increasing in all summary years and RCP scenarios from Baseline conditions. 

Table 7 shows the frequency of events that are classified as 1000- to 1-year rain events 

for both downscaling methods, per the rain event depths from the National Oceanic and 

Atmospheric Administration (NOAA) Atlas 14 calculations.  
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A current gap in the weather generation modeling available is the ability of weather 

generators to reproduce the frequency, intensity, and duration of extreme events (Ailliot, Allard, 

Monbet, & Naveau, 2015; Maraun et al., 2010). The WINDS model does not show an increase in 

larger storms in either downscaling method, which would be expected with what has been 

recently documented with an increase in heavy rain events in Minnesota. The METDATA 

WINDS results do show a higher frequency of 100-year precipitation events, when compared to 

the Livneh training dataset results. Livneh results show only three, 200-year rain events, out of a 

sample size of 1000. With current modeling tools, it is difficult to capture increases in extreme 

events, in part because the historical observations used in future weather predictions do not yet 

have a large record of increased heavy precipitation events to be sufficiently captured in statistical 

relationships. In addition, the modeling tools used in the analysis and method of analysis are not 

set up to focus on increased heavy precipitation events; those larger events are dampened in 

monthly and yearly averages 

Figure 8 displays WINDS output for cumulative monthly precipitation depth for 

Baseline, summary years 2015, 2045, and 2080 of the METDATA and Livneh downscaled 

datasets. April and May see the largest increases in monthly precipitation.  

The METDATA dataset sees increases in April and May from Baseline to summary year 

2080 of 7 and 11 mm for RCP 4.5 and 11 and 15 mm for RCP 8.5. The Livenh dataset sees 

increases in April and May from Baseline to summary year 2080 of 6 and 10 mm for RCP 4.5 and 

15 and 11 mm for RCP 8.5. 

The METDATA dataset sees the largest decreases in the months of July and August. For 

RCP 4.5, those decreases, largest in summary year 2045, are 5 and 9 mm, respectively. RCP 8.5 

has largest decreases in July and August of summary year 2080, and are 15 and 8 mm, 

respectively. The Livneh dataset sees its largest decreases in July in August, from Baseline to 

summary year 2045, for RCP 4.5 of 8 and 9 mm, respectively. Largest decreases for RCP 8.5 

from Baseline to summary year 2080 are 14 and 9 mm, for July and August, respectively. 
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Figure 8: WINDS output for monthly precipitation totals for METDATA and Livneh downscaled datasets, 

for both RCP 4.5 and RCP 8.5. (a) METDATA downscaling, RCP 4.5; (b) METDATA downscaling, RCP 

8.5; (c) Livneh downscaling, RCP 4.5; (d) Livneh downscaling, RCP 8.5. 

Relative Humidity 

Across the state, relative humidity ranges from approximately 50% to 75%. Similar 

monthly and yearly relative humidity values from WINDS modeling are shown in Figure 9 and 

Figure 10. 
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Figure 9: WINDS output for average temperature and average relative humidity for METDATA 

downscaling, summary years Baseline, 2015, 2045, and 2080, for a) RCP 4.5 modeling scenario and b) 

RCP 8.5 modeling scenarios 

As annual average temperature increases, average relative humidity decreases. This is 

clearly seen in the annual trends, Figure 9. In RCP 4.5, annual average relative humidity for 

Baseline, 2015, 2045, and 2080 are 72.5, 71.2, 70.2, and 69.9%, respectively. RCP 8.5 relative 

humidity values for Baseline, 2015, 2045, and 2080 are 72.5, 71.1, 70.3, and 67.9%, respectively. 

A larger difference is seen from Baseline to year 2080 in RCP 8.5. This reflects a known 

relationship between temperature, relative humidity, and water vapor. As temperature increases 

and water vapor stays the same, relative humidity decreases (Hardwick Jones, Westra, & Sharma, 

2010).   

Month by month, average relative humidity decreases from Baseline to summary years 

2015, 2045, and 2080 for both RCP 4.5 and RCP 8.5, seen in Figure 10. Research on relative 

humidity output from GCMs show a decrease in relative humidity in the mid-latitudes 
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(encompassing south-central Minnesota), which also corresponds to cloud cover trends 

(Sherwood et al., 2010), fitting with the WINDS output of this analysis. 
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Summary 

Uncertainty surrounds future weather and potential impacts from climate change. GCMs 

are frequently updated to reflect improvements in modeling capabilities and updated scenario 

predictions, to better represent likely predicted world conditions. This analysis attempted to 

downscale GCMs that use the latest climate change scenarios (RCP 4.5 and RCP 8.5) at a HUC-8 

level, to create projected weather inputs to assess potential impacts due to climate change. 

Weather variables obtained and downscaled included minimum and maximum temperature, 

precipitation, wind speed, relative humidity, and solar radiation. Two training datasets, 

downscaled using the MACA method, were assessed for developing climate datasets. Percent 

changes from Baseline conditions to summary years 2015, 2045, and 2080 were used in a weather 

generation model, calibrated for the area of interest. The climate change scenarios produced from 

this exercise will be used in a calibrated watershed model to investigate the watershed response to 

climate change. 

Many have undertaken the work to apply global climate data to an area of interest. The 

methods chosen for this analysis are commonly used in climate modeling. Global climate models 

were obtained from the WCRP CMIP5, for both RCP 4.5 and 8.5. The predictions were 

downscaled using the MACA method, using two training datasets, METDATA and Livneh. One 

thousand years of the potential weather per climate scenario was modeled using WINDS, a 

stochastic weather generator.  

Conclusions 

Temperature 

For both downscaling methods and both RCP scenarios, ranges in maximum temperature 

projections are greater than the ranges in minimum temperature projections. All models show an 

increase in mean minimum and maximum temperatures. Increases are larger for the RCP 8.5 

scenario in the summary year 2080. All scenarios showed smaller increase in early spring (April, 

May, June) when compared to other months. The increases in temperatures and scales between 

each summary year was expected, based on previous climate modeling and resulting studies.  



26 

Precipitation 

Yearly precipitation increases from RCP 4.5 to 8.5, as well as from 2015 to 2080 for both 

RCP scenarios. An increase in precipitation has the potential to impact growing success and 

transport of nutrients and sediment downstream, impacting water quality. 

Both downscaling methods predict that the summer months will experience decreased 

precipitation depths compared to Baseline conditions. The largest increase in daily average 

precipitation depth was in May, output for the months of July and August resulted in the largest 

decreases.  

Relative Humidity 

Model results indicate increasing heat in the atmosphere due to temperature and water 

vapor. Intuitively, one would expect with increasing temperature and precipitation, the 

atmosphere is able to hold more moisture, increasing relative humidity. If temperature rises and 

relative humidity decreases, that indicates a stable amount of water vapor in the atmosphere. 

Despite increasing precipitation in future scenarios, relative humidity will decrease because 

higher temperatures will increase the air capacity to contain more water vapor. 

Implications for Watershed Modeling 

These data will be used as weather input for SWAT, to analyze watershed response to 

climate change conditions. Watershed models rely on weather data in a variety of ways that can 

be impacted by climate change. Not only that, but as found with downscaled data sets of climate 

predictions, it is not difficult to use potentially inaccurate or unlikely climate predictions of said 

weather variables. The quality of model output is dependent on the quality of model inputs, and it 

needs to be remembered that models are only tools to be used to ask and answers questions, not 

always fact. While most results reported here relate to temperature and precipitation, because of 

the large impact on runoff, the other weather variables are still important to watershed modeling. 

Solar radiation and wind speed projections are two variables that were also obtained for the study 

time period, but not analyzed in this text. Those two variables, as well as relative humidity, do 

play important roles in other environmental processes, including evapotranspiration.  
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Uncertainties and Future Research 

This research is limited by the available modeling procedures and technologies, which 

improve over time. Thus, climate modeling and downscaling methodologies may change and may 

result in different predicted outcomes for the Le Sueur River basin. The work done in this 

analysis uses common modeling procedures that are available for public use. As predictions of 

future climate, modeling technologies and procedures improve, further research for this study 

area is recommended.  

This research was done with six selected GCMs, for two of four available RCP scenarios. 

The six models chosen in this analysis were chosen in part because they proved to be good 

representations of climate in the Midwest as well as from a variety of organizations, to represent 

the different organizations participating in the CMIP5 project. Results may differ with a different 

set of GCMs, as each model produces different results (Cherie, 2013). Further research can be 

done with a different suite of GCMs, as well as other RCPs available, to get a broader understand 

of changes due to climate change. 

Climate change may have impacts to watershed water balances and water quality and will 

be impactful on human and animal health, producers, land use managers, and those downstream. 

Each year the Gulf of Mexico measures a hypoxic zone, which is in part caused by excess 

nutrients entering the Gulf of Mexico from upstream sources. This work of preparing predicted 

climate for the Le Sueur River watershed will be used in SWAT modeling, to investigate the 

potential impacts to the watershed and downstream water quality due to climate change. The 

1000-years of potential future weather generated using WINDS will become input to SWAT, to 

run 1000-year model runs with predicted weather conditions. Output will hopefully guide those 

involved in land management and water quality in what may be seen and experienced in the 

future. 
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Chapter 2 - Modeling Watershed Response to 

Climate Change in the Le Sueur River Basin using 

SWAT 

Introduction 

Climate change is resulting in varying impacts across the United States. Sea level rise 

will be seen along all coastal areas, impacting infrastructure and human life. The Northeast is 

expected to experience heat waves and heavier downpours, impacting fisheries. Extreme heat will 

impact the Southeast and Southwest, with increased drought specifically in the Southwest. The 

North-and Southwest will see a change in insect outbreaks and tree diseases. The Midwest will 

also see extreme heat, changes in rainfall patterns leading to frequent flooding (USGCRP, 2018). 

A range of potential impacts and changes will be seen across the United States, and even within 

regions, experiences will vary. Understanding of potential impacts at a local scale will be critical 

for the planning and health of those regional populations. 

Global climate models (GCM) have the ability to predict changes in climate on a large-

resolution, but the large scale resolution does not  always accurately represent regional conditions 

(Maurer et al., 2010; Zhang, Xu, & Fu, 2014). Downscaled climate data provides a more accurate 

picture of local conditions and is a well-established practice for climate impact assessment on a 

smaller scale (Byun & Hamlet, 2018; Ficklin, Luo, Luedeling, & Zhang, 2009; Mehan, Kanan, 

Neupane, McDaniel, & Kumar, 2016). 

The ease of obtaining climate data, downscaling the data to a smaller area, and 

improvements in modeling technology and speed have resulted in numerous studies assessing the 

impacts of climate change on watersheds located in the upper Midwest (Byun & Hamlet, 2018; 

Chien, Yeh, & Knouft, 2013a; Jha, Arnold, Gassman, Giorgi, & Gu, 2006; Thomson et al., 2014; 

Winkler, Arritt, & Pryor, 2012). Downscaled climate data can be a valuable resource to 

producers, land use mangers, academia, and public and private sectors, for planning and 

understanding regional climate projections. 

The Upper Mississippi River Basin (UMRB) has been noted to be especially sensitive to 

climate change because of the three air mass regions, Gulf of Mexico, Arctic, and Pacific, that 

control climate (USGS, 1999). Jha et al., 2006 used the Soil & Water Assessment Tool (SWAT) 
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to study potential climate changes on the UMRB and found that when the only change in the 

model was a doubling of atmospheric carbon dioxide, streamflow increased 36%. Scenarios with 

only precipitation changes of -20, -10, 10, and 20% resulted in average annual stream flow 

changes of -49, -26, 28, and 58%. Within the study high seasonal variability was also observed 

(Jha et al., 2006).  

Other climate modeling exercises on watersheds in the UMRB also revealed a range of 

results (Jha, Gassman, Secchi, Gu, & Arnold, 2004; Rosenberg, Brown, Izaurralde, & Thomson, 

2003). A study on four predominantly agricultural watersheds in the UMRB, ranging in size from 

30-90,000 km2, found that under the SRES climate change scenarios, annual flows were 

projected to decrease between 44.6% to 61.3% in the 2086-2095 prediction timeframe. The four 

watersheds were spread throughout the UMRB (Wisconsin, Illinois, and Indiana), and results 

revealed a spatial variability of streamflow, supporting the conclusion that response to climate 

change can be different from region to region (Chien, Yeh, & Knouft, 2013b).  

Thus far, most of the currently published modeling of climate change in the Midwest use 

previous phases of the Coupled Model Intercomparison Project (CMIP) emissions scenarios 

(SRES scenarios), associated with earlier versions of the Intergovernmental Panel on Climate 

Change (IPCC) Assessment Reports. The latest report and updated emissions scenarios (CMIP5) 

were published in 2014 (IPCC, 2014a), suggesting a new round of modeling is due to predict 

local responses to these updated climate predictions.  

Climate modeling in conjunction with watershed modeling can provide information on 

watershed outputs, in predicted scenarios. Nitrogen, phosphorus, and total suspended solids 

(TSS), are outflows from agricultural watersheds and impact water quality. Approximately 160 

million pounds of total nitrogen (TN) enter the Mississippi River from Minnesota watersheds 

each year. The Le Sueur River watershed is the fourth highest contributor of TN to the Minnesota 

River basin, which drains to the Mississippi River, at 5.7% of the total amount, or approximately 

20 pounds per acre per year (Minnesota, 2013). The Lower Minnesota, Blue Earth, Le Sueur and 

Watonwan watersheds combined contribute approximately 75% of the total nitrate N load from 

the Minnesota River Basin to the Mississippi River (Randall & Mulla, 2001).  

On average, the state of Minnesota’s total phosphorus (TP) contributions to surface 

waters are 31% from point sources and 69% non-point sources. Phosphorus loading in the 

Minnesota River Basin consists of 25% point source and 75% non-point source, during average 

flow conditions (Barr Engineering, 2004). Higher levels of TP in runoff and surface waters lead 
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to eutrophication and low dissolved oxygen in the water. Phosphorus amounts in water is one 

factor that impacts the size of the hypoxic zone in the Gulf of Mexico.  

Lake Pepin, in Minnesota, is an impoundment on the Mississippi River where sediment 

contributions from Minnesota watersheds is measured. Gauge records have indicated that 74% of 

the sediment delivered to Lake Pepin comes from the Minnesota River Basin. The Blue Earth 

River and Le Sueur River watersheds are the highest contributors of TSS to the Minnesota River. 

For only making up one-fifth of the Minnesota River drainage area, it is estimated that the two 

watersheds contribute half the sediment to the Minnesota River (Wilcock, 2009). This area, and 

the Minnesota River Basin as a whole, has been the focus of multiple studies relating to the high 

levels of sediment in the Minnesota River and the resulting downstream implications and impacts 

(Dalzell & Mulla, 2018; Day et al., 2011; K. B. Gran et al., 2009; Kelley & Nater, 2000; Wilcock, 

2009). The Le Sueur River watershed has geologic conditions that are especially susceptible to 

erosion, as a large portion of the watershed is made of glacial till soil with steep riverbanks. In 

higher precipitation events, bluffs and streambanks are the largest places for erosion and the 

source of TSS pollution (K. Gran et al., 2011). 

The Minnesota Pollution Control Agency has set goals for the state to reduce nitrogen 

and phosphorus in surface water, through the Minnesota Nutrient Reduction Strategy. The 

strategy was created because it was recognized that nutrients in the water can cause problems for 

both humans and aquatic life within the state. In addition, as described above, Minnesota’s 

contribution to the Gulf of Mexico hypoxic zone is also significant, making another goal of the 

Nutrient Reduction Strategy to decrease the state’s impact on the hypoxic zone. The study 

determined that to minimize impact to the Gulf of Mexico hypoxic zone, Minnesota will need a 

45% reduction in nitrogen and phosphorus to the Mississippi River, compared to amounts prior to 

2000. Other goals set by the state include a 20% nitrate load reduction by 2025, a 45% nitrate 

load reduction by 2040, a 45% phosphorus reduction in nearly 500 impaired lakes, approximately 

a 40% reduction in phosphorus for Minnesota rivers, and reducing nitrates to meet drinking water 

standards (MPCA, 2014). 

Improved and updated research of the Le Sueur River watershed’s response to climate 

change will be especially impactful for both local and downstream water quality and is needed to 

see how nutrient discharges change due to climate change conditions. Understanding the potential 

response of this highly agricultural watershed will be helpful to the state in its measurements to 

meet the goals of the Nutrient Reduction Strategy. 
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The aim of this study is to use the latest climate predictions and emissions scenarios from 

the Coupled Model Intercomparison Project 5 (CMIP5) (IPCC, 2014a) to model projected climate 

scenarios in the Le Sueur River watershed and analyze how the watershed responds, both with 

hydrology and water quality. It is anticipated that the watershed will experience changes in 

hydrological patterns and pollutant discharges, making the modeling a tool to prepare land 

managers for potential changes due to climate change in this agricultural area. 

Methods 

The Le Sueur River watershed is the study area for investigating watershed responses to 

climate change. Downscaled weather data from the CMIP5 experiments associated with the most 

recent IPCC report was used as inputs to Weather Input for Nonpoint Data Simulations 

(WINDS), a weather generation model, to create a 1000-year time series for SWAT modeling of 

multiple climate change scenarios. Output from SWAT is analyzed for hydrology and pollutant 

response. 

Project Area 

The Minnesota River Basin is divided into twelve major watersheds (HUC 08): Blue 

Earth River, Chippewa River, Cottonwood River, Lac Qui Parle River, Le Sueur River, Lower 

Minnesota River, Minnesota River (Mankato), Pomme de Terre River, Redwood River, 

Minnesota River (Headwaters), Watonwan River, and Minnesota River (Yellow Medicine River) 

watersheds, shown in Figure 11. The Minnesota River Basin drains approximately 20% of 

Minnesota, as well as areas in North and South Dakota and Iowa (Musser et al., 2009). Pre-

settlement, the area was mostly described as containing prairie land, wetlands, and forested areas 

(Musser et al., 2009). Today, agriculture is the major land use in the basin. Early settlers drained 

the wetlands upon arrival to farm the nutrient rich land (Musser et al., 2009). The area is 

characterized with steep slopes and incised valleys along the Minnesota River by the melting of 

glacial Lake Agassiz. The large volume of melt water cut through the glacial sediment and 

bedrock, making the valley larger than what would have been created by only the Minnesota 

River, with steeper and larger bluffs. Those steep bluffs and incision points are a source of 

sediment to the Minnesota River (Wilcock, 2009).  
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Figure 11: Minnesota River Basin HUC 8 Watersheds 

The Le Sueur River watershed (Figure 12) is approximately 710,832 acres, 7.4% of the 

total Minnesota River Basin area. Agriculture is the primary land use, at 87% of the watershed. 

Other land covers are forest (1.5%), wetland (3.5%), open water (2.0%), and urban (6.4%) 

(Spindler et al., 2012). Estimated population in the Le Sueur River watershed from the 2010 

Census was approximately 37,000 (Campbell et al., 2015). 

 

Figure 12: Le Sueur River Watershed, located in southern Minnesota 
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SWAT Hydrologic Model 

The Soil & Water Assessment Tool (SWAT) is a river-basin scale hydrologic model. 

SWAT integrates soil, land use, topographic, and climate data in watershed modeling and is a 

popular tool for modeling water resources, nonpoint source pollution, and responses to climate 

change (P. W. Gassman et al., 2007; Philip W. Gassman, Sadeghi, & Srinivasan, 2014; Ouyang et 

al., 2015; Sunde et al., 2017; Zeiger & Hubbart, 2016). The model is often used by water resource 

managers to analyze water supplies and nonpoint source pollution under different management 

scenarios (Arnold, Srinivasan, Muttiah, & Williams, 1998). 

In this study, a calibrated SWAT model of the Le Sueur River watershed is used to model 

climate change scenarios and examine watershed response. Response to climate change is 

evaluated by predicted changes in hydrology and pollutant loading from the watershed. 

Modeling the Le Sueur River Watershed 

The model used in this work is a calibrated SWAT model of the Le Sueur River 

watershed was built with support of the Minnesota Department of Agriculture (Finlay, Dalzell, 

Dolph, Baker, & Rorer, 2019). The model was created with historical weather data from years 

2002-2013. Precipitation data was created based on the NEXRAD synthetic network of gauges. 

Temperature, wind speed, relative humidity, and solar radiation values were obtained from the 

Global Weather Generator Data for SWAT (https://globalweather.tamu.edu/), based on the 

Climate Forecast System Reanalysis (CFSR) (Fuka et al., 2013) dataset. The model was 

calibrated and validated with data from 2004 to 2013. Calibration parameters included 

streamflow, sediment, total phosphorus, and total nitrogen. 

Climate Inputs 

For modeling the Le Sueur watershed, the only changes made to the calibrated model 

were the weather inputs (maximum and minimum temperature, precipitation, solar radiation, 

wind speed and relative humidity). 

Climate change parameters from GCMs were obtained and downscaled using the 

Multivariate Adaptive Constructed Analogs (MACA) datasets and methods. Table 8 displays a 

list of GCMs chosen in this analysis (“WCRP Coupled Model Intercomparison Project - Phase 5 - 

CMIP 5,” 2011). 
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Table 8: Global climate model names, organization, and resolution of climate models chosen for analysis. 

Model Name Organization 
Country of 

Origin 

Atmosphere 
Resolution 
(long x lat) 

bcc-csm1-1 
Beijing Climate Center, China Meteorological 

Administration 
China 2.8° x 2.8° 

CSIRO-Mk3-
6-0 

Commonwealth Scientific and Industrial Research 
Organization in collaboration with Queensland Climate 

Change Centre of Excellence 
Australia 1.8° x 1.8° 

GFDL-
ESM2M 

NOAA Geophysical Fluid Dynamics Laboratory 
United 
States 

2.5° x 2.0° 

HadGEM2-
ES 

Met Office Hadley Centre (additional HadGEM2-ES 
realizations contributed by Instituto Nacional de 

Pesquisas Espaciais) 

United 
Kingdom 

1.88° x 1.25° 

IPSL-CM5A-
MR 

Institut Pierre-Simon Laplace France 2.5° x 1.25° 

MIROC5 

Atmosphere and Ocean Research Institute (The 
University of Tokyo), National Institute for 

Environmental Studies, and Japan Agency for Marine-
Earth Science and Technology 

Japan 1.4° x 1.4° 

 

The GCMs in Table 8 were chosen to reflect the wide array of organizations doing 

climate modeling work to create a multi-model ensemble. It has become standard practice to use a 

multi-model ensemble to reduce the amount of uncertainty that can be found in only one model 

(Lambert & Boer, 2001; Mote et al., 2011; Palmer, Doblas-Reyes, Hagedorn, & Weisheimer, 

2005).  

The latest report from the IPCC produced four new Representative Concentration 

Pathways (RCP) for use by climate modeling groups to aid in model comparisons, reduce 

duplication of work, and better understand uncertainties in climate projections (Wayne, 2013).  

The four scenarios are RCP 8.5, RCP 6, RCP 4.5, and RCP 2.6. RCPs represent the potential 

radiative forcing, or energy in the atmosphere causing warming, based on distinct scenarios to 

look at the impacts of human-caused climate change. Levels of radiative forcing are based on 

multiple factors, including population growth and size, economic factors, energy sources, land 
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use changes, and individual lifestyle choices and updated in parallel with climate projections, as 

opposed to a sequential development process (Wayne, 2013).  

RCP 8.5 results in the highest level of radiative forcing by year 2100 and RCP 2.6 

represents the lowest level of radiative forcing by year 2100. Two RCPs were chosen for this 

analysis: RCP 4.5 and RCP 8.5. RCP 4.5 is described as a stabilization or low emission scenario, 

with radiative forcing reaching 4.5 watts per square meter (W/m2) by year 2100. RCP 8.5 is an 

uncontrolled, or high emission scenario, with radiative forcing reaching 8.5 W/m2 by 2100 and 

continues to increase (IPCC, 2014b; Taylor et al., 2007; Wayne, 2013). These RCPs indicate 

positive warming in the atmosphere (4.5 and 8.5 W/m2) by 2100.  

The direct output from each GCM RCP is at a large resolution and is commonly 

downscaled to the area of interest. The MACA method was chosen as the downscaling method, as 

statistically downscaling data is a more computationally efficient method that dynamic 

downscaling (Fowler et al., 2007), as well as this method’s ease in creating SWAT inputs. In 

statistical downscaling, an observational dataset, referred to as a “training dataset”, is used to 

identify statistical patterns of the historical weather. The weather predictions from the GCMs are 

then fit to those identified historical statistical patterns and relationships, created a predicted 

weather dataset that has similar weather patterns to the area of interest. Two training datasets 

were used for downscaled output: METDATA (Abatzoglou, 2013) and Livneh (Livneh et al., 

2013). Choice of training dataset is very impactful on outputs, meaning two different training 

datasets can result in significantly different outputs (Byun & Hamlet, 2018; Jiang et al., 2018; 

Kouwen et al., 2005).  

The changes between the historical and predicted weather from the downscaled MACA 

data for each RCP scenario were used for input to WINDS, a weather generation model. WINDS 

is a stochastic weather generator that uses statistics of daily weather patterns and variability to 

simulate weather with the same characteristics as observed weather (Wilson et al., 2006). The 

magnitude of changes from the MACA weather output (from historical to predicted) were applied 

as input into the WINDS algorithm to predict weather. The potential weather outcomes from 

WINDS can be described as predicted weather with the same statistical characteristics as the local 

weather. WINDS was used to produce a time-series of 1000-years of potential climate scenarios 

that are statistically representative of the historical weather patterns of the watershed.  

WINDS output was averaged into three time-range scenarios, 2006 – 2029, 2030 – 2059, 

and 2060 – 2099, for RCPs 4.5 and 8.5. Those averages (represented as summary years 2015, 

2045, and 2080) were input into the calibrated SWAT model. Final analysis is between the back-
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predicted historical data (Baseline) and the predicted year scenarios (2015, 2045, 2080), to 

determine magnitude of watershed response and changes. The historical data are from years 1950 

– 2006. Although this analysis does not use observed or predicted weather data from the GCMs, it 

is assumed that the applied magnitudes of change applied to the WINDS model accurately 

represents the local conditions, and the calibrated SWAT model is representative of the watershed 

response. 

A detailed description of climate change parameters and outcomes can be found in 

Chapter 1: Downscaling Global Climate Models for Use in SWAT. 

SWAT Sensitivity Analysis 

Weather Gauge Site Sensitivity 

To understand the spatial resolution of the GCMs and spatial capacity of SWAT, a 

sensitivity analysis of model output with varying numbers of weather gauges was performed. The 

purpose was to compare the output of SWAT with multiple gauge locations and the output with 

one and determine if the number of gauges in the area of interest had a significant impact on 

model results. The calibrated model that is used for climate change modeling has eight-gauge 

locations for temperature, wind speed, relative humidity, and solar radiation, and fifty-one 

precipitation gauge locations.  

Using the historical weather data in the calibrated model, weather averages over all gauge 

locations for each day were calculated, resulting in average weather for the watershed. Those 

averages were input at each of the existing latitude and longitude stations in the calibrated model, 

meaning each sub-area in the model used the watershed average for each weather variable.  

To compare the impact of each weather variable on watershed output, five separate 

scenarios were run, with each weather variable average applied in the center of the watershed and 

modeled with the remaining calibrated weather inputs with the original number of unique weather 

gauges. For example, in one run, the relative humidity file was replaced with the averaged 

relative humidity file, while wind speed, temperature, precipitation and solar radiation all 

remained the same weather inputs as what is in the calibrated model. A sixth scenario was run 

with all five weather files replaced with the watershed average file, one record for the entire 

watershed. 

Outlet flow, total nitrogen, total phosphorus, and nitrate concentrations were compared 

between all sensitivity analysis runs and summarized in Table 9. 
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Table 9: Results of sensitivity analysis to determine number of gauges needed in simulation. 

Results are percent differences from the calibrated model (with 51 precipitation gauges and 8 
gauges for temperature, solar radiation, wind speed, and relative humidity) to replacing one weather 

input at a time with one gauge. 

Weather Input 
Replaced 

Outflow Total Nitrogen Total Phosphorus 
Nitrate 

Concentration 

Existing     

Humidity 0% 0% 0% 0% 

Wind Speed 0% 0% 0% 0% 

Temperature 2% 13% 4% 15% 

Precipitation -3% -3% -11% -2% 

Solar Radiation 0% 0% 0% 0% 

All replaced -2% 0% -5% 3% 

 

Temperature and precipitation changes resulted in the largest percent difference in 

outputs from calibrated model results, which makes sense given the importance of those two 

weather variables in this modeling study. When looking at changes in runoff conditions and water 

quality, and other hydrological outputs, temperature and precipitation play a major role in exports 

(Bronstert, Kolokotronis, Schwandt, & Straub, 2007; Maraun et al., 2010). 

Due to the small percent differences between replacement of the equivalent of one 

weather gauge with either 8 or 51, depending on the variable, compared to the size of the Le 

Sueur River watershed, it was determined that one gauge location will be used when collecting 

climate projections from the global climate models. The weather information from one gauge 

location will be applied to the entire watershed for the climate change analysis. 

A second sensitivity analysis was done to look at the importance of number of years of 

simulation in SWAT. This would answer the question of how many runs does one need to come 

to a stable average of SWAT output. In this analysis, ten, 100-year simulations were run, with the 

1000 years of weather data generated as described in Chapter 1. Outputs of all 10 model runs of 

evapotranspiration, surface flow, tile flow, groundwater, and water yield were compared to find 

the variable with the most variability. In the Baseline condition analysis, surface flow was seen to 

have the largest variability between 100-year model runs (labeled Yr 1 through Yr 10), displayed 

in Figure 13. 
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Figure 13: Average of surface flow for Baseline conditions. Each year in the legend represents monthly 
average of a 100-year SWAT model 

Confidence intervals were calculated on the monthly output to determine if one, 100-year 

run would suffice to represent the range of potential SWAT outcomes, or if two, 100-year runs 

would suffice, or three, or all ten, 100-year scenarios should be run to represent the variability of 

SWAT modeling.  

Two confidence intervals, 95% and 99% were calculated for each month, to see how 

increasing the number of years would change the confidence intervals in number of runs. 

Intervals for May-October are summarized in Table 10. Graphical presentation is provided in 

Appendix as A2.1.   
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Table 10: Confidence interval testing of number of years of simulated data required in SWAT to get stable 
output. Two confidence intervals calculated, 95% and 99%. Values show are limits of surface flow in mm. 

Month 
No. of 100-

Yr runs 

95% 99% 

Upper Lower Range Upper Lower Range 
M

ay
 

1 17.08 9.67 7.41 18.25 8.51 9.74 

2 18.17 11.59 6.58 19.20 10.56 8.65 

3 17.60 12.42 5.17 18.41 11.61 6.80 

4 17.88 13.40 4.48 18.58 12.70 5.89 

5 17.27 13.37 3.91 17.89 12.75 5.13 

10 15.53 12.98 2.55 15.93 12.58 3.35 

Ju
ne

 

1 15.40 8.01 7.39 16.56 6.85 9.71 

2 13.02 7.76 5.26 13.85 6.94 6.91 

3 12.87 8.84 4.03 13.51 8.21 5.30 

4 14.02 10.17 3.85 14.63 9.56 5.06 

5 14.03 10.50 3.52 14.58 9.95 4.63 

10 12.90 10.50 2.40 13.28 10.12 3.15 

Ju
ly

 

1 9.83 3.83 5.99 10.77 2.89 7.88 

2 9.89 5.47 4.42 10.58 4.77 5.81 

3 10.01 6.22 3.79 10.60 5.62 4.98 

4 10.44 7.08 3.35 10.96 6.56 4.40 

5 10.39 7.37 3.02 10.87 6.90 3.97 

10 9.57 7.59 1.98 9.88 7.28 2.60 

A
ug

us
t 

1 8.94 3.52 5.42 9.79 2.67 7.13 

2 8.12 4.39 3.74 8.71 3.80 4.91 

3 7.65 4.78 2.87 8.10 4.33 3.78 

4 7.20 4.84 2.36 7.57 4.47 3.10 

5 6.99 4.86 2.13 7.32 4.53 2.80 

10 6.82 5.29 1.53 7.06 5.05 2.02 

S
ep

te
m

be
r 

1 6.78 3.03 3.75 7.37 2.44 4.93 

2 5.60 3.10 2.50 5.99 2.71 3.28 

3 5.19 3.23 1.96 5.50 2.92 2.58 

4 4.65 3.10 1.55 4.90 2.86 2.04 

5 4.51 3.10 1.41 4.74 2.88 1.85 

10 4.74 3.60 1.14 4.92 3.42 1.50 

O
ct

ob
er

 

1 8.21 3.44 4.78 8.96 2.69 6.28 

2 5.67 2.97 2.70 6.10 2.55 3.55 

3 5.59 3.39 2.20 5.94 3.04 2.89 

4 5.42 3.53 1.89 5.72 3.24 2.48 

5 5.11 3.49 1.63 5.37 3.23 2.14 

10 4.89 3.72 1.16 5.07 3.54 1.53 

 



40 

For the months shown, the confidence intervals show that running ten, 100-year model 

runs results in the best, or smallest, confidence interval for the variability of the data. Because of 

the variance of input data, and the variability of observed watershed outputs, it is to be expected 

that there will be variability in 1000-years of model simulations. To have more confidence in the 

watershed outputs for each modeled scenario, all 1000-years of weather data generated in Chapter 

1 were run. 

As mentioned, this variability is to be expected, when comparing SWAT outputs to the 

calibrated model outputs. Table 11 displays the mean, standard deviation, and percent difference 

between means between the output from the calibrated model and the Baseline SWAT output, for 

precipitation, surface flow, ET, and water yield. The data are presented as Calibrated Model / 

Baseline Model. There is a large difference in the number of years of calibrated data and 

simulated data, but this supports the large range and variance of the model output seen in the 

simulated output. 

 

Table 11: Comparison of calibrated model output and Baseline simulated model output for water outputs. 
Differences in mean and standard deviation indicate a range of outputs is to be expected from SWAT. Table 
is presented as Calibrated Model / Baseline Model. 

Parameter 
Precipitation 

(mm) 
Surface Flow 

(mm) 
ET 

(mm) 
Water Yield 

(mm) 

Mean 827.34 / 748.73 134.43 / 74.17 541.51 / 522.71 250.9 / 202.1 

% Diff. of Mean -10% -45% -3% -19% 

St. Dev. 155.97 / 27.74 59.66 / 5.1 42.34 / 21.06 87.2 / 10.27 

Count 12 / 980    

 

Discussed in Chapter 1, 1000-years of simulated weather, generated by WINDS, provides 

the inputs to SWAT. With confidence in the weather inputs, the variability of the simulated 

SWAT scenarios can be compared to the variability of the calibrated model. Although a large 

difference in the number of scenarios available for comparison between the calibrated / simulated 

model runs, the comparisons show an interesting perspective of SWAT output. As more 

simulations are done, the standard deviation of the yearly output decreases, indicating a higher 

level of confidence in locational representative results. 

Statistical Analyses 

A statistical analysis for significance of monthly and yearly averages for water yield, ET 

and outflow was performed at the 95% confidence level, based on the large sample sizes of the 
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analyzed outputs (Neideen & Brasel, 2007; Wilson, n.d.). The standard calculation protocol for a 

two tailed T-test analysis of paired means was used in Microsoft Excel. Analyses were performed 

for summary years compared to Baseline conditions: Baseline to 2015, Baseline to 2045, and 

Baseline to 2080, for both RCP 4.5 and RCP 8.5. The large sample size supports the assumption 

that the sample means of the data are normally distributed, due to the central limit theorem. But 

since the variances of the data are unknown, a T-test for significance is used. This t-test tests the 

null hypothesis that the two-sample means are equal. A larger t-value indicates a larger difference 

between the two sample means.  

A unique feature of this modeling exercise is the large sample size that was modeled in 

SWAT. With so many sample years, all with weather inputs of the same statistical parameters as 

historical weather, the range, or variance, of potential outcomes is worth investigating. Microsoft 

Excel procedures for an F-test were performed to determine if the variance of the outputs, is 

statistically different in each summary year, compared to Baseline conditions.  

Results and Discussion 

Two forms of model output and results are presented in the following section: watershed 

scale results and field scale results. Watershed scale refers to output at the outlet of the watershed. 

Field scale in this analysis is model output at the hydrologic response unit (HRU) level, 

representing a smaller, uniform part of the watershed. HRUs are sections of the watershed with 

similar slopes, land uses, and soil types (Neitsch, Arnold, Kiniry, & Williams, 2011). The 

watershed scale analysis includes hydrologic analysis including precipitation, water yield, 

evapotranspiration (ET), outflow, and a nitrate loss assessment. Water yield is the contribution to 

stream flow that is conveyed out of the HRU, calculated in SWAT as a sum of surface flow, 

lateral flow, groundwater flow, tile flow, less transmission losses from tributary channels 

(Neitsch et al., 2011). Nitrogen, phosphorus, and sediment are analyzed at the field scale. 

Phosphorus and sediment are only analyzed at the field scale due to complexities in modeling 

these constituents in the Minnesota River Basin. This area experiences frequent bank sloughing 

along the riverbanks, adding sediment and phosphorus to the main channels. Additional 

calculations and modeling outside the SWAT interface are needed to accurately represent 

phosphorus and sediment at the watershed outlet, but SWAT can predict phosphorus and 

sediment processes at the field scale without having to account for bank and near-bank processes.  
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Watershed Scale Hydrologic Analysis 

A review of precipitation, water yield, evapotranspiration (ET), and outflow at the 

watershed outlet is described in the following sections. Precipitation and temperature are major 

drivers in watershed modeling. Figure 14 and Table 12 summarize the predicted (and modeled) 

annual changes in precipitation and temperature that are input into SWAT, for both RCP 

scenarios. 
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Figure 14: Box plots of average annual precipitation, mm, for METDATA downscaling method and RCP 
4.5 and RCP 8.5. 

 

Table 12: Changes in average annual maximum temperature (°C) from Baseline conditions for RCP 4.5 
and RCP 8.5. 

Summary 
Year 

RCP 4.5 RCP 8.5 

C C 
2015 1.4 1.4 
2045 2.6 2.9 
2080 3.5 5.8 

 

Timing of precipitation can impact crop growth and flooding conditions. With the 

predicted increases in temperature, it would be expected to see more precipitation as rain in the 

winter months, potentially causing more flood events, specifically if the soil is frozen but air 

temperature warm enough for precipitation as rain. Average annual precipitation amounts for 

Baseline, 2015, 2045, and 2080 for RCP 4.5 and RCP 8.5 are 758, 774, 784, and 798 mm and 

758, 768, 793, and 807 mm, respectively. Temperature also increases over time, seen in Table 12, 
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for both RCP scenarios. Temperature can impact the crop growth season and even the frequency 

and use of pesticides and fertilizers.  

A more detailed analysis of predicted changes in weather inputs is presented in Chapter 

1. Table 13 provides the average maximum monthly temperature over time in the METDATA 

downscaling method for RCP 4.5 and RCP 8.5 from that research. These values are the 

downscaled values, predicted by the GCMs. 

 

Table 13: Monthly average temperatures (°C) for Baseline conditions and years 2015, 2045, and 2080 for 
RCPs 4.5 and 8.5. 

Month Baseline 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

January -10.6 -9.2 -7.5 -6.6 -9.0 -7.0 -3.8 

February -8.0 -6.5 -5.1 -3.9 -6.3 -4.7 -1.3 

March -1.3 0.8 1.6 2.6 0.3 1.6 4.5 

April 6.7 8.6 9.2 9.9 7.9 9.2 11.7 

May 14.0 15.0 15.8 16.6 15.1 16.1 18.6 

June 19.2 20.2 21.3 22.1 20.7 21.8 24.3 

July 21.7 23.0 24.3 25.0 23.2 24.8 27.6 

August 20.4 21.9 23.4 24.0 21.8 23.8 26.8 

September 15.7 17.1 18.4 19.1 17.3 18.9 21.8 

October 8.6 9.8 11.1 12.1 10.2 11.2 14.2 

November 0.4 1.8 2.9 3.8 1.7 3.3 5.9 

December -7.0 -6.0 -4.3 -3.4 -6.1 -4.0 -1.1 

Ave. Annual 
Temperature 

6.7 8.0 9.3 10.1 8.1 9.6 12.4 

 

Figure 15 shows SWAT output of monthly averages for precipitation, water yield, ET, 

and outflow for the METDATA downscaling method, for both RCP scenarios. 
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Figure 15: SWAT monthly output for precipitation, water yield, ET, and outflow for METDATA 
downscaling method for RCP 4.5 and RCP 8.5. 
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Both RCP 4.5 and RCP 8.5 show the largest increase in precipitation depth from Baseline 

conditions in May, for summary year 2080. Increases in depth were 11 and 18 mm, respectively. 

December through May show increasing precipitation for both RCP scenarios over time. RCP 4.5 

precipitation depth increases in year 2080 for December, January, February, March, April, May 

are 4, 3, 6, 7, and 11 mm, respectively. RCP 8.5 precipitation depth increases in year 2080 for 

December, January, February, March, April, May are 4, 6, 11, 15, and 18 mm, respectively. The 

results reveal the largest decrease in monthly precipitation in July, and August, when compared to 

Baseline conditions. The decreasing precipitation depths for RCP 4.5 and RCP 8.5, from Baseline 

to year 2080 for July and August are 5 and 3 mm, and 15 and 8 mm, respectively.  

In RCP 4.5, ET has the highest percent increase from Baseline conditions in January, 

February, and March, of 53%, 66%, and 43%, respectively, for year 2080. RCP 8.5 has the largest 

percent increases in the same months of year 2080, of 71%, 79%, and 52%, respectively. RCP 8.5 

has an apparent trend of decreases in ET from Baseline conditions in August and September, with 

decreases from Baseline to year 2080 of 28% and 55%, respectively.  

Both trends of decreasing and increasing ET with increasing precipitation have been 

documented in research. It has been noted that water availability impacts ET; increases in ET 

occur in areas with high water availability and decreases in ET occur in areas with low water 

availability (Yang, Zhang, & Hao, 2016). Research in the Mississippi River Basin have supported 

the hypothesis of increases in ET with increases in precipitation, indicating that climate variables 

and location are major factors in ET (Milly & Dunne, 2001; Walter, Wilks, Parlange, & 

Schneider, 2004).  

 Water yield generally follows similar trends between model scenarios, except for the 

month of April, where Baseline water yield is higher than the RCP scenario outputs. Increases in 

water yield follow increases in precipitation in the winter months and decreases in the summer 

months. RCP 4.5 has the largest increase in percent change of water yield from Baseline 

conditions to year 2080 of 53%, 69%, and 71% for December, January, and February, 

respectively. RCP 8.5 also has the highest percent increase from Baseline to year 2080 for the 

same months, with increases of 63%, 80%, and 78%, respectively. June, July and August report 

consistently decreasing water yield for both RCP 4.5 and RCP 8.5. Percent decreases for those 

months for RCP 4.5 are 2%, 24%, and 51%, respectively, and decreases for RCP 8.5 are 25%, 

66%, and 97%, respectively. Increased water yield in the late fall and winter months has potential 

to convey sediments, nitrogen and phosphorus downstream during non-growing seasons, 

impacting effectiveness of management practices and downstream water quality. 
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April results in the highest outflow, of 57 m3/s in the Baseline condition. April also has 

the largest decrease in outflow, for both RCP 4.5 and RCP 8.5, of 22% and 24%, respectively. 

Like water yield, outflow decreases in the spring and early summer months and increases in 

winter months. Percent increase in outflow from Baseline conditions are largest in December and 

January, with increases of 50% and 66% for RCP 4.5 and 59% and 78% for RCP 8.5. Increased 

outflow during non-growing seasons can result in higher export of sediment and nutrients, if 

BMPs are not in place to prevent the loss. 

The hydrologic trends seen fit with what has been predicted for climate change in this 

part of the Midwest. Large changes are seen in water flows in spring and fall/winter, both having 

different impacts on agriculture. Wetter winters and springs can impact planting and management 

practices, and drier summers, even pushing towards drought conditions, make agriculture 

production challenging, even with irrigation. Most of the largest differences from Baseline 

conditions are seen in year 2080 for both RCP 4.5 and RCP 8.5, fitting with that year being the 

longest amount of time with climate change, where more significant changes would be expected 

to be seen. 

See Table 14 and Table 15 for numerical values from Figure 15 for changes from 

Baseline conditions for precipitation, water yield, ET, and outflow, and percent increases and 

decreases from Baseline conditions. 
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4.5 Results 

Table 14: Changes from Baseline conditions for RCP 4.5 for precipitation, water yield, ET, and outflow.  

Darker blue indicates a larger negative change, light blue/white cells indicate a larger positive change 
from Baseline. Right column: percent change of difference from Baseline conditions. Red cells indicate 

a larger negative change, green cells indicate a larger positive change from Baseline conditions. 
Precipitation Change in Depth from Baseline, mm Precipitation Percent Change from Baseline 

 2015 2045 2080 

J 0.8 2.9 3.9 

F 0.5 2.7 3.2 

M 2.4 5.2 5.6 

A 0.4 4.2 6.9 

M 8.0 12.4 10.8 

J 4.8 -0.1 3.1 

J -4.6 -4.2 -5.2 

A -7.4 -9.1 -2.8 

S -0.5 -2.5 2.9 

O 6.5 6.6 7.9 

N 4.8 5.6 2.9 

D 0.4 2.2 1.4 
Total, 
mm 

773.84 783.63 798.25 
 

 2015 2045 2080 

J 3.9% 12.7% 16.3% 

F 2.0% 10.5% 12.2% 

M 5.4% 10.8% 11.7% 

A 0.6% 5.4% 8.6% 

M 7.7% 11.4% 10.0% 

J 4.5% -0.1% 2.9% 

J -4.5% -4.1% -5.1% 

A -8.4% -10.5% -3.0% 

S -0.7% -3.4% 3.7% 

O 10.2% 10.4% 12.1% 

N 11.3% 12.8% 7.1% 

D 1.6% 7.5% 5.0% 
 

  

Water Yield Change in Depth from Baseline, mm Water Yield Percent Change from Baseline 

 2015 2045 2080 
J 1.0* 2.8* 4.7* 
F 2.2* 6.2* 9.0* 
M 7.2* 8.7* 7.2* 
A -13.0* -15.4* -19.1* 
M 0.8 2.6* 0.9 
J 1.2 -0.6 -0.4 
J -1.8* -2.8* -2.9* 
A -3.5* -4.1* -3.8* 
S -1.2* -0.9 1.6* 
O 2.6* 3.1* 5.7* 
N 3.2* 4.8* 4.9* 
D 1.9* 4.5* 6.2* 

 

 2015 2045 2080 
J 31.7% 57.0% 68.6% 
F 38.0% 62.9% 71.1% 
M 18.7% 21.7% 18.7% 
A -35.6% -45.2% -62.6% 
M 2.7% 8.4% 3.1% 
J 4.9% -2.6% -1.8% 
J -13.4% -22.3% -23.5% 
A -44.6% -58.1% -50.9% 
S -14.7% -10.4% 14.8% 
O 16.9% 19.6% 31.1% 
N 20.0% 27.2% 27.7% 
D 25.4% 44.7% 52.5% 
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ET Change in Depth from Baseline, mm ET Percent Change from Baseline 

 2015 2045 2080 

J 0.2* 0.4* 0.5* 

F 1.0* 2.4* 3.8* 

M 6.0* 9.1* 11.8* 

A 2.8* 4.5* 6.5* 

M 2.7* 5.6* 7.6* 

J 5.5* 8.2* 11.3* 

J 5.2* 6.9* 9.6* 

A 0.7 -0.7 -3.1* 

S -5.7* -15.3* -18.4* 

O -2.8* -3.9* -3.0* 

N 0.3* 0.7* 1.0* 

D 0.0* 0.1* 0.1* 
 

 2015 2045 2080 

J 25.0% 44.1% 53.2% 

F 34.5% 55.5% 66.2% 

M 27.5% 36.6% 43.0% 

A 5.5% 8.4% 11.9% 

M 3.3% 6.8% 8.9% 

J 5.3% 7.8% 10.4% 

J 4.4% 5.8% 7.8% 

A 0.8% -0.7% -3.5% 

S -11.4% -38.3% -50.0% 

O -15.0% -22.6% -16.6% 

N 7.7% 15.2% 19.2% 

D 7.3% 13.4% 17.4% 
 

  

Outflow Change from Baseline, m3/s Outflow Percent Change from Baseline 

 2015 2045 2080 

J 1.0* 3.1* 5.0* 

F 2.6* 7.2* 10.5* 

M 8.2* 10.4* 9.7* 

A -14.2* -17.1* -21.9* 

M 0.3 2.2 0.6 

J 1.4 -0.4 -0.4 

J -1.8* -2.9* -2.9* 

A -3.7* -4.5* -4.3* 

S -1.5* -1.1 1.5 

O 2.6* 3.1* 6.0* 

N 3.6* 5.2* 5.4* 

D 2.1* 4.8* 6.6* 
Total 
(m3/s) 

225.6 235.0 240.8 
 

 2015 2045 2080 

J 28.9% 54.5% 65.8% 

F 38.9% 63.6% 71.9% 

M 21.0% 25.3% 23.9% 

A -33.6% -43.5% -63.1% 

M 0.9% 6.6% 1.8% 

J 5.3% -1.6% -1.6% 

J -11.9% -20.9% -20.8% 

A -43.0% -56.8% -52.4% 

S -17.3% -12.4% 12.5% 

O 16.3% 18.9% 30.9% 

N 19.6% 26.5% 26.9% 

D 24.0% 41.8% 49.6% 
 

* Statistically significant from Baseline values using t-test at 5% level 
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8.5 Results 

Table 15: Changes from Baseline conditions for RCP 8.5 for precipitation, water yield, ET, and outflow. 

Darker blue indicates a larger negative change, light blue/white cells indicate a larger positive change 
from Baseline. Right column: percent change of difference from Baseline conditions. Red cells indicate 

a larger negative change, green cells indicate a larger positive change from Baseline conditions. 
Precipitation Change in Depth from Baseline, mm Precipitation Percent Change from Baseline 

 2015 2045 2080 

J 0.3 2.4 3.5 

F 0.5 4.0 5.6 

M 3.8 7.6 10.5 

A 3.9 7.4 15.0 

M 5.2 10.7 17.6 

J -1.1 -0.4 -1.7 

J -5.2 -10.0 -14.8 

A -2.9 -8.8 -7.7 

S -2.6 1.8 4.2 

O 2.1 9.0 9.2 

N 4.7 8.4 5.5 

D 1.7 3.3 2.8 
Total, 
mm 

768.16 792.98 807.39 
 

 2015 2045 2080 

J 1.6% 10.8% 14.7% 

F 1.9% 14.5% 19.3% 

M 8.3% 15.1% 19.8% 

A 5.1% 9.2% 17.1% 

M 5.1% 10.0% 15.4% 

J -1.0% -0.4% -1.6% 

J -5.1% -10.5% -16.2% 

A -3.1% -10.2% -8.8% 

S -3.5% 2.3% 5.3% 

O 3.6% 13.5% 13.8% 

N 11.1% 18.2% 12.7% 

D 5.8% 10.9% 9.3% 
 

  

Water Yield Change in Depth from Baseline, mm Water Yield Percent Change from Baseline 
 2015 2045 2080 

J 1.0* 3.8* 8.7* 

F 3.0* 7.6* 12.9* 

M 7.3* 8.7* -0.1 

A -9.8* -13.3* -19.9* 

M 0.8 3.1* 4.7* 

J -1.8* -1.9* -4.5* 

J -2.8* -4.6* -6.1* 

A -3.5* -4.7* -5.5* 

S -1.0* -0.3 1.3* 

O 0.7 5.0* 5.9* 

N 2.6* 7.0* 6.4* 

D 1.9* 6.4* 9.3* 
 

 2015 2045 2080 

J 32.7% 64.1% 80.4% 

F 45.2% 67.5% 78.0% 

M 18.9% 21.8% -0.2% 

A -24.8% -36.6% -66.9% 

M 2.8% 9.8% 14.1% 

J -8.9% -9.1% -24.7% 

J -22.7% -42.3% -66.0% 

A -44.9% -72.7% -97.2% 

S -11.5% -3.0% 12.6% 

O 5.0% 28.3% 31.8% 

N 16.7% 35.3% 33.3% 

D 25.8% 53.4% 62.6% 
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ET Change in Depth from Baseline, mm ET Percent Change from Baseline 

 2015 2045 2080 

J 0.2* 0.5* 1.1* 

F 1.3* 2.9* 7.2* 

M 5.2* 9.4* 17.2* 

A 2.2* 5.0* 11.5* 

M 3.3* 6.2* 13.9* 

J 5.7* 10.2* 18.1* 

J 4.6* 7.9* 10.2* 

A 0.2 -2.6* -20.4* 

S -6.8* -17.8* -19.6* 

O -3.2* -3.9* -0.6* 

N 0.3* 0.8* 1.7* 

D 0.0* 0.1* 0.1* 
 

 2015 2045 2080 

J 29.1% 49.8% 70.6% 

F 40.0% 59.9% 78.7% 

M 24.8% 37.5% 52.3% 

A 4.4% 9.4% 19.2% 

M 4.1% 7.4% 15.1% 

J 5.6% 9.5% 15.7% 

J 3.9% 6.5% 8.3% 

A 0.2% -2.8% -27.6% 

S -14.2% -47.8% -55.2% 

O -17.4% -22.3% -3.1% 

N 7.5% 16.1% 28.9% 

D 7.7% 14.3% 26.9% 
 

  

Outflow Change from Baseline, m3/s Outflow Percent Change from Baseline 

 2015 2045 2080 

J 1.1* 4.1* 9.4* 

F 3.4* 8.8* 15.3* 

M 8.3* 10.6* 2.7* 

A -10.7* -14.9* -23.5* 

M 0.6 3.0* 4.7* 

J -1.9 -1.9 -4.7* 

J -3.0* -4.7* -6.3* 

A -3.8* -5.2* -6.2* 

S -1.2 -0.7 1.0 

O 0.6 5.2* 6.2* 

N 2.7* 7.6* 7.0* 

D 2.2* 7.0* 9.8* 
Total, 
m3/s 

223.3 244.0 240.4 
 

 2015 2045 2080 

J 29.9% 61.4% 78.4% 

F 45.7% 68.3% 78.9% 

M 21.2% 25.7% 8.0% 

A -23.5% -35.7% -71.2% 

M 1.9% 8.7% 13.1% 

J -7.9% -8.0% -22.3% 

J -21.9% -39.3% -60.7% 

A -44.7% -72.1% -99.2% 

S -12.9% -6.8% 8.7% 

O 4.2% 27.8% 31.5% 

N 15.9% 34.4% 32.6% 

D 24.4% 51.0% 59.4% 
 

* Statistically significant from Baseline values using t-test at 5% level 
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A summary of the monthly results, Table 16 displays yearly averages for all hydrologic 

parameters for all scenarios. 

 

Table 16: Simulated SWAT output for METDATA downscaling method, RCP 4.5 and RCP 8.5, for 
Baseline, 2015, 2045, and 2080. Mean yearly values of precipitation, water yield, ET, and outflow. 

Output Baseline 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

Precipitation, mm 757.6 773.8 783.6 798.3 768.2 793.0 807.4 

Water Yield, mm 204.5 205.1 213.3 218.3* 202.8 221.3* 217.7* 

ET, mm 529.5 545.5* 547.5* 557.2* 542.7* 548.2* 569.9* 

Outflow, m3/s 18.8 18.8 19.6* 20.0* 18.6 20.3* 20.0* 

* Statistically significant from Baseline values using t-test at 5% level 

 

Statistical analysis of difference of monthly mean values from Baseline conditions to 

each summary year was performed. T-values for water yield, ET, and outflow, when 

compared to Baseline conditions, are provided in Table 17 through  

Table 19.  Across the analysis, RCP 8.5 scenario has more statistically significant results, 

indicated by the bolded values in the tables. RCP 8.5 has larger changes in weather inputs, so 

larger changes from Baseline conditions are to be expected. 

Water Yield 

Table 17: T-test significance for water yield at watershed outlet, for RCP 4.5 and RCP 8.5.  

Month 
RCP 4.5 RCP 8.5 

2015 2015 2045 2015 2045 2080 

January t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

February t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

March t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 9.48E-01 

April t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

May 3.12E-01 t < 0.05 2.15E-01 2.92E-01 t < 0.05 t < 0.05 

June 1.28E-01 4.10E-01 5.85E-01 t < 0.05 t < 0.05 t < 0.05 

July t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

August t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

September t < 0.05 6.39E-02 t < 0.05 t < 0.05 5.51E-01 t < 0.05 

October t < 0.05 t < 0.05 t < 0.05 2.24E-01 t < 0.05 t < 0.05 

November t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

December t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

Bold and italicized values are statistically significant. 
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ET 

Table 18: T-test significance average watershed ET, for RCP 4.5 and RCP 8.5.  

Month 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

January t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

February t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

March t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

April t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

May t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

June t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

July t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

August 8.49E-02 1.41E-01 t < 0.05 6.04E-01 t < 0.05 t < 0.05 

September t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

October t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

November t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

December t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

Bold and italicized values are statistically significant. 

Outflow 

Table 19: T-test significance for outflow at watershed outlet, for RCP 4.5 and RCP 8. 

Month 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

January t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

February t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

March t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

April t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

May 8.35E-01 9.58E-02 6.71E-01 6.47E-01 t < 0.05 t < 0.05 

June 2.77E-01 7.56E-01 7.74E-01 1.30E-01 1.32E-01 t < 0.05 

July t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

August t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

September t < 0.05 9.96E-02 5.03E-02 9.20E-02 3.57E-01 1.84E-01 

October t < 0.05 t < 0.05 t < 0.05 4.70E-01 t < 0.05 t < 0.05 

November t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

December t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

Bold and italicized values are statistically significant. 

Watershed Scale Nitrate Analysis 

Nitrate can negatively impact water quality downstream and contributes to the hypoxic 

zone in the Gulf of Mexico (MPCA, 2014). According to Minnesota’s Nutrient Reduction 
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Strategy (MPCA, 2014), Minnesota has a goal to reduce nitrogen and phosphorus losses 45% by 

year 2040. Knowing how nutrient loading is affected by climate change will affect this goal and 

the timeline to reach the goal. Nitrate was analyzed at the watershed scale, as it is well 

represented in the SWAT model.  

Table 20 displays monthly averages of nitrate export in kg/ha/mo. 

 

Table 20: Monthly averages (and year total) of nitrate export at watershed outlet, for RCP 4.5 and RCP 
8.5, METDATA downscaling method. 

Month Baseline 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

January 0.2 0.3 0.7 1.0 0.3 0.8 1.9 

February 0.6 1.1 1.8 2.5 1.2 2.2 3.6 

March 8.2 8.6 8.8 8.6 8.4 9.0 7.2 

April 11.9 7.0 6.0 5.3 7.4 6.4 5.1 

May 5.7 5.5 6.0 5.9 5.5 5.9 6.9 

June 4.8 4.7 4.2 4.2 4.1 3.8 3.3 

July 1.7 1.1 0.8 0.8 1.0 0.6 0.4 

August 0.4 0.2 0.2 0.1 0.2 0.1 0.1 

September 0.3 0.2 0.1 0.2 0.2 0.2 0.4 

October 0.6 0.5 0.5 0.7 0.5 0.7 1.1 

November 1.2 1.2 1.3 1.4 1.1 1.6 2.0 

December 0.7 0.8 1.1 1.3 0.8 1.4 2.1 

Total 36.2 31.2 31.6 32.1 30.7 32.7 34.1 

 

Graphs of monthly nitrate export and outflow, for comparison, are in the Appendix, A2.2. 

The largest decreases from Baseline conditions for RCP 4.5 were seen in April, June, and July, 

with export decreases in year 2080 of 6.6, 0.6, and 0.9 kg/ha. The largest decrease in export from 

Baseline conditions for RCP 8.5 were seen in April, June, and July, with decreases of 6.8, 1.5, 

and 1.3 kg/ha from Baseline conditions. 

Generally, results reveal increasing nitrate export from October to February from the 

watershed in predicted years, compared to Baseline conditions for both RCP scenarios. Increases 

for RCP 4.5 for October through February are 0.2, 0.2, 0.6, 0.7, and 1.9 kg/ha, respectively. 

Increases for RCP 8.5 for October through February are 0.6, 0.8, 1.4, 1.7, and 2.9, respectively. 

Both RCP scenarios resulted in the largest increase in February. As can be expected based on 

described trends of increasing precipitation and outflow in the non-growing season months, it is 

fitting to see increased nutrient flows in those months.  



54 

There is an initial decrease in nitrate export from Baseline to 2015, 2045, and 2080 in 

both RCP 4.5 and RCP 8.5. This could be a result of the shifts in water yield (which includes 

surface flow) and tile flow (Table 21), both sources of nitrate export. Seen in Table 14 and Table 

15, water yield decreases in most summer months for all summary years. 

 

Table 21: Changes in average monthly tile flow (mm) from Baseline conditions, for years 2015, 2045, and 
2080 for RCP 4.5 and RCP 8.5. 

Month 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

January 0.73 2.25 3.80 0.83 3.02 7.50 

February 1.89 5.23 7.76 2.59 6.42 11.05 

March 5.71 6.83 5.24 5.66 6.24 -2.18 

April -11.74 -14.59 -17.35 -9.59 -13.59 -19.08 

May 0.04 0.94 0.78 0.17 0.85 1.95 

June 0.26 -0.63 -0.32 -0.81 -1.16 -2.30 

July -1.23 -1.55 -1.67 -1.51 -2.38 -2.95 

August -1.75 -1.95 -1.95 -1.55 -2.22 -2.39 

September -0.54 -0.28 1.21 -0.41 0.01 1.62 

October 1.77 2.26 4.29 0.91 3.83 4.99 

November 2.11 3.66 3.78 1.91 5.21 5.25 

December 1.36 3.60 5.04 1.46 4.86 7.81 

Total Yearly Tile Flow 118.4 125.5 130.4 119.4 130.8 131.0 

 

The trend indicates yearly tile flow increasing, but the timing is changing from Baseline 

conditions. Tiles flow decreases in summer months, a possible explanation in the initial decrease 

in nitrate export. Decreases seen in RCP 4.5 are seen in April, with a decrease of 17 mm from 

Baseline in year 2080. June, July and August see smaller decreases, of 0.3, 1.7, and 2.0 mm for 

year 2080, RCP 4.5. RCP 8.5 sees the largest decrease in April as well, of 19 mm, and the months 

of June, July, and August have decreases of 2.3, 3.0, and 2.4 mm, respectively. More interesting 

are the larger increases in tile flow from Baseline conditions in November, December, and 

January. RCP 4.5 sees increases in year 2080 of 3.8, 5.0, and 7.8 mm and RCP 8.5 sees increases 

in year 2080 of 5.3, 7.8, and 11.0 mm, for November, December, and January. Warming 

temperatures and increasing tile flow and water yield in the winter months may then contribute to 

increasing nitrate export from years 2015, 2045, and 2080.  

The change in precipitation patterns has potential to impact nitrate export as well. Local 

observations have noted increased heavy precipitation events in Minnesota (“Historic Mega-Rain 

Events in Minnesota,” n.d.), and that in combination with the climate models predicting more 



55 

precipitation in the winter and less in the summer, plays a role in changing nitrate export patterns 

related to precipitation. As this is model output with predicted weather, there is uncertainty in the 

values, but trends can be enlightening. Multiple factors must be considered with nitrate export, a 

few as described above are temperature, precipitation, surface flow, and tile flow.  

Since the model produced an initial decrease in nitrate export from Baseline to 2015 

before an increase, the change in export from years 2015-2045 and 2045-2080 is compared to see 

how nitrate export changes over time. Yearly averages of nitrate export reveal increasing nitrate 

export from 2015 to 2080. In RCP 4.5, from year 2015 to 2045, model results show nitrate export 

increase 1.1%, and increasing 1.8% from year 2045 to 2080. For RCP 8.5, nitrate increases 6.5% 

from year 2015 to 2045 and 4.3 % from year 2045 to 2080 (Table 22). Under the same land 

management practices, nitrate export is not decreasing under climate change scenarios. 

 

Table 22: Changes in nitrate export between summary years 2015 to 2045 and years 2045 to 2080 for RCP 
4.5 and RCP 8.5. 

Scenario 2015-2045 2045-2080 

RCP 4.5 1.1% 1.8% 

RCP 8.5 6.5% 4.3% 

 

As nitrate exports follow an increasing trend over time in both RCP 4.5 and RCP 8.5, it 

may be beneficial for producers to evaluate and install BMPs in the non-growing season, to 

prevent nitrate export when precipitation, tile flow, and surface flow follow increasing trends. 

Examples may include cover crops, no-till practices, smart application of fertilizers, and winter 

drainage controls. 

Statistical Analysis 

A standard t-test was performed on the nitrate amounts outflowing from the watershed 

per month. Values for both RCP 4.5 and RCP 8.5 are summarized in Table 23.  
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Table 23: T-test significance for nitrate at watershed outlet, for RCP 4.5 and RCP 8.5.  

Month 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

January t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

February t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

March 1.56E-01 t < 0.05 1.49E-01 4.52E-01 t < 0.05 t < 0.05 

April t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

May 6.24E-01 1.98E-01 3.93E-01 5.71E-01 3.35E-01 t < 0.05 

June 8.17E-01 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

July t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

August t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

September t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

October 7.43E-02 4.00E-01 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

November 8.09E-01 1.13E-01 t < 0.05 2.56E-01 t < 0.05 t < 0.05 

December 1.96E-01 t < 0.05 t < 0.05 6.87E-02 t < 0.05 t < 0.05 

Bold and italicized values are statistically significant. 

 

Most of the nitrate export statistical analysis show significance when compared to 

Baseline conditions. This is not surprising, based on the interested initial decrease in nitrate from 

Baseline conditions and following increase in years 2015, 2045, and 2080. 

Field Scale Nutrient and Sediment Analysis 

The following HRUs (referred to as Fields) were chosen for a field scale analysis. All 

Fields are agricultural land cover. These fields are in the center of the watershed and consist of 

two different soil types. Both soil types are poorly drained and commonly associated with 

lacustrine areas.  

 

Table 24: HRU (Fields) used in analysis of nitrogen, phosphorus, and sediment export. 

Field ID Area (acres) Soil Type Slope 

1108 2164.89 Marna (HSG - type C) Flat 
1109 350.47 Marna (HSG - type C) Steep 
1111 2814.60 Guckeen (HSG - type C) Flat 
1112 448.37 Guckeen (HSG - type C) Steep 

 

These soil types were chosen for the analysis as there are both flat (0-3%) and sloped (3-

5%) soils for each soil type, for comparison purposes. The Marna and Guckeen soils also 

represent a combined total of 7.9% of the watershed (Marna – 5.2.%, Guckeen – 2.7% of 

watershed. The Minnesota River Basin is predominately fine glacial till and lake bed deposits, 
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which are commonly made up of clayey soils that are poorly drained (Moncrief, Evans, & 

Randall, 1997). Both Marna and Guckeen are characterized as poorly drained soils with clay 

particles, found in lacustrine environments, making these soils and fields good representations of 

the characteristics of the Le Sueur River watershed. 

Nitrogen 

Nitrogen export at the field scale is reported as a sum of surface flow nitrogen, lateral 

flow nitrogen, groundwater nitrate, and tile nitrate, reported in kg/ha. Monthly plots are in the 

Appendix, A2.3. Box and whisker plots showing mean, quartiles, and spread for yearly results are 

in the Appendix, A2.4. 

Monthly Analysis 

Similar broad trends as seen in the yearly analysis of nitrate at the watershed scale are 

seen in nitrogen at the field scale. Larger differences in nitrogen export from Baseline conditions 

are seen in RCP 8.5. The non-growing season months (September through February) show 

increases in nitrogen export, when comparing years 2015 to 2080. The flat fields (1108 and 1111) 

showed the largest decrease in nitrogen export from Baseline conditions in March and April in 

RCP 8.5, with average reductions at 3.5 and 4.9 kg/ha and 4.2 and 4.6 kg/ha for March and April 

for Fields 1108 and 1111. The largest increases in nitrogen export for those fields were also seen 

in RCP 8.5, with increases in December and January. Field 1108 saw increases for December and 

January of 1.2 and 1.5 kg/ha and Field 1111 saw increases for December and January of 1.6 and 

1.9 kg/ha for RCP 8.5.  

Steep fields (1109 and 1112) show similar results. The greatest decreases, seen in RCP 

8.5, are in months June and July. For Field 1109, those decreases from Baseline conditions are 

0.6 and 0.5 kg/ha for June and July; Field 1112 has decreases of 0.7 and 0.6 kg/ha for June and 

July. The greatest increases in nitrogen export, again seen in RCP 8.5, are in January and 

February. Field 1109 indicates increases of 0.3 and 0.3 kg/ha and Field 1112 indicates increases 

of 0.4 and 0.4 kg/ha for those months. Tables and charts with nitrogen export for all fields 

analyzed and both RCP scenarios are in the Appendix, A2.3. In the comparison of flat versus 

steep slopes, under same management practices, it would be expected that steeper slope fields 

have more nutrient and sediment loss in surface water flow, as water would flow at a higher 

velocity and dislodge particles from the surface, which is seen in the results.  
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Nitrogen and Tile Flow 

Like what was seen on the watershed scale, tile flow increases in the field scale analysis 

for both RCP scenarios, as precipitation increases. The field scale tile flow and tile nitrate 

analyses were only performed for Fields 1108 and 1111, as they are flat fields and have tile 

drainage. Continual increases of tile flow over time are seen in the colder months (October 

through February) for both fields in both RCP 4.5 and RCP 8.5. For Field 1108, the largest 

percent increase in tile flow is seen in January, with increases by year 2080 of 400% and 745% 

for RCP 4.5 and RCP 8.5, respectively. Field 1111 also has the largest percent increase in tile 

flow in January, at 340% and 620% increases for RCP 4.5 and RCP 8.5, respectively. With 

increases in tile flow come increase in tile nitrate. Results for Field 1108 show increases in 

January nitrate export of 0.8 and 1.5 kg/ha for RCP 4.5 and RCP 8.5. Field 1111 indicates 

increases in January nitrate export of 1.0 and 1.9 kg/ha for RCP 4.5 and RCP 8.5. Graphs for 

nitrate export and tile flow for all months for Fields 1108 and 1111 are in the Appendix, A2.5. 

Yearly Analysis 

Table 25 provides yearly average nitrogen export for Fields 1108, 1109, 1111, and 1112 

from the 1000-year model runs.  

 

Table 25: Average yearly nitrogen export (kg/ha) for Fields 1108, 1109, 1111, and 1112. 

 Soil Field Baseline 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

Marna 
1108 40.70 34.06* 34.66* 34.96* 33.5*7 35.46* 36.89* 

1109 7.36 6.52* 6.66* 6.51* 6.50* 6.77* 6.57* 

Guckeen 
1111 46.40 39.83* 40.82* 41.44* 39.27* 41.82* 44.56 

1112 8.53 7.72* 7.94* 7.77* 7.67* 8.03* 7.90* 
* Statistically significant from Baseline values using t-test at 5% level 

 

Results shows higher nitrogen export on the flat fields, for both soil types. The main 

reason for those differences is the nitrogen that gets transported through tile flow, and the flat 

fields have tile drainage. 

A t-test of significance was performed to compare mean yearly export for each field. For 

individual field analysis, all fields and scenarios, except Field 1111 for year 2080 in RCP 8.5 

showed statistically different average nitrogen export from Baseline conditions. All other 

comparisons to Baseline conditions resulted in means that are considered equal. T-values are 
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reported in Table 26. This indicates that predicted conditions will see a large change from 

Baseline conditions in the amount of yearly nitrogen exported at the field scale. 

 

Table 26: T-test significance for each field within respective RCP (comparison of Field 1108 for Baseline 
to 2015, Baseline to 2045, and Baseline to 2080, etcetera). 

Field 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

1108 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

1109 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

1111 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 0.069 
1112 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

Bold and italicized values are statistically significant. 

 

Again, all scenarios showed statistically different mean exports when comparing field 

types (flat versus sloped). This would be expected, as the flat fields have tile drainage, increasing 

nitrogen export. T-values for this analysis are in Table 27. 

 

Table 27: T-values for comparison of nitrogen export between fields of the same soil type but different 
slopes, within RCPs 4.5 and 8.5. 

Field Baseline 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

1108-1109 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

1111-1112 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

Bold and italicized values are statistically significant. 

Analysis of Variance 

Table 28 provides output for an F-test, to determine if the variance of the models runs, or 

range in outputs, is statistically different in each summary year, compared to Baseline conditions. 

The analysis showed that all yearly average nitrogen export had a statistically different variance 

of data. A ratio of 1 indicates the variances of the two datasets are equal, and if the ratio is greater 

than the F-value of 1.1109, the variances are statistically significantly different. 

 

 

 

 

 



60 

Table 28: F-test values for analysis of variance of nitrogen export. Comparison is within each field, 
comparing each summary year to Baseline conditions. 

Field 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

1108 1.193 1.136 1.198 1.163 1.250 1.567 

1109 1.148 1.117 1.371 1.169 1.190 1.500 

1111 1.194 1.135 1.204 1.176 1.245 1.537 

1112 1.153 1.122 1.334 1.170 1.225 1.545 

Bold and italicized values are statistically significant. 

 

The box and whisker plots in the Appendix, A2.4, show the wide range of nitrogen 

outputs that come with the large sample size used in the study. For nitrogen export, all summary 

years (2015, 2045, and 2080) had smaller ranges of output, increasing confidence in output 

predictions. 

Phosphorus 

Phosphorus export at the field scale is reported as a sum of organic phosphorus, sediment 

phosphorus, and soil phosphorus, reported in kg/ha. Monthly plots are in the Appendix, A2.6. 

Box and whisker plots showing mean, quartiles, and spread of yearly results are in the Appendix, 

A2.7. 

Monthly Analysis 

April, May, and June see the highest phosphorus export at the field scale. The largest 

increases in export are in May, in RCP 8.5, for all fields analyzed. For Fields 1108, 1109, 1111, 

and 1112, the increase in phosphorus export in May is 0.02, 0.20, 0.01, and 0.19 kg/ha, 

respectively. That corresponds to percent increases in May export of 70%, 53%, 64%, and 50%, 

for Fields 1108, 1109, 1111, and 1112. RCP 4.5 does not show the same increasing trend in April, 

May, and June. Phosphorus export is predicted to decrease over time in RCP 8.5. Continual 

decreases are seen in June, July, and August.  

Higher export totals are seen on the sloped fields. Phosphorus travels with water and 

sediment, which also are more mobile on steep landscapes. Tables and charts with phosphorus 

export for all fields analyzed and both RCP scenarios are in the Appendix, A2.6. 
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Yearly Analysis 

Table 29 displays phosphorus export for Fields 1108, 1109, 1111, and 1112. Export 

values are averages of the 1000-year model runs. 

 

Table 29: Average yearly phosphorus export (kg/ha) for Fields 1108, 1109, 1111, and 1112 

 Soil Field Baseline 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

Marna 
1108 0.09 0.09 0.09 0.09 0.09 0.10 0.10* 

1109 1.44 1.42 1.48 1.48 1.36 1.58* 1.63* 

Guckeen 
1111 0.09 0.09 0.09 0.08 0.08 0.09 0.09 

1112 1.53 1.49 1.54 1.52 1.42 1.64 1.66 
* Statistically significant from Baseline values using t-test at 5% level 

 

For individual field analysis, only Fields 1108 and 1109 showed any significance at the 

5% level. In Field 1108, the comparison of means from Baseline to year 2080 for RCP 8.5 

showed significance that the mean phosphorus export total is not equal to the Baseline export. 

Field 1109 showed that mean exports are not equal for comparisons of Baseline to year 2045 and 

year 2080, for RCP 8.5. All other comparisons to Baseline conditions resulted in means that are 

considered equal. T-values are reported in Table 30. 

 

Table 30: T-test significance for each field within respective RCP (comparison of Field 1108 for Baseline 
to 2015, Baseline to 2045, and Baseline to 2080, etcetera). 

Field 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

1108 0.344 0.468 0.703 0.550 0.141 t < 0.05 

1109 0.764 0.493 0.590 0.169 t < 0.05 t < 0.05 

1111 0.492 0.834 0.895 0.343 0.289 0.315 

1112 0.541 0.886 0.930 0.094 0.109 0.055 

Bold and italicized values are statistically significant. 

 

Lastly, a t-test of significance of phosphorus export comparing flat to steep slopes within 

a soil type was performed. Comparisons included Fields 1108 to 1109 and Fields 1111 to 1112, 

within each RCP scenario. The t-testing showed significant differences in mean export between 

flat and sloped fields, within the same soil types. Statistical values are in Table 31. The 

significance is not surprising, as sloped fields are more likely to have faster surface runoff, which 

can dislodge sediment and therefore phosphorus, when compared to flat slopes. 
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Table 31: T values for comparison of phosphorus export between fields of the same soil type but different 
slopes, within RCPs 4.5 and 8.5 

Field Baseline 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

1108-1109 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

1111-1112 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

Bold and italicized values are statistically significant. 

Analysis of Variance 

The low number of significant comparisons is not surprising, given the small area of 

analysis. An F-test of differences of variances was performed to see if other patterns are within 

the datasets. A ratio of 1 indicates the variances of the two datasets are equal, and if the ratio is 

greater than the F-value of 1.1109, the variances are statistically significantly different. 

 

Table 32: F-test values for analysis of variance of phosphorus export. Comparison is by field, comparing 
each summary year to Baseline conditions. 

Field 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

1108 1.604 1.065 1.176 1.230 1.334 1.521 

1109 1.087 1.019 1.207 1.173 1.176 1.356 

1111 1.601 1.000 1.111 1.332 1.315 1.411 

1112 1.091 1.018 1.174 1.171 1.165 1.550 

Bold and italicized values are statistically significant. 

 

All variances in RCP 8.5 and summary year 2080 in RCP 4.5 are statistically significant 

from Baseline conditions. In those scenarios, the range of phosphorus export, also seen in the box 

and whiskers plots in the Appendix, A2.7, are larger than the range seen in Baseline conditions. 

More variability in the modeling and uncertainty in the output is seen for those climate scenarios. 

Most of the mean values of phosphorus export did not show significance in difference from 

Baseline conditions. The analysis of variance shows another side to the export, that in the 

predicted outputs, there may be a wider range of export values year to year. 

Sediment 

Sediment export at the field scale is reported as a total of sediment yield, reported in 

metric tons/ha. Monthly plots of sediment export are in the Appendix, A2.8. Box and whisker 

plots showing mean, quartiles, and spread of yearly results are in the Appendix, A2.9. 
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Monthly Analysis 

Sediment loss at the field scale follows the same trends as changing precipitation: 

precipitation is predicted to decrease in June, July and August and sediment loss also is shown to 

decrease in June, July, and August. Precipitation increases in September, October, and November, 

and sediment export also increases in September, October, and November. This shows a 

relationship between sediment export and precipitation. Again, larger losses are seen in RCP 8.5, 

which is fitting as RCP 8.5 has more precipitation than RCP 4.5. Export ranges from 30-50% less 

than Baseline conditions for all fields analyzed in RCP 8.5. In September, October, and 

November, increases in sediment export for RCP 8.5 range from 30-70% more than Baseline 

conditions for flat fields and 30-100% more than Baseline conditions for steep fields.  

Yearly Analysis 

Table 33 provides average yearly sediment export for Fields 1108, 1109, 1111, and 1112. 

Export values are averages of the 1000-year model runs. 

 

Table 33: Average yearly sediment export (metric tons/ha) for Fields 1108, 1109, 1111, and 1112. 

Soil  Field Baseline 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

Marna 
1108 0.06 0.07 0.07 0.07 0.06 0.07 0.07 
1109 1.87 1.95 2.03* 2.00 1.87 2.15* 2.17* 

Guckeen 
1111 0.06 0.06 0.06 0.06 0.06 0.07 0.07 
1112 2.16 2.21 2.29 2.25 2.13 2.42* 2.40* 

* Statistically significant from Baseline values using t-test at 5% level 

 

For individual field analysis, Fields 1109 and 1112 (both sloped fields) showed 

significance in differences in export from Baseline conditions at the 5% level. In Field 1109, the 

comparison of means from Baseline to year 2015 for RCP 8.5 and Baseline to year 2045 and 

2080 for RCP 8.5 showed significance that the mean values are not equal. Field 1112 showed 

significance that the mean values are not equal for years 2045 and 2080 for RCP 8.5, when 

compared to Baseline. All other comparisons to baseline conditions resulted in means that are 

considered equal. T-values are provided in Table 34. 
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Table 34: T-test significance for each field within respective RCP (comparison of Field 1108 for Baseline 
to 2015, Baseline to 2045, and Baseline to 2080, etcetera) of sediment export.  

Field 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 
1108 0.523 0.706 0.814 0.979 0.165 0.218 
1109 0.306 t < 0.05 0.080 0.910 t < 0.05 t < 0.05 
1111 0.823 0.846 0.742 0.713 0.336 0.812 
1112 0.522 0.120 0.303 0.698 t < 0.05 t < 0.05 

Bold and italicized values are statistically significant. 

 

Lastly, a t-test of significance of sediment export between flat and steel slopes within a 

soil type was performed. Comparisons included Fields 1108 to 1109 and 1111 to 1112, within 

each RCP scenario. The t-testing showed significant differences in mean export between flat and 

sloped fields, with the same soil types. Statistical T-values are in Table 35. The significance is not 

surprising, as sloped fields are more likely to have faster surface runoff, which can dislodge 

sediment, when compared to flat slopes. 

 

Table 35: T values for comparison of sediment export between fields of the same soil type but different 
slopes, within RCPs 4.5 and 8.5. 

Field Baseline 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

1108-1109 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

1111-1112 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 t < 0.05 

Bold and italicized values are statistically significant. 

Analysis of Variance 

As described above, an F-test was performed to test the differences in variances. A ratio 

of 1 indicates the variances of the two datasets are equal, and if the ratio is greater than the F-

value of 1.1109, the variances are statistically significantly different. 

 

Table 36: F-test values for analysis of variance of sediment export. Comparison is within each field, 
comparing each summary year to Baseline conditions. 

Field 
RCP 4.5 RCP 8.5 

2015 2045 2080 2015 2045 2080 

1108 1.099 1.015 1.103 1.065 1.219 1.291 

1109 1.139 1.102 1.250 1.038 1.264 1.372 

1111 1.049 1.088 1.030 1.181 1.168 1.185 

1112 1.155 1.114 1.225 1.056 1.263 1.344 

Bold and italicized values are statistically significant. 
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All variances in RCP 8.5, summary years 2045 and 2080 are statistically significant from 

Baseline conditions. In those scenarios, the range of sediment export, also seen in the box and 

whiskers plots in the Appendix, A2.9, are larger. More variability in the modeling and uncertainty 

in the output is seen in those modeled scenarios. Most of the mean values of sediment export did 

not show significance in difference from Baseline conditions. The analysis of variance shows 

another side to the export, that in the predicted outputs, there may be a wider range of export 

values year to year. 

Annual RCP Impacts 

Some significant results are seen in the comparisons of summary years to Baseline 

conditions, within each RCP. Another analysis performed was the difference in watershed outputs 

between year 2015 in RCP 4.5 and year 2015 in RCP 8.5. A t-test of nitrogen, phosphorus, and 

sediment export was performed, comparing the same year across RCP scenarios. 

Nitrogen 

Only year 2080 shows nitrogen export as statistically different for Fields 1108 and 1111, 

the flat fields, shown in Table 37. In all other model scenarios, comparison of nitrogen export of 

the same year in difference RCP scenarios are predicted to be similar. 

 

Table 37: T-values for comparison of fields between RCP scenarios. An example of a comparison is the 
2015 average nitrogen export for Field 1108 in RCP 4.5 to the average nitrogen export of Field 1108 in 
RCP 8.5. 

Soil Field 2015 2045 2080 

Marna 
1108 0.571 0.344 t < 0.05 

1109 0.865 0.509 0.735 

Guckeen 
1111 0.537 0.261 t < 0.05 

1112 0.806 0.629 0.470 

Bold and italicized values are statistically significant. 

Phosphorus 

In comparisons of each field’s phosphorus export in RCP 4.5 and RCP 8.5, only Field 

1109 in year 2080 showed a statistically significant difference in average phosphorus export 

between RCPs 4.5 and 8.5 (see Table 38). All other phosphorus export comparisons by year in 

each RCP scenarios indicate similar export amounts. 
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Table 38: T-values for comparison of fields between RCP scenarios. An example of a comparison is the 
2015 average phosphorus export for Field 1108 in RCP 4.5 to the average phosphorus export of Field 
1108 in RCP 8.5.  

 Soil  Field 2015 2045 2080 

Marna 
1108 0.129 0.456 0.114 

1109 0.297 0.123 t < 0.05 

Guckeen 
1111 0.122 0.396 0.293 

1112 0.320 0.136 0.059 

Bold and italicized values are statistically significant. 

Sediment 

In comparisons of sediment export of each field over RCP 4.5 and RCP 8.5, only Field 

1109 in year 2080 showed a statistically significant difference in average export between RCPs 

4.5 and 8.5 (see Table 39). All other sediment export comparison of year between RCP scenarios 

indicated similar sediment export. 

 

Table 39: T-values for comparison of fields between RCP scenarios for sediment export. An example of a 
comparison is the 2015 average sediment export for Field 1108 in RCP 4.5 to the average sediment export 
of Field 1108 in RCP 8.5.  

 Soil  Field 2015 2045 2080 

Marna 
1108 0.498 0.321 0.341 
1109 0.246 0.107 t < 0.05 

Guckeen 
1111 0.553 0.254 0.598 
1112 0.299 0.125 0.100 

Bold and italicized values are statistically significant. 

Conclusions 

Research has shown varying impacts to the Midwest as a result of climate change (IPCC, 

2014b; USGCRP, 2018; USGS, 1999). The exact impacts and environmental changes are 

unknown and are dependent on many factors including population growth, energy sources and 

use, deforestation, and economic statistics. 

This research evaluated a watershed scale hydrologic response and nitrate loss 

assessment and field scale nitrogen, phosphorus, and sediment loss assessment due to climate 

change in the Le Sueur River watershed, a predominately agricultural watershed in south–central 

Minnesota. One-thousand years of four representative scenarios, Baseline, 2015, 2045, and 2080, 

were modeled under two climate change scenarios, RCP 4.5 and RCP 8.5. The goal of this work 

was to assess watershed response and water quality impacts and changes due to climate change. 
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Hydrologic Analysis  

The hydrologic components analyzed in this work; precipitation, water yield, ET, and 

outflow, indicated many years of significant changes from Baseline conditions in mean values, 

both on monthly and annual time scales. As summarized in Chapter 1, temperature and 

precipitation increases in RCP 4.5 and RCP 8.5, and both continue to increase over time, from 

Baseline year to 2080. The timing of precipitation also changes in both RCP scenarios, with 

increasing precipitation amounts in the winter months (November through April) and decreasing 

in the summer months (June through August). 

Those trends and impacts are seen in the watershed modeling of the Le Sueur River 

watershed. Model outputs show increasing precipitation and ET. Research has shown both that 

increasing temperature leads to increases in ET (Abtew & Melesse, 2013) as well as decreases in 

ET from increases in humidity and carbon dioxide (Snyder et al., 2011). In these modeling 

scenarios, ET and precipitation increase together, supporting research that ET will increase under 

climate change scenarios in this part of the United States. ET is also impacted by wind, humidity, 

and water availability, making a clearer relationship harder to define.  

Changing temperature may be the stronger driving factor in these modeling results, as 

yearly precipitation does not have extremely large increases over the RCP scenarios (a 50 mm 

increase, for the most extreme scenario, RCP 8.5 in year 2080). Water yield and outflow closely 

follow the trends shown in precipitation increases in the fall and winter months, decreases in the 

spring and summer months. Increasing surface flow can lead to larger sediment and nutrient loss 

if soil protection measures are not in place, as well as cause more flooding.  

In both RCP 4.5 and RCP 8.5, increasing yearly values in water yield, ET, and outflow 

showed significance at the 5% level, meaning the model output is statistically different from 

Baseline conditions for those summary years. Model results for year 2015 are significant in some 

scenarios, meaning changes in watershed output may be seen very soon from the model’s current 

day. These results suggest that climate changes may not be noticeable from day to day but 

changes may be seen in the near future. 

Nitrate Losses 

Nitrate loading to surface waters can decrease water quality, promote algae growth, 

decrease the amount of dissolved oxygen in the water, and in severe cases, cause or contribute to 

hypoxic zones. For nitrate that is applied to the surface through agriculture, increased surface 
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runoff, like what is predicted by this watershed model, has the potential to increase the amount of 

nitrates entering the streams and channels, to be transported downstream. 

The watershed modeling shows significant changes in the amount of nitrate in watershed 

outflow. Most significance is seen in December through February and June through September. 

As nitrate moves in the dissolved phase, these results make sense, with increasing surface flows 

in the winter months. In the summer months, as surface flow decreases, the nitrates may be 

carried more with tile flow.  

The analysis of tile flow and tile nitrate show increasing nitrate export during non-

growing months. This is significant, as typically tile flow is minimal during non-growing months, 

if present at all, and dependent on weather conditions. If nitrate export continues to increase over 

time, land management practices should be revisited to decrease export and increase downstream 

water quality and help the state meet the goals outlined in the Nutrient Reduction Strategy. 

Field Scale Nitrogen, Phosphorus, and Sediment Losses 

At the field scale, nitrogen export increases over time in both RCP scenarios, but has an 

initial decrease from Baseline conditions. Flat fields showed higher nitrogen export amounts, 

likey the result of tile flow in the agricultural land. Month by month, nitrogen export is increasing 

from September through February. Of those months with increasing nitrogen export, the largest 

increases in export were seen in December and January. Results indicate that with increasing 

precipitation, overall, total nitrogen export will increase, under existing land cover and 

management practices.  

Phosphorus can attach to soil particles, and travels with runoff. This is exhibited in the 

model results, as the higher precipitation months of April, May, and June have the highest percent 

increases of phosphorus export. Annually on the sloped fields, phosphorus exports are increasing 

over time, more so in the RCP 8.5 scenario. Sloped fields show higher phosphorus exports 

compared to flat, likely as a result of higher velocity of runoff over the steeper slopes. 

Sediment follows similar patterns to phosphorus. Larger exports are recorded on the steep 

fields, for both soil types analyzed. Larger differences from Baseline conditions were commonly 

seen in summary year 2080. 

An analysis indicated minimal differences in a year to year comparison across RCP 

scenarios, as in model export for year 2045 is statistically similar for both RCP 4.5 and RCP 8.5 

climate scenarios. This indicates that the climate changes predicted, especially precipitation, by 
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the currently GCMs are not very different enough between RCP sceneries to result in differing 

model outputs. 

Future Research 

Clear, certain predictions are not guaranteed in the practice of climate modeling. 

Therefore, it is important to look at big pictures and trends and relate model outputs to knowledge 

of the environmental system, rather than take outputs as fact. This is clearly seen as an 

appropriate practice of climate modeling analysis in the nitrate export of this modeling exercise.  

This work has set up a framework for taking global climate model predictions and 

applying them locally, with locational representative weather patterns. As further study and 

improvements are made in the global climate modeling field, with improvements in modeling 

techniques, predictions, and updates in future scenarios that inform the creation of RCPs, this 

exercise can be redone to produce more updated and applicable results. In addition to updating 

the model with new climate projections, as land management practices change in the Le Sueur 

River watershed, those changes can be applied to the model. This research can also be repeated 

with the other currently available RCP scenarios, to get a broader understanding of climate 

projections for the Le Sueur River watershed. Global climate models are uncertain, so more 

modeling may give more certainty or understanding of the range of results. 

This work also does not highlight the increase in heavy precipitation events that have 

been seen and recorded in Minnesota. That analysis was not done in this work as the modeling 

tools used do not yet recognize and factor in the increase in events. Heavy, intense precipitation 

events can carry large quantities of sediment and nutrients downstream, which currently is not 

identified in the model. Further research to investigate the impacts on the Le Sueur River 

watershed due to these heavier precipitation events may provide useful information for land 

managers. 

Next steps for climate change modeling of phosphorus and sediment export in the Le 

Sueur River watershed will be to analyze export at the watershed scale. As stated, additional 

modeling effort must be undertaken to accurately represent the export of phosphorus and 

sediment export in the watershed from the steep banks along the river, caused by glacial melt. 

That work will give a valuable estimate of the total export of phosphorus and sediment from the 

Le Sueur River watershed due to climate change. 

This tool can also be used to test various land use and management changes, to see how 

best management practices and landscape changes may impact the hydrology of the watershed 
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and water quality under climate change predictions. It is possible that changes in climate will 

encourage land managers to modify their practices, or development of new crops and/or crop 

markets will cause changes in crops grown or land cover. This research did not apply any land 

management changes, meaning results may not represent what would occur under climate change 

conditions. This modeling exercise did not go to that level but changing land management 

practices in conjunction with climate changes is an area for further research. 

Lastly, as agricultural areas are large exporters of sediments and nutrients, that can 

impact downstream water quality, this analysis can be performed for other watersheds in the area 

and region, to see the magnitude of impacts from the entire Midwest agricultural area on nutrient 

and sediment export. All watersheds play a role in downstream water quality and it will be a 

benefit to have more information regarding future environmental conditions. 
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Appendix 



Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%

1-20 -5.77 -15.26 0.65 6.19 5.99 77.98
21-40 -5.34 -15.16 0.68 6.18 7.77 76.83
41-60 -2.18 -12.05 0.87 6.21 10.21 75.26
61-80 2.56 -7.60 1.27 6.29 12.72 73.36

81-100 8.16 -2.46 1.80 6.34 15.21 70.88
101-120 13.73 2.20 2.55 6.30 17.28 68.66
121-140 19.23 6.65 2.99 6.09 19.42 66.63
141-160 23.22 10.38 3.39 5.68 21.42 66.59
161-180 26.06 13.55 3.44 5.24 22.52 69.06
181-200 27.58 15.54 3.35 4.87 22.43 71.97
201-220 27.77 15.79 3.49 4.67 21.08 73.70
221-240 26.39 14.01 2.98 4.72 19.00 72.87
241-260 23.63 10.82 2.69 4.98 16.10 71.03
261-280 19.46 6.94 2.31 5.36 12.91 69.82
281-300 13.96 2.62 1.82 5.72 9.75 71.18
301-320 7.87 -2.12 1.46 5.97 7.19 74.03
321-340 1.98 -7.07 1.07 6.13 5.60 76.25
341-366 -3.13 -12.19 0.84 6.16 5.12 78.05

Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%

1-20 -4.61 -13.75 0.66 6.15 5.93 76.97
21-40 -4.02 -13.56 0.71 6.13 7.68 75.85
41-60 -0.73 -10.53 0.89 6.15 10.11 73.65
61-80 4.65 -5.55 1.34 6.25 12.69 71.13

81-100 10.29 -0.58 1.84 6.35 15.11 68.53
101-120 15.69 3.95 2.54 6.29 17.30 66.60
121-140 20.12 7.58 3.24 6.02 19.46 65.98
141-160 24.26 11.28 3.64 5.61 21.57 66.90
161-180 27.10 14.37 3.55 5.15 22.82 68.99
181-200 29.01 16.67 3.32 4.80 22.74 70.99
201-220 29.27 16.99 3.12 4.64 21.53 71.69
221-240 28.09 15.39 2.80 4.72 19.33 70.63
241-260 25.24 12.17 2.60 4.95 16.51 69.03
261-280 20.96 8.18 2.32 5.31 13.23 68.55
281-300 15.23 3.61 2.08 5.69 9.94 70.09
301-320 9.35 -0.78 1.65 5.95 7.25 72.69
321-340 3.09 -5.90 1.18 6.12 5.62 75.37
341-366 -2.25 -10.98 0.86 6.14 5.14 76.95

Baseline

2015

A1.1 - WINDS 20-Day Weather Outputs for RCP 4.5 (METDATA downscaling method). Results are 
averages of outputs for respective day ranges
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Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%

1-20 -3.20 -11.78 0.74 6.11 5.76 75.80
21-40 -2.68 -11.66 0.77 6.11 7.52 74.18
41-60 0.46 -8.96 0.98 6.20 9.92 71.92
61-80 5.35 -4.63 1.36 6.25 12.53 69.27

81-100 11.01 0.16 2.04 6.29 15.09 66.99
101-120 16.26 4.48 2.68 6.21 17.32 65.82
121-140 20.93 8.46 3.43 5.94 19.69 65.86
141-160 25.24 12.32 3.54 5.56 21.70 66.60
161-180 28.30 15.51 3.48 5.12 22.86 68.38
181-200 30.32 17.77 3.36 4.78 22.66 69.90
201-220 30.87 18.24 3.00 4.59 21.46 70.10
221-240 29.69 16.76 2.75 4.63 19.38 69.16
241-260 26.66 13.46 2.60 4.84 16.53 67.94
261-280 22.19 9.24 2.31 5.17 13.36 67.80
281-300 16.65 4.83 2.04 5.54 10.05 69.16
301-320 10.41 0.06 1.69 5.79 7.32 72.41
321-340 4.48 -4.58 1.22 5.97 5.63 74.69
341-366 -0.54 -9.08 0.91 6.05 5.05 76.26

Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%

1-20 -2.43 -10.85 0.77 6.03 5.76 74.33
21-40 -1.69 -10.42 0.79 6.02 7.48 72.56
41-60 1.60 -7.69 1.00 6.11 9.93 70.26
61-80 6.51 -3.59 1.44 6.17 12.49 68.63

81-100 11.95 0.91 2.03 6.18 15.00 67.13
101-120 16.97 5.04 2.76 6.10 17.42 66.01
121-140 21.81 9.08 3.40 5.85 19.67 66.07
141-160 26.10 13.01 3.53 5.45 21.68 66.57
161-180 29.17 16.22 3.55 5.04 22.98 68.05
181-200 31.09 18.48 3.40 4.74 22.82 69.98
201-220 31.44 18.87 3.00 4.55 21.56 70.40
221-240 30.27 17.43 2.95 4.61 19.34 69.78
241-260 27.21 14.19 2.80 4.77 16.58 68.48
261-280 22.99 10.15 2.43 5.11 13.33 68.29
281-300 17.74 5.84 2.10 5.50 10.07 69.73
301-320 11.53 1.07 1.57 5.81 7.35 71.64
321-340 5.52 -3.64 1.18 5.98 5.59 73.99
341-366 0.10 -8.21 0.89 6.03 5.02 75.01

2045

2080
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Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%

1-20 -5.77 -15.26 0.65 6.19 5.99 77.98
21-40 -5.34 -15.16 0.68 6.18 7.77 76.83
41-60 -2.18 -12.05 0.87 6.21 10.21 75.26
61-80 2.56 -7.60 1.27 6.29 12.72 73.36

81-100 8.16 -2.46 1.80 6.34 15.21 70.88
101-120 13.73 2.20 2.55 6.30 17.28 68.66
121-140 19.23 6.65 2.99 6.09 19.42 66.63
141-160 23.22 10.38 3.39 5.68 21.42 66.59
161-180 26.06 13.55 3.44 5.24 22.52 69.06
181-200 27.58 15.54 3.35 4.87 22.43 71.97
201-220 27.77 15.79 3.49 4.67 21.08 73.70
221-240 26.39 14.01 2.98 4.72 19.00 72.87
241-260 23.63 10.82 2.69 4.98 16.10 71.03
261-280 19.46 6.94 2.31 5.36 12.91 69.82
281-300 13.96 2.62 1.82 5.72 9.75 71.18
301-320 7.87 -2.12 1.46 5.97 7.19 74.03
321-340 1.98 -7.07 1.07 6.13 5.60 76.25
341-366 -3.13 -12.19 0.84 6.16 5.12 78.05

Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%

1-20 -4.55 -13.50 0.67 6.20 5.95 77.43
21-40 -3.73 -13.13 0.67 6.22 7.71 75.94
41-60 -0.55 -10.21 0.90 6.26 10.08 73.50
61-80 4.32 -5.78 1.34 6.33 12.62 70.90

81-100 9.53 -1.19 2.01 6.36 15.02 68.87
101-120 15.00 3.24 2.65 6.30 17.50 67.19
121-140 20.26 7.46 3.16 6.06 19.86 66.19
141-160 24.68 11.51 3.51 5.68 21.79 66.22
161-180 27.69 14.80 3.36 5.20 22.95 67.86
181-200 29.31 16.99 3.31 4.84 22.73 69.66
201-220 29.22 17.06 3.13 4.67 21.45 70.76
221-240 27.86 15.36 2.95 4.75 19.23 70.55
241-260 25.24 12.30 2.58 4.97 16.41 69.33
261-280 21.15 8.49 2.26 5.33 13.09 68.64
281-300 15.60 4.07 1.90 5.67 9.83 69.98
301-320 9.37 -0.77 1.60 5.97 7.25 72.59
321-340 2.98 -5.89 1.23 6.14 5.65 75.31
341-366 -2.34 -10.96 0.89 6.20 5.15 77.18

Baseline

2015

A1.1 - WINDS 20-Day Weather Outputs for RCP 8.5 (METDATA downscaling method). Results are 
averages of outputs for respective day ranges

81



Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%

1-20 -2.71 -11.25 0.71 6.25 5.80 75.47
21-40 -2.09 -11.23 0.78 6.27 7.50 73.67
41-60 0.93 -8.76 1.03 6.28 9.93 71.26
61-80 5.42 -4.69 1.43 6.32 12.51 69.68

81-100 10.97 0.24 2.10 6.37 14.99 68.06
101-120 16.24 4.67 2.84 6.32 17.19 66.99
121-140 21.20 8.71 3.44 6.05 19.48 66.34
141-160 25.63 12.55 3.57 5.64 21.71 66.86
161-180 28.88 15.93 3.29 5.14 23.05 68.26
181-200 30.74 18.22 3.14 4.79 22.98 69.14
201-220 31.34 18.88 2.99 4.64 21.61 69.53
221-240 30.02 17.26 2.74 4.68 19.48 68.93
241-260 27.08 13.92 2.67 4.93 16.62 68.11
261-280 22.64 9.62 2.45 5.24 13.29 68.00
281-300 16.75 4.99 2.17 5.62 9.96 69.78
301-320 10.49 0.48 1.74 5.90 7.27 72.81
321-340 4.87 -3.67 1.29 6.11 5.53 74.83
341-366 -0.56 -8.62 0.94 6.20 5.03 76.23

Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%

1-20 0.16 -7.84 0.76 6.19 5.61 71.77
21-40 0.83 -7.50 0.80 6.23 7.22 69.46
41-60 4.05 -4.99 1.09 6.27 9.55 67.83
61-80 8.57 -1.44 1.55 6.35 12.19 66.65

81-100 13.58 2.48 2.22 6.37 14.84 66.00
101-120 18.85 6.85 3.12 6.27 17.35 65.50
121-140 23.84 11.01 3.66 5.99 19.76 65.30
141-160 28.10 14.95 3.61 5.54 21.89 65.30
161-180 31.54 18.41 3.34 5.04 23.10 66.05
181-200 33.72 20.78 3.05 4.71 23.01 66.73
201-220 34.34 21.39 2.87 4.53 21.66 66.97
221-240 33.21 20.02 2.79 4.58 19.52 66.47
241-260 30.15 16.89 2.73 4.82 16.73 65.91
261-280 25.52 12.60 2.55 5.16 13.48 66.00
281-300 19.82 7.75 2.10 5.50 10.16 67.74
301-320 13.50 2.96 1.71 5.85 7.39 70.52
321-340 7.61 -1.55 1.20 6.05 5.60 72.67
341-366 2.45 -5.67 0.94 6.18 4.96 73.23

2080

2045
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Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%
1-20 -5.77 -15.26 0.65 6.19 5.99 77.98

21-40 -5.34 -15.16 0.68 6.18 7.77 76.83
41-60 -2.18 -12.05 0.87 6.21 10.21 75.26
61-80 2.56 -7.60 1.27 6.29 12.72 73.36
81-100 8.16 -2.46 1.80 6.34 15.21 70.88

101-120 13.73 2.20 2.55 6.30 17.28 68.66
121-140 19.23 6.65 2.99 6.09 19.42 66.63
141-160 23.22 10.38 3.39 5.68 21.42 66.59
161-180 26.06 13.55 3.44 5.24 22.52 69.06
181-200 27.58 15.54 3.35 4.87 22.43 71.97
201-220 27.77 15.79 3.49 4.67 21.08 73.70
221-240 26.39 14.01 2.98 4.72 19.00 72.87
241-260 23.63 10.82 2.69 4.98 16.10 71.03
261-280 19.46 6.94 2.31 5.36 12.91 69.82
281-300 13.96 2.62 1.82 5.72 9.75 71.18
301-320 7.87 -2.12 1.46 5.97 7.19 74.03
321-340 1.98 -7.07 1.07 6.13 5.60 76.25
341-366 -3.13 -12.19 0.84 6.16 5.12 78.05

Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%
1-20 -4.89 -13.79 0.70 6.15 5.92 76.53

21-40 -4.02 -13.29 0.71 6.16 7.72 75.09
41-60 -0.54 -10.09 0.91 6.18 10.12 72.80
61-80 4.64 -5.37 1.31 6.21 12.78 70.85
81-100 10.22 -0.61 1.92 6.27 15.11 68.55

101-120 15.40 3.74 2.62 6.23 17.34 66.97
121-140 20.18 7.58 3.19 5.98 19.73 66.44
141-160 24.24 11.27 3.50 5.57 21.73 66.67
161-180 27.22 14.42 3.57 5.08 23.01 68.39
181-200 29.08 16.65 3.34 4.73 22.87 70.11
201-220 29.40 17.01 3.14 4.56 21.57 70.14
221-240 28.22 15.39 2.80 4.63 19.39 69.15
241-260 25.23 12.16 2.69 4.90 16.44 68.31
261-280 20.82 8.09 2.35 5.28 13.20 68.04
281-300 15.44 3.84 1.96 5.62 9.91 70.00
301-320 9.39 -0.82 1.62 5.93 7.25 72.63
321-340 3.54 -5.55 1.19 6.04 5.61 75.38
341-366 -2.23 -10.99 0.82 6.12 5.12 76.73

Baseline

2015

A1.1 - WINDS 20-Day Weather Outputs for RCP 4.5 (Livneh downscaling method). Results are averages 
of outputs for respective day ranges
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Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%
1-20 -3.42 -11.97 0.73 6.06 5.77 74.73

21-40 -2.61 -11.55 0.79 6.10 7.46 73.57
41-60 0.38 -9.10 1.00 6.12 9.84 71.91
61-80 5.77 -4.37 1.41 6.22 12.51 69.71
81-100 11.22 0.21 2.02 6.22 14.98 67.55

101-120 16.65 4.61 2.75 6.14 17.33 65.97
121-140 21.26 8.54 3.47 5.88 19.57 65.59
141-160 25.28 12.25 3.42 5.44 21.62 66.22
161-180 28.30 15.39 3.33 5.00 22.88 67.22
181-200 30.42 17.80 3.25 4.73 22.85 67.71
201-220 30.85 18.22 2.96 4.54 21.56 67.21
221-240 29.59 16.71 2.76 4.55 19.35 65.85
241-260 26.66 13.50 2.65 4.74 16.52 65.50
261-280 22.07 9.24 2.26 5.09 13.27 66.38
281-300 16.52 4.77 2.00 5.40 9.98 68.73
301-320 10.34 0.05 1.66 5.75 7.30 71.90
321-340 4.39 -4.75 1.32 5.93 5.56 74.15
341-366 -0.76 -9.29 0.97 6.05 5.01 74.98

Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%
1-20 -2.34 -10.70 0.77 5.96 5.70 72.97

21-40 -1.85 -10.64 0.77 5.98 7.40 71.51
41-60 1.42 -8.00 0.96 6.03 9.87 69.73
61-80 6.24 -3.90 1.40 6.09 12.58 68.59
81-100 12.01 0.95 2.07 6.14 15.02 67.57

101-120 17.09 5.08 2.77 5.99 17.39 66.29
121-140 21.96 9.17 3.36 5.75 19.65 65.81
141-160 25.90 12.87 3.57 5.34 21.70 66.00
161-180 29.25 16.31 3.48 4.94 22.96 66.81
181-200 31.11 18.52 3.24 4.62 22.83 67.50
201-220 31.51 18.95 3.02 4.46 21.53 67.49
221-240 30.18 17.32 2.98 4.47 19.35 67.01
241-260 27.33 14.20 2.73 4.64 16.54 66.53
261-280 22.99 10.08 2.32 5.00 13.37 67.29
281-300 17.51 5.65 2.09 5.36 10.09 69.25
301-320 11.50 1.02 1.55 5.67 7.34 71.97
321-340 5.61 -3.45 1.24 5.87 5.60 74.03
341-366 0.21 -8.09 0.89 5.94 4.97 74.23

2045

2080

84



Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%
1-20 -5.77 -15.26 0.65 6.19 5.99 77.98
21-40 -5.34 -15.16 0.68 6.18 7.77 76.83
41-60 -2.18 -12.05 0.87 6.21 10.21 75.26
61-80 2.56 -7.60 1.27 6.29 12.72 73.36

81-100 8.16 -2.46 1.80 6.34 15.21 70.88
101-120 13.73 2.20 2.55 6.30 17.28 68.66
121-140 19.23 6.65 2.99 6.09 19.42 66.63
141-160 23.22 10.38 3.39 5.68 21.42 66.59
161-180 26.06 13.55 3.44 5.24 22.52 69.06
181-200 27.58 15.54 3.35 4.87 22.43 71.97
201-220 27.77 15.79 3.49 4.67 21.08 73.70
221-240 26.39 14.01 2.98 4.72 19.00 72.87
241-260 23.63 10.82 2.69 4.98 16.10 71.03
261-280 19.46 6.94 2.31 5.36 12.91 69.82
281-300 13.96 2.62 1.82 5.72 9.75 71.18
301-320 7.87 -2.12 1.46 5.97 7.19 74.03
321-340 1.98 -7.07 1.07 6.13 5.60 76.25
341-366 -3.13 -12.19 0.84 6.16 5.12 78.05

Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%
1-20 -4.58 -13.49 0.67 6.19 5.95 77.38
21-40 -3.63 -12.91 0.72 6.21 7.68 75.91
41-60 -0.53 -10.09 0.89 6.22 10.10 73.68
61-80 4.06 -5.88 1.33 6.32 12.66 71.22

81-100 9.55 -1.14 1.93 6.34 15.09 69.00
101-120 15.17 3.39 2.69 6.29 17.44 67.53
121-140 20.43 7.72 3.09 5.98 19.89 66.24
141-160 24.77 11.76 3.42 5.60 21.86 65.89
161-180 27.81 15.07 3.38 5.23 23.07 66.87
181-200 29.27 17.08 3.25 4.88 22.89 68.42
201-220 29.25 17.11 3.21 4.70 21.55 69.45
221-240 28.12 15.48 2.83 4.70 19.34 69.45
241-260 25.46 12.38 2.66 4.92 16.51 68.81
261-280 21.44 8.56 2.34 5.27 13.11 68.63
281-300 15.84 4.08 1.87 5.59 9.91 69.99
301-320 9.31 -0.90 1.58 5.91 7.26 72.88
321-340 3.09 -5.90 1.18 6.10 5.65 75.99
341-366 -2.17 -10.82 0.87 6.19 5.16 77.42

Baseline

2015

A1.1 - WINDS 20-Day Weather Outputs for RCP 8.5 (Livneh downscaling method). Results are averages 
of outputs for respective day ranges
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Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%
1-20 -2.77 -11.10 0.71 6.26 5.75 73.56
21-40 -2.15 -10.88 0.76 6.22 7.49 72.68
41-60 0.74 -8.60 1.00 6.27 9.92 71.69
61-80 5.56 -4.44 1.51 6.34 12.52 70.56

81-100 11.09 0.19 2.07 6.41 14.99 69.25
101-120 16.39 4.60 2.79 6.30 17.27 67.70
121-140 21.18 8.66 3.33 5.99 19.55 66.66
141-160 25.45 12.53 3.42 5.57 21.84 66.56
161-180 28.70 15.98 3.50 5.10 22.99 67.26
181-200 30.84 18.31 3.32 4.70 23.06 67.15
201-220 31.39 18.82 3.01 4.53 21.75 66.13
221-240 30.27 17.36 2.90 4.58 19.45 65.32
241-260 27.00 13.84 2.76 4.83 16.59 65.24
261-280 22.37 9.57 2.52 5.16 13.29 66.99
281-300 16.61 4.98 2.08 5.55 9.98 70.18
301-320 10.52 0.54 1.64 5.81 7.24 72.96
321-340 4.85 -3.94 1.26 6.03 5.54 74.49
341-366 -0.26 -8.47 0.89 6.19 4.99 74.49

Days
Maximum 

Temperature
°C

Minimum 
Temperature

°C

Precipitation
mm

Wind Speed
m/s

Solar 
Radiation

MJ/m2

Relative 
Humidity

%
1-20 0.02 -7.90 0.78 6.25 5.50 70.26
21-40 0.76 -7.56 0.82 6.28 7.10 68.52
41-60 4.07 -5.05 1.11 6.32 9.42 67.21
61-80 8.70 -1.38 1.56 6.39 12.17 66.56

81-100 13.73 2.65 2.31 6.36 14.67 65.87
101-120 18.91 6.91 3.07 6.20 17.24 65.71
121-140 23.65 10.95 3.52 5.87 19.71 65.02
141-160 28.04 15.00 3.49 5.43 21.83 63.95
161-180 31.51 18.53 3.24 4.97 22.95 63.01
181-200 33.70 20.90 3.05 4.64 22.86 61.97
201-220 34.25 21.51 2.81 4.46 21.60 61.24
221-240 32.91 19.98 2.81 4.48 19.51 61.03
241-260 30.08 16.91 2.79 4.69 16.75 61.95
261-280 25.61 12.62 2.48 5.01 13.52 64.21
281-300 19.80 7.70 2.16 5.39 10.15 67.39
301-320 13.72 3.01 1.73 5.73 7.36 70.38
321-340 7.65 -1.55 1.17 5.98 5.59 72.12
341-366 2.35 -5.76 0.91 6.15 4.92 71.89

2045

2080
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