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ABSTRACT 

When the Intergovernmental Panel on Climate Change (IPCC) Special Report Global 

Warming of 1.5°C was released in 2018 it postulated about the devastating effects of a 2° C 

increase in global temperature, based on projections of coarse resolution global climate 

models (GCMs). While GCMs are useful tools to examine global- and continental-scale 

climate change, policy makers are more interested in climate change from regional and local 

perspectives. In order for municipalities to accurately prepare for the climate change impacts 

on their infrastructure, higher-resolution climate models are needed. This research developed 

a high-resolution (1-kilometer) dynamical climate downscaling framework using the Weather 

Research and Forecasting (WRF) regional climate model and applied it to the Kansas City 

metropolitan area. Two initial simulations are first performed to reproduce a devastating 

storm in March 2019 known as winter storm Ulmer, which flooded major portions of the 

Midwest's farmlands causing an estimated $3 billion dollars in damage. These initial 

simulations used different landcover inputs to represent present-day, i.e., control, and historic 

land use as the other initial simulation. Then a suite of sensitivity experiments was designed 

and performed for both initial simulations to investigate potential changes to the region’s 

precipitation under various global warming and cooling scenarios. 
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CHAPTER 1 

INTRODUCTION 

1.1 Project Introduction 

 In March of 2019 winter storm Ulmer tracked across the United States with estimates 

of over $2.9 billion in damages. Extreme precipitation events like Ulmer have become more 

common with the increase being linked to anthropogenic warming. Winter storm Ulmer was 

a spring storm that underwent a process called bombogenesis, which occurs when there is an 

increase in instability in the atmosphere, allowing the storm to become much more powerful. 

By the end of February, prior to Ulmer, Nebraska had recorded 27 inches of snow, compared 

to the average 6 inches (NASA, 2019; Nebraska Department of Natural Resources, 2019). 

This above average snowfall caused areas around Nebraska to have as much as 16 inches of 

snow on the ground leading up to Ulmer (US Department of Commerce, 2019). When Ulmer 

came across the Midwest the land surrounding the Missouri River was still frozen or covered 

in snow from a previous storm, which caused the excessive precipitation of Ulmer to cause 

historic flooding across the area. This historic flooding caused levees to breach, roads to be 

washed away, and farmlands to be destroyed throughout the Midwest. This study is designed 

to first use a Regional Climate Model (RCM) to re-create Ulmer, then manually alter the 

temperature to study the effect of warming temperatures, that are expected with climate 

change, on precipitation events. In this study a present-day landcover will be used for one set 

of sensitivity simulations, where another set will be ran using historical landcover to study 

how urban sprawl may affect the precipitation events.  
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1.2 Extreme Weather History 

1.2.1 Extreme Precipitation Damage Assessment  

Between 1988 and 2017, it was estimated that the about one-third ($73 billion) of the 

total cost of flood damage in the United States was a result of increases in precipitation 

events (Davenport, 2020). The flood damage caused by these changes were estimated to cost 

between $39 to $91 billion of the roughly $200 billion in total damage. Between 1960 and 

2009, nearly 85% of all natural hazards damage and losses could be attributed to severe 

atmospheric and hydrological events (Gall et al., 2011). The United States Army Corps of 

Engineers (USACE) expressed the need for repairs after the spring of 2019 flooding from 

extreme weather caused $20 billion in damages (USACE, 2021). If the cost of damages from 

these storms continue to escalate as it has in the past two decades, then losses of up to $400 

billion per decade could become reality (Gall et al., 2011). In 2021 the USACE released their 

grade for the United States’ levee systems, where they gave it an overall rating of “D”. The 

United States levee system protects $2.3 trillion in properties and consists of nearly 30,000 

miles of levees and they estimate about $21 billion in upgrades and repairs are needed to 

keep up with increasing flood threats (USACE, 2021).  

 

1.2.2 Winter Storm Ulmer 

  The storm that will be used in this study is Winter Storm Ulmer that formed on 

March 8, 2019, and lasted until March 16. This storm was categorized as a “bomb cyclone” 

after undergoing bombogenesis which is defined as barometric pressure readings within the 

storm dropping more than 24mbar within a 24-hour period (Weather Channel, 2019; NOAA, 

2021). This winter storm impacted a large portion of the country causing 100mph gusts of 
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wind in New Mexico (Weather Channel, 2019), severe flooding and failure of multiple 

levees following the Missouri River (Norvell, 2019). This storm caused devastating flooding 

across the Midwest with an estimated one million acres of farmland inundated with water 

that caused either crops to fail or the land to be unfarmable, costing billions of dollars to the 

agricultural economy (Huffstutter, 2019). In 2011, the Offutt Air Force Base in Nebraska 

came close to flooding, and the need to increase the height of the levee system around it was 

documented. They were also told that the levee would be de-certified in 2017 if actions were 

not taken (Irfan, 2019). In 2019, flood waters breached the levees around Offutt Air Force 

Base and reached up to nine feet deep in some areas, causing one-third of the base to flood 

and forcing jets to relocate to other bases Figures (1, 2).  
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Figure 1. Shows the flood waters covering parts of Offutt Air Force Base where up to 9 feet 

of flood waters destroyed buildings and forced planes to be relocated. Source: U.S. Air Force 

photo, by Tsgt. Rachelle Blake 
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Figure 2. Shows the Missouri river at its normal level with surrounding areas near Offutt Air 

Force Base on the left and on the right shows the Missouri river water level after winter 

storm Ulmer. Source: NASA Earth Observatory 

 

1.3 IPCC predictions 

In 2014, the International Panel on Climate Change (IPCC) released their Fifth 

Assessment Report (AR5), where they stated that surface temperatures are expected to 

increase throughout the 21st century under all emission scenarios, and it is very likely that 

temperature increases will cause extreme precipitation events to become more intense and 

frequent in many areas around the world (IPCC, 2014). In 2018, the IPCC released the 

Special Report on Global Warming of 1.5°C (SR15). This report was focused on the effects 

of global warming of 1.5°C above pre-industrial levels to help increase knowledge and better 
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prepare the world for what is predicted to come so that preparations can be made. The SR15 

states that there is substantial evidence that anthropogenic warming has led to an increase in 

frequency, intensity, and amount of heavy precipitation events at the global scale (IPCC, 

2018). 

In 2008, groups of modelers from around the world came together to create the 

Coupled Model Intercomparison Project Phase 5 (CMIP5). The purpose of CMIP 5 was to 

help predict both near (out to about 2035) and long term (past 2100) climate change. In 

Figure 3, the global climate model results from the CMIP5 show an increase of precipitation 

across most of the United States with an exception being found in the Southwest portion 

where decreased precipitation is expected to occur. The top of Figure 3 shows an increase in 

mean temperature for the entire globe across the decadal run, which is agreed upon by at 

least two-thirds of the models within CMIP5. Over the United states the changes in 

precipitation are less agreed upon, but precipitation is expected to increase to some extent 

across the country with an exception found in the Southwest.  
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Figure 3. Shows results of CMIP 5 model simulations ran for 10 years at a given 

radiative forcing of RCP 8.5. The cross-hatching represents where at least two-thirds 

of the models agree. Source: (IPCC, 2018) 

 

1.4 Clausius-Clapeyron Equation 

 In this study the same precipitation event, i.e., winter storm Ulmer, will be simulated 

with its initial forcing data in addition to using a suite of sensitivity experiments by changing 

the temperature across domains. The purpose for these sensitivity experiments will be to see 

if precipitation results follow the Clausius-Clapeyron (C-C) equation. The C-C equation was 

developed by Rudolf Clausius and Benoît Paul Émile Clapeyron in the 1830s. The C-C 

equation in Equation 1 is defined by saturation vapor pressure (es), temperature (T), specific 

latent heat of evaporation of water (Lv), and the gas constant of water vapor (Rv). 

 

Equation 1. Shows the C-C equation used in atmospheric research for measuring atmospheric 

moisture change compared to temperature change. 

 

The Clausius-Clapeyron equation states that an increase of 1° Celsius increases the 

amount of moisture that can be held in the air by 7% (Barberok, 2016; Ali et al., 2018). This 

increase in atmospheric moisture is essential fuel needed to make these storms more intense 

(Tandon, 2018). The temperature increase that is associated with climate change causes an 

increase in the rate of evaporation of water from the Earth’s surface. The increase in 

evaporation causes a rise in atmospheric moisture, contributing to more powerful storm 
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development and longer storm duration. The C-C equation assumes that that the relative 

humidity remains constant through all temperature increases (Lenderink, 2017). The change 

in relative humidity gives an explanation as to why Missouri is expected to become drier 

during the summer and fall months in Figures 6 and 7. The increase in temperatures during 

the summer and fall months would cause the relative humidity to likely lower as this time is 

relatively dry to begin with and further temperature increases would cause this to become 

exacerbated.  

Some studies have shown precipitation surpassing the C-C equations estimations. In 

higher latitudes it has been estimated that precipitation would be close to 6.5% per Kelvin, 

while at lower latitudes, near the equator, where precipitation events are driven more by 

latent heat released by other precipitation events, it is expected that the increases seen could 

be closer to 25% (Allen and Ingram, 2002).  In an earlier study, Lenderink (2011) found that 

using the dewpoint temperatures prior to precipitation events consistently showed this super-

CC value of 12-14% increase per degree Celsius. These findings showing this super-C-C 

relationship mean that these precipitation events could exceed expectations with the 

anticipated warming tied to anthropogenic warming.  

The values that will be assessed in this study are the precipitation totals over each 

domain and the temperature at two meters (T2) for both the 2nd and 3rd domain. The goals for 

this study are first to see how the changing temperature values will affect the same 

precipitation event. The second portion is to look at how the changing land cover will affect 

the T2 and precipitation values during the event over the entire domain. This will be done by 

looking at the differences between the sensitivity experiment and their respective initial 

simulation and also the 2018 simulations compared to the 1938 simulations. 
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CHAPTER 2 

GLOBAL CLIMATE MODELS AND DOWNSCALING 

2.1 CMIP 5 Predictions 

The Environmental Protection Agency has created a user-friendly tool called the 

Locating and Selecting Scenarios Online (LASSO) to provide users with access to Coupled 

Model Intercomparison Project Phase 5 (CMIP 5) data. LASSO allows users to view climate 

change projections to help them answer their specific questions. The CMIP 5 data is created 

using thirty-five individual global climate models (GCMs) that have a much lower resolution 

(70-400km) than the regional climate models, like the one used in this study. The LASSO 

tool helps users to create scatterplot data to see their chosen projection data, which is shown 

in Figures 5, 6, 7, 8, and 9. The data downloaded for these figures were obtained from the 

LASSO tool so that only data over the state of Missouri would be included.  

 A key aspect of future climate scenarios is the Representative Concentration Pathway 

(RCP), which are different scenarios that assume different radiative forcing levels based on 

differing mitigation plans (Figure 4). These RCPs were developed through a collaboration of 

integrated assessment modelers, climate modelers, terrestrial ecosystem modelers, and 

emission inventory experts after the IPCC requested new emission scenarios to be developed 

for future climate change assessment (IPCC, 2017; van Vuuren et al., 2011). This 

collaboration within the modeling community provided four separate possible trajectories for 

greenhouse gas emissions through the year 2100 that would allow comparison between 

separate studies using the same dataset (van Vuuren et al., 2011). The four RCPs are 2.6, 4.5, 

6.0, and 8.5, which show separate tracks of the predicted radiative forcing that could occur 

through the end of the century and were picked to cover the possible variations in radiative 
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forcing of 2.6 W/m2- 8.5 W/m2 (Fisher et al. 2007; Van Vuuren and Riahi 2011). These four 

levels that were selected were based off forcing greenhouse gases and other forcing agents 

such as landcover change (van Vuuren et al., 2011). RCP 2.6 was labeled as a mitigation 

scenario because it leads to the lowest increases in radiative forcing. RCP4.5 and 6 were 

labeled as stabilization scenarios, and RCP8.5 was labeled as a business-as-usual scenario 

due to having no climate change interventions applied (van Vuuren et al., 2011). 

LASSO data that is available in different statistically downscaled data sets, such as 

Bias Corrected Spatially Downscaled (BCSD), Localized Constructed Analogs (LOCA), and 

Multivariate Adaptive Constructed Analogs (MACA). These data sets are created using the 

coarse-resolution data from the CMIP5 GCMs, which are then downscaled to regional scale 

using various statistical techniques that look at meteorological observations to remove 

historical biases and try to match spatial patterns in the output (Abatzogluo and Brown, 2012; 

Pierce et al., 2015). The historical bias correction that is done to these data sets is then 

recorded and used for future projections. In Figure 5, the scatterplots show the expected 

annual precipitation and temperature change at the end of the century using the RCP4.5 and 

8.5 scenario. The annual prediction for RCP8.5 in Figure 5b show a general agreement of an 

increase of over 5°F in the mean annual temperature, and a majority of the models show an 

increase in the mean annual precipitation in the state of Missouri. The RCP4.5 scenario 

shows a similar distribution as the RCP8.5 scenario, however the temperature and 

precipitation values are about half of what is found in the more extreme scenario. 
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Figure 4. The expected radiative forcing for the different RCP scenarios with present day 

until the end of the 21st century highlighted. Source: Postdam Institute for Climate Impact 

Research 

 

When the data is split into different seasons, a pattern for increased seasonal 

precipitation becomes more evident. In Figure 6a, the RCP4.5 scenario shows an increase in 

summer temperature of about 2.5°-9°F, and has more models showing an increase in 

precipitation than Figure 6b; however, there are drastic decreases of over 30% in 

precipitation. In Figure 6a there are anticipated decreases in precipitation in the summer 

months, however the increase in temperature across the sampled models ranges from 6°-

16°F. In Figure 7a there is a much wider variation in temperature and precipitation between 

the models compared to the summer models shown in the Figure 6a. The precipitation for 

RCP 4.5 in the fall is a lot more undecided showing a range from -20 to +20% with the 
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models showing a fairly even distribution within that range. The Fall season in Figure 7b 

shows a similar increase in temperature to the summer results although there is a more 

variation on precipitation change. The winter season shown in Figure 8a shows a fairly 

agreed upon increase in precipitation between 5-20% for most models, with an increase in 

temperature from 2.5°-8°F. Figure 8b shows an increase in temperature from 4°-13°F with 

most models showing an increase in precipitation falling between 15-30% for the RCP 8.5 

scenario. These seasonal scatterplots show more agreement on an increase or decrease in 

precipitation between models when compared to the annual mean precipitation.  

The focus of this research is Winter storm Ulmer, which occurred in March 2019, so 

attention should be drawn to the spring months shown in Figure 9. In Figure 9a, there is an 

agreement between models that there will be an increase in precipitation of 5-20%. Figure 9a 

also shows an increase ranging from 2.5-7°F across all models for the RCP 4.5 scenario. The 

data shows that all but two models have some increase in precipitation for these months, and 

all but nine of those in agreement show an increase of over 10% precipitation in the spring. 

The data in Figure 9b also show an increase in temperature during the season in which winter 

storm Ulmer happened. Both temperature and precipitation will be looked at in this study to 

see if these results continue at the local resolution. 
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Figure 5. Shows the annual mean precipitation change along the Y axis and the mean annual 

temperature change along the X axis for each model used in CMIP 5. These models are 

representing the RCP 8.5 scenario at the end of the century. Source: EPA. EPA, 

Environmental Protection Agency, 2021, lasso.epa.gov/strategies.  
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Figure 6. Same as Figure (5), but is for the summer (JJA). Source: EPA. EPA, Environmental 

Protection Agency, 2021, lasso.epa.gov/strategies. 
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Figure 7. Same as figure (5), but is for the Fall (SON). Source: EPA. EPA, Environmental 

Protection Agency, 2021, lasso.epa.gov/strategies. 
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Figure 8. Same as Figure (5), but is for the Winter (DJF). Source: EPA. EPA, Environmental 

Protection Agency, 2021, lasso.epa.gov/strategies. 
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Figure 9. Same as Figure (5), but is for the Spring (MAM). Source: EPA. EPA, 

Environmental Protection Agency, 2021, lasso.epa.gov/strategies. 
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2.2 Statistical and Dynamical Downscaling 

In an attempt to look at higher resolution data for this research two separate methods 

can be employed, i.e., either dynamical or statistical downscaling. Using these downscaling 

methods involves initial data that is much coarser (100-300km) and usually data gathered 

from a Global Climate Model (GCM). In this study North American Regional Reanalysis 

(NARR) data is used as initial data that has a much higher resolution of 32km and is an 

extension of the National Centers for Environmental Prediction’s (NCEP) Department of 

Energy Global Reanalysis 2 General Circulation Model Project (Mesinger et al. 2005). 

NARR data uses a combination of improved land surface and hydrology models and data 

assimilation to create a more accurate recreation of precipitation using a data set known as 

Parameter-elevation Regressions on Independent Slopes Model (PRISM) data (Mesinger et 

al. 2005). The NARR data set has forcing data available from 1979 to present and has a 

temporal resolution of three hours. 

In order to do dynamical downscaling of this climate data, an area is selected, and 

physical properties such as thermodynamics and fluid mechanics, which are expected to hold 

under climate change, are calculated in the downscaling processes using the initial coarse 

dataset (GFDL, 2020; Le Roux et al., 2018). This downscaling is done using various 

“schemes” that tell the model what to calculate and how to use the forcing data to re-create a 

more detailed and higher resolution dataset. These schemes allow the downscaling process to 

not need observation feedback to change the model (Hou et al., 2018). This process can be 

very computationally expensive and is most often used in smaller areas.  

Statistical downscaling is less computationally demanding compared to dynamical 

downscaling. When using statistical downscaling, a statistical relationship is created between 
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GCM coarse resolution data and local higher resolution data (Chen et al., 2010). In order to 

create a statistical downscaling method Van Uytven et al. (2019), talks about four general 

assumptions that must be made first. The assumptions are that the relationship that is being 

used is relevant between the predictor and predictand, the predictors are accurately simulated 

by the initial data, the predictand is sensitive to greenhouse gas scenarios, and the hardest to 

verify is that the relationship remains applicable under climate change scenarios, which is 

difficult because future observations aren’t available. Statistical downscaling can be broken 

up into different categories based on how the relationships are created. The main groups are 

weather typing methods, stochastic methods, resampling methods, and regression methods 

(Chen, 2010).  

 

2.3 Benefits of Regional Climate Models 

With the GCMs of CMIP5 having a resolution of 70-400km it is hard to see the 

changes in particular precipitation events, so using RCMs are an important tool to see how 

particular areas may be affected by this expected change in precipitation. RCMs allow us to 

look at past precipitation events at higher resolutions to see how the change in urban 

landcover may affect the precipitation event. The state of Missouri is approximately 390km 

by 480km, meaning that at 400km the state of Missouri would be covered by just a little 

more than a single pixel at the GCM resolution. The RCM’s higher resolution allows us to 

identify different land surfaces in the simulation that can alter precipitation amounts greatly. 

When using RCMs, it becomes easier to identify finer details in the simulation such 

as elevation change, coast lines, smaller inland water bodies, landcover change, and 

temperature variation (Xu et al., 2019). Although GCMs still provide important scientific 
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data at a global scale, their coarse resolution makes it harder to provide meaningful data for 

policymakers on a regional or local scale.  

In this study, the Weather Research and Forecasting (WRF) model is used to 

dynamically downscale lower-resolution climate data. These simulations will be used to 

analyze and determine if higher resolution data will follow result in similar results to GCMs. 

The goal is to determine if the high-resolution simulations will follow C-C equation or if it 

will instead follow closer to the super-C-C equation that has been proposed for lower latitude 

areas. Analysis will also be done to find if growing urban land cover plays a role in changes 

in extreme precipitation events over Kansas City. 
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CHAPTER 3 

METHODOLOGY 

3.1 Area-of-Interest 

 The area of interest for this study is centered over the Kansas City metropolitan area 

which is separated into two separate states of Kansas and Missouri. The Kansas City 

metropolitan area has a population of over 2 million people and is centered in the middle of 

the Midwest of the United States. This area experiences atmospheric extremes during all four 

seasons of the year. The Kansas City area is located where the Kansas and Missouri Rivers 

combine and uses this river access for exporting large amounts of agricultural goods across 

the country. Using the Kansas City area gives us the opportunity to look at very different 

land cover in the same area. Over time, the Kansas City metropolitan area has continued to 

stretch farther out from its core creating large areas of impervious surfaces. 

3.2 WRF and Parameters 

 For this study on extreme precipitation events, the WRF model was utilized.  WRF is 

a mesoscale numerical model developed by the National Center for Atmospheric Research 

(Skamarock et al. 2008). WRF is comprised of two dynamical solvers known as Advanced 

Research WRF (ARW) core and Nonhydrostatic Mesoscale Model (NMM) core. The WRF 

model has various parameters that can be changed for different atmospheric processes. These 

parameters have been created to help simulate different atmospheric conditions and allows 

users to tailor the model to their needs. The physics schemes that were used in the 

simulations are shown in Table 1. These physics schemes were chosen after a suite of 

sensitivity experiments were ran on precipitation events in the area for a separate study. 

These schemes provided the best results for recreating precipitation events within the area of 
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interest. The Kain-Fritsch cumulus scheme was used in the outer most domains only since 

convection can be resolved at resolution higher than 3km. 

 

Table 1. Shows the parameters used for all simulations in this study. All parameters were 

used across all domains of the simulation except for Cumulus which was used in the outer 2 

domains only. 

Parameter Option Parameter Name References 

MP_physics Thompson Thompson et al. 2008 

RA_LW_physics RRTMG Lacono et al. 2008 

RA_SW_physics RRTMG Lacono et al. 2008 

Surface layer Eta Monin and Obukhov 1954, 

Janji 1994, 1996, 2002 

 

Land surface model Noah Tewari et al. 2004 

PBL physics MYNN3 Nakanishi and Niino 2006, 

2009 

Olson et al. 2019 

Cumulus physics Kain-Fritsch Kain 2004 
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3.3 Model Setup 

3.3.1 Initial Data 

 The initial conditions data set used for this study was the North American Regional 

Reanalysis (NARR). NARR was created by NOAA’s National Center for Environmental 

Prediction (NCEP) as an extension to their Global Reanalysis project. NARR data uses the 

high resolution NCEP of 32km paired with the Regional Data Assimilation System to 

increase accuracy of variables such as temperature and precipitation.  

3.3.2 Domains 

 In order to obtain the resolution required for analysis of precipitation, three nested 

domains were created. Within the WRF model, the domains’ resolutions bring the 32km 

resolution NARR data to 9, 3, and 1 km resolutions with the inner most domain at 1km 

centered over the Kansas City Metropolitan Area. Figure 10 shows an elevation map with the 

domains drawn.  The simulation is set up to have the atmospheric data split into 44 separate 

layers to better handle the atmospheric changes that occur during extreme precipitation 

events. The simulation also splits the ground into 4 separate layers to better reproduce ground 

water levels during the precipitation event. The inner-most domain shown in Figure 12 is the 

area of focus in this study, however, data from domain 2, shown in Figure 11, will be 

analyzed to obtain larger area of precipitation to compare. Using the second domain will not 

show as much land cover change between the separate time periods due to the lower 

resolution and the area being dominated by largely undeveloped farm and grasslands. 
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Figure 10. Shows the topography of domain 1 used for both historic and present-day 

simulations. Domains 2 and 3 are also drawn and labeled. This domain is at a 9km resolution. 
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Figure 11. Shows domain 2 topography at 3 km resolution after being interpolated from 

domain 1. This is the coarsest resolution that will be analyzed for this study. 
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Figure 12. Shows the inner most domain (domain 3) for this study that has a 1km resolution. 

This is the primary domain that will be analyzed and is centered over the greater Kansas City 

area.  

 

3.3.3 Land Cover for 2016 Simulation 

 This study looks at the extreme event of Winter Storm Ulmer that happened in March 

2019. The land cover that was used for this simulation was from 2016, which provided 

accurate landcover for the present-day simulation for the event. Having accurate landcover 

was important to see so that a comparison in precipitation could be made between the 

present-day and historic landcover. The 2016 land cover was readily available and would 

make a fair representation of present-day land cover. The land cover for 2016 can be seen in 
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Figure 13 and shows the urban land cover for 2016. The large area of low intensity 

residential area represents the surrounding suburban areas that have taken the place of what 

used to be grass and wetlands.  

 

Figure 13. Shows the land cover map for the Kansas City region at a 1km resolution in 2016.  

 

3.3.4 Land Cover for 1938 Simulation 

 In this study, two different land covers are used to compare the effects of urban land 

cover on extreme precipitation events. The second data set used was determined by the 

earliest data available, which was from the year 1938. This data was created by the United 

States Geological Survey using the Forecasting Scenarios of Land use Change (FORE-SCE) 

model. The initial conditions for this model were created using the land use and land cover 

(LULC) and started in 1992 and created a backcast simulation to get historical land cover 
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(Sohl et al., 2016). The land cover data was 250m resolution from 1938 to 1992 (Sohl et al., 

2016). This land cover shown in Figure 14 shows the greater Kansas City area before 

massive development occurred. The 1938 land cover shows the lack of industrial 

development or high intensity residential areas. In 1938, a majority of the domain was either 

pasture or cropland. In the southern portion of the domain the area was once largely covered 

in grass and wetland areas. 

 

 

 

 

 

Figure 14. Land cover map 1938 over Kansas City at a 1km resolution. This map shows the 

predicted land cover for Kansas City in 1938 based off the FORE-SCE model. The key 
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differences from the 2016 land cover are the lack of high intensity land cover, lack of urban 

sprawl, and greater areas of grassland. 

 

3.3.5 Observational Analysis 

 The first step after the initial control simulations were ran for both the present-day 

and historic landcovers was to compare the simulations to observational data acquired from 

the Midwest Regional Climate Center (MRCC). The MRCC data was taken from five 

separate weather stations around the Kansas City area on both the Missouri and Kansas side. 

The stations chosen shown in Figure 15 are the Kansas City International Airport (MCI) at 

39.2972° N and -94.7306° W, Downtown Kansas City Airport at 39.1208° and -94.5969°, 

Lee’s Summit Airport at 38.9597° and -94.3714°, New Century Air Center at 38.8317° and -

94.8897°, and Johnson County Executive Airport 38.85° and -94.7392°. These weather 

stations were chosen to look at the observational data to compare with the daily outputs and 

total precipitation values of the control simulations. This analysis will be to understand how 

the recreated precipitation differed from observed data. 
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Figure 15. Domain 3 at a 1km resolution with the locations of the weather stations used for 

the observational analysis. The Kansas City International Airport (MCI) at 39.2972°,                  

-94.7306°,  Charles B Wheeler Downtown Airport at 39.1208° and -94.5969°, Lee’s Summit 

Airport at 38.9597° and -94.3714°, New Century Air Center at 38.8317° and -94.8897°, and 

Johnson County Executive Airport 38.85° and -94.7392°. 

 

3.3.6 Sensitivity Experiments 

The sensitivity experiments for this study were done by changing the temperature 

values for the simulation to show the difference in precipitation from a past event with an 

increase and decrease in temperature values. After the initial simulation were ran using both 

the 2016 and 1938 land cover, the intermediate files were created for both land cover 

simulations. These intermediate files are files created by WRF combining the NARR forcing 
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data and land cover to create a series of files for use in the downscaling process.  The next 

step was done by creating separate intermediate files and to alter all temperature values 

across every atmospheric level either +1°, +2°, -1°, or -2°C. These files were then reinserted 

into the WRF model to be ran using the new temperature values for the same time period 

using the same settings as the control simulations. 

 

3.3.7 Experimental Design 

 Once initial conditions are set for the simulation, the control simulation was ran to 

establish a base line for the precipitation event of winter storm Ulmer between March 3 – 17, 

2019. The first four days of the simulation were used as a spin up period to establish a more 

stable simulation during the event. This spin up period had very little precipitation and was 

removed from the data analysis. The baseline simulations were ran for the 2016 land cover as 

well as the unaltered temperature 1938 land cover before starting the suite of sensitivity 

experiments.  

 The next step was to run the four sensitivity experiments for the present day and 

historical land covers. This gave four sensitivity experiments for each land cover (-2°, -1°, 

+1, +2°C) to compare both precipitation values and temperature change. The historic land 

cover sensitivity simulations temperature changes are compared to the present-day sensitivity 

simulations temperature values. These temperatures were not scaled off preindustrial levels 

that have been used in some IPCC studies. This was done so that the initial control 

simulation from 2019 was not altered in any way to get the best present-day re-creation of 

precipitation possible. Analysis will be done in both the 2nd and 3rd domains at 3 and 1km 

resolution. The values were taken from domain 2 to look at a wider area to get a larger area 
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of precipitation to analyze; however within the 2nd domain there was much less change in the 

land cover between urban and non-urban areas.  
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CHAPTER 4 

RESULTS 

4.1 Observational Analysis of 2016 Control 

 To look at the control simulation accuracy, the coordinates are taken for five different 

airports inside the inner most domain. These airports are the Kansas City International 

Airport (MCI), Charles B. Wheeler Downtown Airport (MKC), Lee’s Summit Municipal 

Airport (LXT), Johnson County Executive Airport (OJC), and New Century Air Center 

(IXD). All the airports that will be used in this analysis have weather stations on site and the 

data was collected from the Midwestern Regional Climate Center (MRCC) database that 

consists of around 850 weather stations across the United States. Daily precipitation data was 

downloaded from the MRCC and then compared to daily output of the control simulations.  

Looking at Figures 16-20, it shows that while the precipitation is falling on the 

correct days, the totals are different. Further investigation was done into the point analysis 

shown on Table 2 where the totals over the simulated time were compared, which shows the 

simulation has more rain at each weather station. This total comparison shows that 

precipitation values are hard to re-create at such a high resolution. Having slight changes in 

the precipitation pattern can drastically change the precipitation totals given the 1km 

resolution compared to the size of the weather stations. 
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Figure 16. Daily precipitation values for the simulation and observed data at the Lee’s 

Summit airport with the present-day landcover. 
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Figure 17. Daily precipitation values for the simulation and observed data at the Downtown 

Kansas City airport with the present-day landcover. 
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Figure 18. Daily precipitation values for the simulation and observed data at the New 

Century Air Center airport with the present-day landcover. 
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Figure 19. Daily precipitation values for the simulation and observed data at the Olathe 

airport with the present-day landcover. 
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Figure 20. Daily precipitation values for the simulation and observed data at the Kansas City 

International airport with the present-day landcover. 

 

Table 2. Precipitation totals for each weather station site for both the observed data and the 

present-day simulation. 

Observed vs Present-day Simulation Weather Station Comparison  

 

Downtown 

 

Lee's 

Summit 

 

Johnson County 

Executive 

Airport 

 

New Century 

Air Center 

 

MCI 

Observed 9.91mm   29.72mm   27.18mm   36.83mm   30.23mm 

Present-day 35.68mm   45.83mm   64.81mm   50.93mm   35.47mm 



39 
 

4.1.2 Analysis of the Initial Simulations 

 Control simulations were ran from March 3-17, 2019 using the parameters mentioned 

in Table 1.  The first four days of the simulation were used as spin up time and were not used 

for analysis of any data. For this study, two separate simulations were created using identical 

initial conditions except for the landcover. The landcover for the 2016 simulation is shown in 

Figure 13 and the land cover for the 1938 simulation is shown in Figure 14. The initial 

analysis of these control simulations was to see if change occurred within the precipitation 

totals based solely on the landcover change. Results for both the 2nd and 3rd domain are 

shown in Figure 21.  These domains do not give one definitive number to determine if one of 

the controls had more precipitation than the other, so an average of all pixels was taken to see 

the average percent change and what that percent change translates into for mm of 

precipitation shown in Table 3.  The averaged precipitation change between the different 

controls shows a very similar amount of precipitation overall. 
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Figure 21. Pixel-to-pixel comparison taking the 2016 precipitation values from the 1938 

control simulation for the 2nd domain (A) and 3rd domain (B). 

 

Table 3. Shows the percent change and average change found over the entirety of domains 2 

and 3 between the initial simulations of 1938 and 2016.  

 

 The comparison of domain 3 at 1km resolution for both control simulations is 

presented in Figure 22. The temperature data is an averaged value for each pixel from March 

7-17. The control comparison shows a clear increase in temperature for the present-day 

simulation even showing a distinct outline of Leavenworth, KS and Lawrence, KS outside of 

the Kansas City area. The 2nd domain was not used for temperature analysis because the 

Precipitation Change between Control Models

Domain 2 Domain 3

Percent Change 0.0036% -0.0085%

Average Change 0.17mm -0.37mm
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larger domain is made of primarily undeveloped farmlands. The average change in 

temperature over the Kansas City area shown in Table 4 is not very large, however a much 

more significant temperature change in the Kansas City core lines up closely with the historic 

landcover extent shown in Figure 14.   

 

Figure 22. Shows the difference between the 1938 and 2016 initial simulations’ averaged 

temperatures over the entire simulation. Leavenworth is shown northwest of the Kansas City 

area and Lawrence is shown to the west. 
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Table 4. Percent change and mean difference between both control simulations. 

 

 

4.2 Sensitivity Simulation Results 

4.2.1 Precipitation Results for 2016 

 The goal of the initial simulation with 2016 the landcover was to re-create the most 

accurate simulation possible for the time of the event in 2019. This 2016 landcover has much 

more urban sprawl than the 1938 landcover and has developed commercial and industrial 

areas near the Missouri River.  For this portion of the study, sensitivity experiments were set 

up where the temperature over all domains was either increased or decreased by one or two 

degrees Celsius. Once the sensitivity models were ran, the precipitation data was compared 

to the respective initial simulation. Figures 23 and 24 show the precipitation differences from 

the control for both domain 2 and 3. When the sensitivity experiments were compared, all 

domain 3 sensitivities exceeded the expected C-C equation’s 7% increase except for the 

increase of one degree shown in Table 5. The second domain was analyzed to give a larger 

sample size and to account for the change in precipitation patterns. These results exceeded 

the same expectations as domain 3 in every sensitivity simulation. All the exceeded 

simulation results are closer to 12-14% per degree increase which is much closer to the 

super-CC scaling discussed earlier Shown in table 5). 

 

Temperature Change for Control Models

-0.016% -0.043°C

Domain 3

Percent Change Mean Change



43 
 

 

Table 5. Percent change and average precipitation difference for each sensitivity simulation 

for 2016 compared to the control.  

 

 

 

Figure 23. Difference in precipitation for each sensitivity experiment compared to its 2016 

landcover control simulation in Domain 3. 

Temperature -2 -1 Control 1 2

Domain 2 -20.54% -11.51% 13.75% 28.99%

Domain 2 -9.35mm -5.24mm 6.26mm 13.20mm

Domain 3 -21.13% -12.73% 7.32% 12.86%

Domain 3 -9.16mm -5.52mm 3.18mm 5.58mm
43.36mm

2016 percent change from control

45.54mm
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Figure 24. Precipitation difference between the 2016 control and the sensitivity simulations 

in Domain 2.  

 

4.2.2 Precipitation Results for 1938 

The second set of sensitivity simulations ran were made using the same atmospheric 

forcing data as the 2016 landcover but instead had the estimated 1938 landcover Figure 14. 

In this simulation, there is no high intensity or industrial/commercial land cover as was found 

in the 2016 simulation. This landcover has significantly less low intensity land use and urban 

sprawl compared to the previous simulations as well, and grasslands are more prevalent in 

surrounding areas (Figure 13). Figure 25 shows the difference in precipitation for each 
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sensitivity experiment compared to the control simulation, while Table 6 shows the average 

precipitation difference and the percent change from the control domain. The 1938 landcover 

average percent change shown in Table 6 shows all sensitivity simulations have less of a 

difference from the control when compared to the 2016 simulations except for the +1°C and 

the 2nd domain for +2°C simulations. 

 

Table 6. Percent change and average precipitation difference for each 1938 sensitivity 

simulation from the control. 

 

 

Temperature -2 -1 Control 1 2

Domain 2 -19.69% -10.56% 14.28% 30.30%

Domain 2 -8.99mm -4.82mm 6.52mm 13.83mm

Domain 3 -20.62% -10.09% 10.03% 12.31%

Domain 3 -8.86mm -4.33mm 4.31mm 5.29mm

45.64mm

42.95mm

1938 percent change from control
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Figure 25. Difference in precipitation for each sensitivity experiment compared to its 1938 

landcover control simulation in Domain 3. 
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Figure 26. Precipitation difference between the 1938 control and the sensitivity simulations 

in Domain 2.  

 

4.2.3 Temperature Analysis for 2016 

 After all sensitivity simulations were complete for 2016, the spin up days were 

removed from the data and the T2 values were averaged for each pixel for the entire 

simulation. These averaged T2 values were subtracted from the original simulation’s 

averaged T2 values to evaluate the effect of the changed landcover and temperature values. 

In Figure 27, these difference values have been plotted for domain 3 where the clear outline 

of the urban landcover can be observed. Results from domain 2 were not analyzed because 
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the area surrounding the Kansas City area is largely farm and grasslands with relatively low 

urban development.  

 With the forcing data manipulated to increase and decrease the temperature across the 

domains by 1 and 2°C the averaged temperature change was examined to see how this would 

be affected over the entire simulation during a large precipitation event. In Table 7, the 

average temperature change over domain 3 increased by roughly 0.60°C for each incremental 

increase for the sensitivity simulations. The absolute maximum value was taken from within 

domain 3 and is shown within Table 7. These maximum values more closely follow the 

degree increase for each simulation.  

 

Figure 27. Difference in averaged T2 values for each point in the 2016 sensitivity simulations 

in domain 3 compared to the control simulation. 
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Table 7. The first row shows the average temperature difference from the control simulation 

for each 2016 sensitivity simulation. The second row shows the largest absolute average 

temperature difference found for each sensitivity simulation. 

 

 

4.2.4 Temperature Analysis for 1938 

 The analysis of T2 from the 1938 sensitivity simulations show similar results to the 

2016 simulations when averaged over the entire domain (Table 8). The urban areas are 

clearly identifiable in all sensitivity difference analyses except for the -1°C simulation. The   

-1°C simulation has a blanket cooling effect over the entire area instead of showing the urban 

he at island effect shown in Figure 28. The averaged temperature change over all sensitivities 

were about 0.6°C per 1°C changed on the initializing data.  

Temperature -2 -1 +1 +2

Tavg -1.27°C -0.64°C +0.64°C +1.32°C

Tmax 1.35°C 0.77°C 1.34°C 2.04°C

2016 T2 difference from control
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Figure 28. Difference in averaged T2 values for each point in the 1938 sensitivity simulations 

in domain 3 compared to the control simulation. 

 

Table 8. The first row shows the average temperature difference from the control simulation 

for each 1938 sensitivity simulation. The second row shows the largest absolute average 

temperature difference for each sensitivity simulation. 

 

Temperature -2 -1 1 2

Tavg -1.19°C -0.60°C +0.69°C +1.36°C

Tmax 2.31°C 1.57°C 1.30°C 1.96°C

1938 T2 change from control
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4.3 Joint Analysis 

 The next step for analysis was to get a comparison between the historic and present 

day landcover simulations. The 2016 landcover has a much larger urban footprint compared 

to the 1938 landcover. These simulations had the same model parameters except for 

landcover. The goal of this analysis was to look at how the landcover would affect not only 

the precipitation of this event, but also how the average temperature would change. 

 

4.3.1 Precipitation Analysis Between 1938 and 2016 Simulations  

 In this analysis each sensitivity experiment for the present-day simulation was 

subtracted from the respective historic sensitivity simulation. This allowed calculations of 

how much of a difference there was based solely off the change in landcover for each degree 

increase/decrease from baseline. When analyzing the plotted data in Figures 29 and 30, it is 

difficult to tell which simulation set had a larger amount of precipitation. To get a better 

understanding of the difference in precipitation, an average was taken over the difference of 

each difference data set, which is shown in Table 9. In domain 2, the 1938 simulation shows 

a greater precent change in precipitation across all sensitivity simulations. In domain 3, the 

extreme sensitivity simulations of -2 and +2 show a greater percent change in precipitation 

for the 2016 simulation. 
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Figure 29. Precipitation difference for each sensitivity simulation in domain 2 between 1938 

and 2016. 
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Figure 30. Precipitation difference for each sensitivity simulation in domain 3 between 1938 

and 2016.  
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Table 9. The average percent change between historic and present-day sensitivity 

simulations. Negative values show a greater precipitation value in the 2016 sensitivity 

simulations. 

 

4.3.2 Temperature Analysis 

 When comparing the historic to present-day sensitivity simulations the T2 values 

were evaluated and are shown in Figure 31. When analyzing the sensitivity simulation 

comparisons, you can see an increase across all sensitivities in the Kansas City core where 

the high intensity and industrial landcover is found in the 2016 simulations. In the 

surrounding areas where the 2016 landcover has suburban development, the historic 

simulations show higher T2 values. In Table 10, results are shown for the average change for 

the 1938 simulation compared to their respective 2016 sensitivity simulations. These results 

show that while the heat distribution has been changed by urban landcover change, the 

change has remained constant. In the -1°C sensitivity simulation you can see a clear outline 

of where the high-intensity residential and industrial landcover are located in the 2016 

simulations. The absolute difference shown in Table 10 shows the largest value change in 

overall sensitivity simulations.   

Joint Analysis Difference (1938-2016)

-2 -1 1 2

Domain 2 2.06% 0.94% 0.70% 1.18%

Domain 3 -0.30% 2.27% 2.06% -0.75%
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Figure 31. Shows the difference between the mean temperature difference of each sensitivity 

simulation for 1938 and 2016 landcovers.  

 

Table 10. Average change between the historic and present-day sensitivity simulations and 

the absolute difference. 

 

  

Temperature -2 -1 1 2

Average Change 0.03 -0.01 -0.004 0.005

Absolute Difference 1.03 1.24 0.97 0.89

Joint Temperature Difference
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

5.1 Control Simulation Evaluation 

After the present-day control simulation was compared to observational data it was 

found that WRF overestimated the precipitation totals, with a majority of the precipitation 

falling on a single date instead of being well-distributed like the observational data. This 

overshoot of precipitation was found across all weather stations tested. Comparing observed 

precipitation to simulated data can be difficult because of the lack of spatial coverage for the 

observed data, and any change in the precipitation pattern for the simulation can drastically 

change the precipitation totals in the areas of interest.  

 Analysis of the historic and present-day simulations shows very little difference 

between precipitation values across both domains. Within domain 3, there is a very slight 

increase in precipitation for the 2016 landcover, and a marginally greater precipitation total 

for the 1938 landcover within domain 2, which has substantially more non-urban areas 

compared to the 2016 data set. When analyzing Figure 21, there is no pattern found between 

the initial simulations’ precipitation, although, within the 3rd domain, some of the greatest 

precipitation differences are located near where industrial/commercial landcover was located 

within the present-day simulation.   

 The average temperatures over the course of each simulation were calculated and 

compared to each other to determine how landcover affected the T2 values. Figure 22 shows 

a clear outline around both the urban core of Kansas City along with the urban sprawl that 

developed between 1938 and 2016. A clear temperature difference over Leavenworth, 

Kansas in the north and Lawrence, Kansas to the west can also be observed. The added 
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precipitation during this simulation helped develop these clear distinctions in urban and non-

urban areas. When precipitation falls to the ground it cools releasing the energy as sensible 

heat flux. The difference in temperature of the surfaces allows the distinction between the 

urban and non-urban areas because of how fast the different surfaces cool through this 

process. 

 

5.2 Sensitivity Simulation Analysis 

 Four additional simulations were conducted for both the 2016 and 1938 landcover 

apart from the initial simulations. The first set to be analyzed was the present-day simulation 

where an increase and decrease of 1° and 2°C was applied to every layer of the atmospheric 

temperature to simulate anticipated warming and its effect on a precipitation event. The 

present-day sensitivities precipitation changed about ~10-12% per 1°C, which followed more 

closely with the super-C-C scaling that was discussed earlier in the Introduction. In the study 

done by Allen and Ingram (2002), they found a range of 6.5% closer to the poles while closer 

to the equator could see as high as 25%. This fits with the findings in this study being in the 

mid latitudes and falling near the middle for both a decrease and increase in temperatures.  In 

the study done by Lenderink (2011), they found results very close to those of this study near 

12 to 14%.  It is believed that the cause of this super-C-C scaling is due to latent heat release 

which could cause a positive feedback loop (Trenberth et al., 2003). In the tropics where 

precipitation is driven through convection, this latent heat release can cause precipitation 

increases closer to the super-C-C scaling (Allen and Ingram, 2002, Lenderink, 2011). 

 When the T2 values were evaluated between both initial simulations and sensitivity 

simulations the results showed that both historic and present-day had an average temperature 
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change of approximately 0.60°C change per 1°C increase or decrease. However, when 

looking at the max temperature difference from the controls, it was the historic 1938 

simulations that showed the greatest T2 difference. This difference in max temperature 

difference could be due to the greater amounts of precipitation that fell in the 1938 sensitivity 

simulations. 

 

5.3 Joint Analysis 

 As discussed in the previous section the 1938 simulation was shown to have greater 

precipitation values in almost every sensitivity simulation tested compared to its 2016 

counterpart. The only outcomes that showed more precipitation for 2016 were the values for 

both +/-2°C for domain 3. This increase in precipitation for the historic simulations could be 

due to the increased moisture in the undeveloped land surrounding the core of Kansas City. 

The lack of urban development in surrounding areas may have caused a greater amount of 

water to be stored in the ground, which could be used as kindling for evaporation, allowing 

more moisture to be present in the atmosphere. 

 When the analysis was done on the T2 difference between historic and present-day 

simulations, one can see clear area around the urban sprawl that developed between 1938 and 

2016 can be seen. This urban sprawl area has a clear increased temperature for 1938, 

however in the urban core it is flipped, and that area is cooler in 1938. This warming of the 

non-urban area for the 1938 simulation could be caused by different cooling rates between 

rural and urban landcover. This effect would need to be evaluated in a separate study to 

further understand this relationship. The average change in T2 over domain 3 between 
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corresponding 1938 and 2016 simulations was found to be very minimal with an absolute 

difference of close to 1°C between each comparison.  

 

5.4 Conclusion 

 In recent history we have begun to see more intense precipitation events that have led 

to devastating flooding across the Midwest. This increase in precipitation, according to the 

IPCC, is expected to increase, which would cause significant damage to our infrastructure 

and agriculture in this area. In this study, the increase in precipitation per degree Celsius 

stayed constant amongst both land cover simulations, with 10-15% increase across all 

simulations. This increase follows the super-CC scaling found in other studies (Lenderink, 

2011, Allen and Ingram, 2002). The change in land cover did not affect the total precipitation 

value. In the areas that were left unchanged between historic and present-day simulations, 

near surface air temperatures were found to be warmer in the present-day simulations. The 

outer urban sprawl that developed between 1938 and 2016 showed cooler temperatures 

compared to the historic non-urban area. This effect could be attributed to the change in 

latent heat flux allowing evaporation to cool the surface of the urban areas much quicker than 

the non-urban areas. While this study did not show a difference between the historic and 

present-day simulations for precipitation, it did show that we can be expected to see an 

increase in extreme precipitation at closer to 10-15% per degree Celsius.   

 A limiting factor of this study is the use of only a single precipitation event. Analysis 

of additional precipitation events and events during different parts of the year could provide 

additional information on this topic. However, precipitation is expected to decrease in the 
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summer and fall months around the Kansas City area, so events should be simulated outside 

of these seasons. 
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