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ABSTRACT 

The northern North American Great Plains (NNAGP) is the area defined by the 
Upper Missouri River Basin and the Canadian Prairies. It is a semi-arid region categorized 
by large stretches of grassland, pasture, and crops. During the last century and extending 
to the present day, a standard agricultural practice was to utilize a wheat-summer fallow 
rotation schedule, where the fields were left unplatted and an herbicide was often applied 
to keep weeds at bay. Concerns over soil health and profitability have led to the systematic 
decline of summer fallow, and nearly 116,000 km2 that used to be fallow during the 
summer in the 1970s are now planted.  
 An observational analysis discovered that from 1970-2015, during the early warm 
season, the NNAGP have cooled at −0.18 °C decade-1, nearly the same magnitude as the 
annual global warming rate. The near-surface atmosphere also moistened, evidenced by a 
decreasing vapor pressure deficit (VPD) trend, and monthly mean precipitation increased 
in excess of 8 mm per decade. Monthly mean convective available potential energy 
(CAPE) increased by 80% at Glasgow, MT and by 35% at Bismarck, ND based on 
atmospheric sounding observations. 
 To test whether a reduction in summer fallow is responsible for these observed 
changes, a set of convection-permitting model experiments were performed over the 
NNAGP. Two sets (4 total) of three-year simulations were driven by ERA5 data with the 
vegetative fraction adjusted using satellite estimated fallow amounts for 2011 and 1984. 
The control simulations were extensively validated against an ensemble of observations 
with large temperature biases in Winter by ~ -3 ºC and Summer by ~3ºC.  

The areas where fallow area declined from 1984-2011 were cooler by about 1.5 °C 
and had a lower VPD by 0.15 kPa compared to where it did not. CAPE increased where 
fallow declined from 1984-2011 but so did convective inhibition (CIN). These findings 
insinuate that the observed change to monthly mean precipitation cannot be explained by 
summer fallow reduction alone. Trends in observed low level moisture transport show that 
the Great Plains Low Level Jet has been intensifying, bringing increased moisture to the 
NNAGP and partially responsible for the precipitation increase.
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CHAPTER ONE 
 
 

INTRODUCTION 

Global near surface temperatures have been rising since the industrial revolution and are 

projected to keep increasing (IPCC 2013; Karl and Trenberth 2003). Mean annual global 

temperatures have increased by at least ~1°C since 1950 but this varies from region to region and 

season to season (Blunden and Arndt 2020). The land surface can be an important driver of these 

variations due to differences in how their reflectivity (known as albedo) reflects solar radiation 

back into space, how their evapotranspiration cools the surface and adds water to the atmosphere, 

and how their solar heating adds heat to the atmosphere (known as sensible heat flux). For example, 

temperate forests have a low albedo that absorbs a large proportion of incident solar radiation, but 

they also often have a large surface area of leaves and deeper roots, meaning that 

evapotranspiration and latent heat flux are relatively large and lead to a net cooling compared to 

areas with without forests, at least in many temperate and tropical zones (Bonan 2008; Manoli et 

al. 2016). Humans have intentionally modified the land surface for activities like agriculture and 

urban development. This land use and land cover change (LULCC) can have equal or larger 

impacts on regional temperatures compared to the greenhouse gas radiative forcing of 

anthropogenic climate change (Betts et al. 2013c; Mahmood et al. 2010). Characterizing the 

feedbacks between the land surface and climate processes is critical to better understanding the 

anthropogenic impacts on the climate.  

 In this volume, I focus on land use-climate interactions in the northern North American 

Great Plains (NNAGP) (Figure 1.1) a region that I define in the 2nd chapter as a combination of 
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the Canadian Prairies and the U.S. northern Great Plains. In the 21st century, the NNAGP is an 

important agricultural area in the U.S. with the primary commodity being wheat, and increasingly 

corn and soy. Grassland, shrubland, and a limited extent of forest and urban ecosystems and barren 

lands exist as well (Stoy et al. 2018; Dolan et al. 2020; Long et al. 2014b). The agricultural areas 

of the NNAGP used to be primarily grassland but were largely converted to a dryland wheat-fallow 

crop rotation during the late 1800s and early 1900s, which lead to a lower Bowen ratio during 

summer, and an increase in precipitation (Chen and Dirmeyer 2017; Pielke et al. 2007).  

 Since the 1970s, alternate cropping sequences that have replaced summer fallow with crops 

across more than a hundred thousand square kilometers as detailed in Chapter 3. These large-scale 

land management changes will impact regional climate for the reasons discussed above, but how? 

Multiple studies have demonstrated that the conversion of summer fallow to crops impacts near-

surface climate and planetary boundary layer processes including convective precipitation as 

detailed in Chapters 2-5. But most modeling studies are unable to explicitly resolve the impacts of 

land use change on convective precipitation because they are run at a spatial scale that is too coarse 

to capture the processes involved. Resolving convection at regional scales requires a spatial scale 

of 4 km or smaller that can capture weather dynamics (Prein et al. 2015). Understanding the 

impacts of land cover change on climate processes requires that such models be run with different 

land cover fractions and across multi-year time periods to account for the impacts of large-scale 

climate features like ENSO. Running weather models over large areas to understand climate 

processes is a very computationally expensive exercise, requiring supercomputers.  

To study the impacts of land cover change on climate processes across a large region (Figure 1), I 

ran the Weather Research and Forecasting Model (WRF), as described in Chapters 3-4 using past 
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and present land cover observations. Doing so revealed that planting crops instead of leaving fields 

barren cooled near-surface climate and added moisture to the atmosphere, resulting in more 

favorable conditions for crop growth. Landcover change alone appeared to have minimal impacts 

on regional precipitation, which instead was enhanced by additional moisture transport, mostly 

from the south, via the impacts of climate change on the Great Plains Low Level Jet. Combined, 

my findings revealed that changes to land use that have benefitted soil conservation (fallow 

increases erosion and carbon loss via respiration without plant input) and economic outcomes 

(producers usually make more money by planting crops instead of leaving fields bare) have also 

cooled the climate. This represents a ‘win-win-win’ for environmental and societal outcomes 

(Foley et al., 2005), but the details need to be disentangled. At a minimum, they have placed the 

NNAGP in a unique position amongst wheat-growing areas across the globe. 

Globally, yields of important crops are expected to decrease with rising temperatures by as 

much as 30% under the Relative Concentration Pathway 8.5 scenario (Zhao et al. 2017). The 

climate impacts on wheat production are uncertain and is somewhat moderated by the development 

of new cultivars (Asseng et al. 2013a; Ortiz et al. 2008), but yields are thought to decline in the 

future (Zhao et al. 2017) and some critical wheat-growing regions such as Australia have already 

experienced stalled or declining yield trends(Hochman et al. 2017; Lobell et al. 2011). The 

temperature impacts on wheat are non-linear, meaning that wheat yields are resistant to 

temperatures up to ~28 °C, and decline rapidly thereafter, but the impacts of temperature also 

depend on the growing stage and cultivar (Asseng et al. 2015a; Schlenker et al. 2009). In some 

areas, such as the NNAGP, the growing season is lengthening and also moving earlier in the year 
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(Mueller et al. 2015a). Even though my work has demonstrated that reducing the amount of land 

held in fallow has cooled near-surface climate, future trends are uncertain. 

The climate feedbacks of agriculture might offer a respite to the negative impacts of 

anthropogenic global warming. In North America, agricultural areas have led to a cooling of 

summer temperatures and as a result the impacts on yield have been minimal or even beneficial 

(Lobell et al. 2011; Butler et al. 2018). In the Midwest of the United States, increased productivity 

of corn crops have cooled summertime maximum temperatures by –0.5°C decade–1 and have 

increased precipitation by 10-15mm decade–1 (Mueller et al. 2015b; Bonan 2001). Agricultural 

expansion and intensification also increases the local near-surface humidity, especially in irrigated 

areas (Mahmood et al. 2008). More moisture at the surface can also impact precipitation processes 

such that rainfall is more likely, and also potentially more intense (Mahmood et al. 2008; Alter et 

al. 2015a; Chen et al. 2017; Collow et al. 2014). More moisture also decreases the vapor pressure 

deficit (VPD); plant stomata will close if VPD is too high to preserve water which then shuts off 

carbon uptake (Novick et al. 2016a). This lower VPD therefore reduces plant hydraulic stress and 

increases plant carbon uptake and grain yields (López et al., 2021).  

Is it possible that, with careful consideration of the processes involved, agriculture can be 

beneficial to climate? I seek to understand the relationship between agricultural management and 

climate across an international region that is a globally-important source of key crops wheat, 

pulses, oilseeds. In Chapter 2, the regional climate trends of the NNAGP will be discussed and a 

hypothesis will be presented as to how changes wheat-fallow agriculture might affect regional 

climate. Chapter 3 and 4 test the hypothesis introduced in Chapter 2 with a state-of-the-art high-

resolution climate model. Chapter 5 discusses how the environments of strong convective 
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precipitation are changing in the NNAGP. Throughout, I emphasize how agriculture and climate 

are coupled through the exchange of water and energy and how mechanistic and process-based 

studies of their interplay improve our understanding of both. 
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Figures 

 

Figure 1: Land cover in the NNAGP estimated by the European Space Agency (ESA 2017). 
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CHAPTER TWO 

RECENT TRENDS IN THE NEAR-SURFACE CLIMATOLOGY OF THE NORTHERN 

NORTH AMERICAN GREAT PLAINS  

Abstract 

We examined climate trends in the northern North American Great Plains (NNAGP) from 1970-
2015, a period that aligns with widespread land use changes in this globally-important agricultural 
region. Trends were calculated from the Climatic Research Unit (CRU) and other climate datasets 
using a linear regression model that accounts for temporal autocorrelation. The NNAGP warmed 
on an annual basis, with the largest change occurring in winter (DJF) at 0.4 °C decade−1. January 
in particular warmed at nearly 0.9 °C decade−1. The NNAGP cooled by −0.18 °C decade−1 during 
May and June, nearly the opposite of global warming trends during the study period. The 
atmospheric vapor pressure deficit (VPD), which can limit crop growth, decreased in excess of 
−0.4 hPa decade−1 during climatological summer in the southeastern part of the study domain. 
Precipitation (P) increased in the eastern portion of the NNAGP during all seasons except Fall and 
increased during May and June in excess of 8 mm decade- 1. Climate trends in the NNAGP largely 
followed global trends except during the early warm season (May and June) during which 2 m air 
temperature (Tair) became cooler, VPD lower, and P greater across large parts of the study region. 
These changes are consistent with observed agricultural intensification during the study period, 
namely the reduction of summer fallow and expansion of agricultural land use. Global climate 
model simulations indicate that observed Tair trends cannot be explained by natural climate 
variability. However, further climate attribution experiments are necessary to understand if 
observed changes are caused by increased agricultural intensity or other factors.  
 
1. Introduction 

Global near-surface temperatures have increased by nearly 0.2 °C decade−1 since the mid 1970s, 

with concurrent increases in global atmospheric moisture content (IPCC 2013; Dai 2006). Global 

climate trends are important to understand, but regional climate often departs from global trends 

due to regional variations in water and energy dynamics. Characterizing regional climate change 

is an important first step toward understanding the mechanisms that underlie these changes to 

further improve our understanding of the climate system and to provide information for decision 
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makers (Abatzoglou et al. 2009; Xie et al. 2015). Of particular importance is an improved 

understanding of climate dynamics in food-producing regions, identified by the World Climate 

Research Programme as the Water for the Food Baskets of the World grand challenge.  

At regional scales, climate is often strongly influenced by land surface processes 

(Seneviratne et al. 2006) in addition to the general circulation. Anthropogenic modifications 

including irrigation and other agricultural land use and land cover changes can alter this connection 

(Couzin 1999), and numerous recent studies have reiterated that agricultural intensification, i.e. 

cropland expansion and/or increasing crop yields, often results in regional cooling during the 

vegetative growing season (Mahmood et al. 2014a; Mueller et al. 2015b; Alter et al. 2017; Mueller 

et al. 2017; Gameda et al. 2007). Increases in agricultural intensity often alter the surface energy 

balance such that latent heat flux to the atmosphere is increased, sensible heat flux is reduced, and 

maximum temperatures are suppressed (Huber et al. 2014; Diffenbaugh 2009). These changes to 

the surface energy balance can increase precipitation by increasing atmospheric moisture content 

and enhancing convective initiation through increased moist static energy (Pielke 2001; Pielke et 

al. 2007; Gerken et al. 2018b; Vick et al. 2016; Gentine et al. 2013; Gameda et al. 2007). The 

increase in latent heat flux decreases the Bowen ratio, which lowers the height of the planetary 

boundary layer (PBL) and simultaneously lowers the lifted condensation level (LCL) (Juang et al. 

2007; Alter et al. 2015; Gerken et al. 2018a). LCLs that exceed the PBL height are associated with 

cloud development and constitute a ‘necessary but not sufficient condition’ for convective 

precipitation (Juang et al. 2007b; Bonetti et al. 2015; Manoli et al. 2016), noting additional 

requirements such as a minimum CAPE of ~ 400 J kg−1 (Yin et al. 2015) and positive convective 

triggering potential (Findell and Eltahir 2003a,b). Changes in PBL processes from agricultural 
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management also modify local and downwind air temperature (Tair) and precipitation (Diffenbaugh 

2009; Lu et al. 2017), emphasizing their importance to regional climate. Understanding how 

agriculture interacts with regional climate processes is a critical step for developing sustainable 

management practices to help avoid deleterious impacts of climate change on agricultural 

production (e.g. Asseng et al. 2013, 2015), which have already been observed across multiple crop 

producing regions (IPCC 2014).  

The Canadian Prairies (hereafter CP) are a notable example of a region that has experienced 

a simultaneous change in agricultural intensity and regional climate. The CP have undergone 

substantial changes in land surface composition since the 1970s, driven by a shift away from wheat 

/ summer fallow cropping sequences to more diversified cropping systems that replaced summer 

fallow with oilseeds, pulses, and other crops (Campbell et al. 2002; Bradshaw et al. 2004). The 

area of summer fallow in the CP has decreased from nearly 160,000 km2 in 1970 to less than 

20,000 km2 at present (Vick et al. 2016), which has increased moisture flux to the atmosphere and 

altered regional climate during the vegetative growing season (Gameda et al. 2007). Maximum 

summer temperatures have decreased by 1.2 °C since the 1970s, driven by a reduction in surface 

net radiation of −6 W m−2 (Betts et al. 2013d). The decrease in net radiation is attributed to 

increased cloud cover as a result of shifting land use and increases in surface relative humidity of 

up to 7% (Betts et al. 2013a,d; Mahmood et al. 2008). These changes in near-surface moisture 

have also increased the potential for convective precipitation during the growing season (Raddatz 

1998, 2000).  

Summer fallow in the U.S. decreased gradually from over 160,000 km2 to 60,000 km2 

during a similar time frame but starting in the mid 1980s (Vick et al. 2016), a large part of which 
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has occurred in the U.S. Northern Great Plains (NGP) adjacent to the CP (Figure 1). Convective 

likelihood has increased across parts of the NGP during the vegetative growing season (Gerken et 

al. 2018a), but it is otherwise unclear if the mechanisms causing regional climate changes in the 

NGP have followed those of the CP. It is difficult to understand the mechanisms causing regional 

cooling in the combined CP and NGP (hereafter the northern North American Great Plains, 

NNAGP) without first characterizing regional climate observations. Here, we describe changes in 

observed near-surface (2 m) air temperature (Tair), vapor pressure deficit (VPD), and precipitation 

(P) in the NNAGP at annual, seasonal, and monthly time scales from 1970 until 2015 by analyzing 

global climatic databases. Changes in Tair and P are commonly studied, and we additionally study 

VPD given its important role in crop yields ([CSL STYLE ERROR: reference with no printed 

form.]) and increasingly important role in controlling water transport from the soil through 

transpiration (Novick et al. 2016b). VPD is the difference between vapor pressure and saturation 

vapor pressure at the surface such that a decrease in 2 m VPD can be interpreted as more 

atmospheric moisture near the surface, all else being equal. We focus on the period from the 1970s 

until the present to study the time period characterized by increasing agricultural intensity (Alter 

et al. 2017; Vick et al. 2016) to improve our understanding of regional climate changes that have 

impacted – and appear to be impacted by – land and water management in the NNAGP. 

 

2. Methods 

a. Study Area 

The NNAGP has no formal definition. For the purposes of this study we consider it to be the area 

encompassed by the National Ecological Observatory Network (NEON) Northern Plains Domain 
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in the U.S. (Domain 9) (Keller et al. 2008) and the Prairies Ecozone in Canada (Figure 1) (Wiken 

and Canadian Council on Ecological Areas 1996). The entire domain largely encompasses what is 

often called the ‘Prairie Pothole’ region with the inclusion of semi-arid areas dominated by 

rangeland toward the west (Millett et al. 2009) and the ‘Northern Short Grasslands’ defined by the 

World Wide Fund for Nature. The Northern Plains Domain encompasses most of the Upper 

Missouri River Basin (Stoy et al. 2018) as well as the U.S. portions of the Red River of the North 

and the Nebraska Sandhills. The Prairies Ecozone encompasses most major grassland and 

agricultural regions of the Prairie Provinces with the exception of the Peace River Country in 

Alberta and British Columbia.  

The NNAGP was comprised largely of native shortgrass and mixed-grass prairie before 

the advent of widespread agriculture. Row crop agriculture, largely maize (hereafter corn) and soy, 

now dominate the eastern region of the NNAGP. A diverse mixture of wheat, pulse crops, oilseeds, 

and cover crops now dominate the northern and western regions, with rangeland dominating in 

areas unsuited to row crop agriculture, largely in the western part of the study region, with minor 

contributions of forests, urban areas, and lands developed for energy extraction, largely overlying 

the Bakken formation and within the Powder River Basin of Wyoming and Montana. The 

Canadian Prairies are broken into two distinct zones: the semi-arid prairies and the temperate 

prairies, with the latter forming the boundary between prairie and boreal forest (Gauthier and 

Wiken 2003; Hammermeister 2001). 

b. Data 

Station observations and gridded observational data products are used to study trends in Tair, VPD, 

and P in the NNAGP. Gridded monthly Tair and P come from the Climatic Research Unit (CRU) 
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TS 4.01 (Harris et al. 2014). VPD was calculated by subtracting vapor pressure obtained from the 

CRU dataset from saturation vapor pressure calculated using the CRU Tair data product. The CRU 

dataset is in good agreement with other commonly used temperature and precipitation datasets 

(Sun et al. 2018; Jones 2016) though does not contain as many source observations (Harris et al. 

2014). The CRU dataset is also not homogeneous, though the source observations are often 

homogenized by the original data collection organization, and thus better-suited for trend analysis 

(Harris et al. 2014). The CRU dataset compiles observations from up to eight climate stations per 

grid cell from World Meteorological Organization (WMO) stations, a density that is achieved for 

most of North America. We use the independent Berkeley Earth dataset (Rohde et al. 2013) to 

corroborate the major findings from the CRU dataset in the Appendix.  

Data from the Community Earth System Model Large Ensemble (CESM-LE) experiment 

(Kay et al. 2015) were used to determine if observed trends can be explained by natural climate 

variability (e.g. Deser et al. 2012). The ensemble contains 39 simulations with a 1° horizontal grid 

spacing, a length scale twice that of the CRU dataset, and uses historical forcings until 2005 at 

which point they are run under the RCP 8.5 scenario. Each model’s initial conditions were slightly 

varied to create an ensemble that captures internal climate variability (Kay et al. 2015). The grid 

points containing the NNAGP were selected and averaged creating monthly time series for each 

model. Linear trends were then calculated from the monthly data. 

c. Analysis 

Anomalies in Tair, VPD, and P were calculated by first averaging monthly data for each grid point 

in the CRU dataset for the period 1980-2010. The means were then subtracted from the values of 

the time period of interest to create the anomaly value. Trends in the anomalies were calculated 
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for the variables of interest using an ordinary least squares (OLS) regression for the time period 

1970-2015. The OLS function from the Statsmodels (Seabold and Perktold 2010) package in 

Python (Rossum 1995) was used to calculate trends. For the case of Tair during May and June, a 

one-sided lower-tailed Student’s t-test was used to compare the calculated trends to the observed 

global annual average Tair trend of 0.2 °C decade−1 for the study period calculated using the CRU 

database, a similar but more conservative trend to the 0.26 °C decade−1 that is found by the IPCC 

(IPCC, 2013). A two-tailed Student’s t-test was used when comparing against a null trend for VPD, 

P and Tair for seasonal analyses. We use the adjusted standard error to account for effects of 

temporal autocorrelation on standard error (Ramsey and Schafer 2012): 

𝑆"#$ = 𝑆&
1 + 𝑟*
1 − 𝑟*

𝐸𝑞.		(1) 

where S is the standard error and r1 is the lag-1 autocorrelation coefficient calculated using the 

‘acf’ function in the Statsmodels package. Without the adjustment, the calculated p-values are 

often too low resulting in more frequently rejecting the null hypothesis of no trend or, for the case 

of Tair, rejecting significantly different trends from the observed global increase of 0.2 °C decade−1 

(Santer et al. 2000). We study trends in Tair, VPD, and P for standard climatological seasons as 

well as individual months to better-identify periods that are exhibiting exceptional change. We 

also test the sensitivity of trends to the start date of the study period using the Global Historical 

Climatology Network (GHCN) dataset (Lawrimore et al. 2011) in the Appendix.  
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3. Results 

a. Seasonal trends 

The greatest increases in Tair occurred during climatological Winter (DJF), with some areas 

experiencing significant (p < 0.05) warming in excess of 0.4 °C decade−1 (Figure 2), especially in 

the CP and the eastern portion of the NGP. Spring (MAM) and Summer (JJA) show no significant 

positive or negative warming trends in aggregate but Fall (SON) warmed at approximately the 

global average trend of 0.2 °C decade−1 over the measurement period, which is significantly 

different from no trend across most of the U.S. Northern Plains.  

VPD decreased across most of the NNAGP during Winter and across its eastern half during 

Summer (Figure 3). The southeastern NGP experienced the greatest negative trend of −0.4 

hPa decade−1 or less. The mountainous regions to the west of the NNAGP experienced large and 

significant positive trends of VPD in excess of 0.4 hPa decade−1 during Summer. VPD decreased 

during Winter across the entire region, with the greatest decrease in the south. Spring and Fall 

experienced no significant trends in VPD in the study area over the measurement period.  

P increased by 1 mm decade−1 or more across the eastern Dakotas during Winter, by 2 

mm decade−1 or more in western Minnesota during MAM, and by 4 mm decade−1 or more across 

the central and eastern Dakotas during Summer (Figure 4).  
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b. Monthly trends  

Analyzing Tair trends by month across the measurement period for the NNGAP reveals patterns of 

significant warming and cooling that are not apparent in the analysis by climate season (Figure 5). 

Median Tair across the entire NNAGP increased by ~0.9 °C decade−1 in January. February 

experienced no significant trend and March warmed by 0.3 °C decade−1. April experienced no Tair 

trend, but May and June cooled by about −0.2 °C decade−1 on average. In other words, warming 

in March masked cooling in May in the analysis by climatological Spring (MAM, Figure 2). July 

and August have warmed by ~0.2 °C decade−1 on average, masking June cooling in the seasonal 

analysis. Likewise, the lack of Tair trend in October masked warming in September and November 

on the order of 0.3-0.4 °C decade−1, with similar mean warming in December, slightly greater than 

the global annual warming trend across the study period on the order of 0.2 °C decade−1. 

The greatest May and June cooling trends on the order of −0.25 °C decade−1 are found in 

eastern Montana, western North Dakota, and the CP, and extends to the Canadian Shield north of 

the study domain and the Rocky Mountains to the west of the study domain (Figure 6a). The Rocky 

Mountains are important for storm generation in the NNAGP (Carbone and Tuttle 2008), but are 

outside of the study area. Mean cooling across the entire NNAGP during May and June from 1970-

2015 averaged −0.1 °C decade−1 compared to a mean global warming of 0.3 °C decade−1 over the 

same period. 

VPD decreased by −0.2 hPa decade−1 in May and −0.3 hPa decade−1 in June which, 

coupled with decreases in Ta, result in cooler and moister conditions (Figure 6b). VPD in July and 

August show high spatial variability with large positive and negative VPD trends across different 

parts of the study region (Figure 7). The dipole feature of Figure 3c explains why there is so much 
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variability in July and August: The eastern half of the study area exhibited negative VPD trends 

and the western half experienced positive trends. P increased across the entire NNAGP at 3 

mm decade−1 and 4 mm decade−1 during May and June, respectively, and P in eastern North 

Dakota has increased in excess of 8 mm decade−1 (Fig. 6c). October also exhibits a positive trend 

in P of 2 mm decade−1, but trends in P during other months are not different from zero (Figure 8).  

 

4. Discussion 

The research conducted here demonstrates that the annual climate of the NNAGP followed global 

Tair trends from 1970-2015 with important seasonal exceptions that require further analysis to 

ascertain the responsible mechanisms. The analysis of standard climatological seasons shows that 

warming occurred across the study area, exceeding the global average trend during most of the 

Winter but less than the global average trend during early Summer. The northern hemisphere 

winter is warming at the greatest rate globally, particularly in the extratropical and arctic regions 

(IPCC 2013). The NNAGP follows this pattern, with the greatest Winter warming trend exceeding 

0.4 °C decade−1 in the northern part of the study domain (Abatzoglou et al. 2014) (Fig. 2). VPD 

has decreased during Winter and Summer, with the largest changes occurring in the southern part 

of the NNAGP during summer (Fig. 3). P has increased during much of the warm season, primarily 

in the eastern NNAGP; the only significant negative trend in P is in the western half of the study 

area during Winter (Fig. 4).  

To provide context to the results, we analyzed the temperature trends for the NNAGP using 

39 members from the CESM-LE ensemble, an experiment designed to put bounds on internal 

climate variability (Kay et al. 2015). The trends show that the observed May-June cooling trends 
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are outside the spread of simulated trends and the ensembles of Tair trends are higher for most 

months than observations with a median of 0.6 to 1.25 ℃ decade−1 (Figure 9). This indicates that 

the observed trends in the NNAGP are outside of natural climate variability and might be forced 

by processes that are not captured in the CESM-LE simulations including those that are local in 

nature. These could include an inaccurate representation of agricultural intensification and other 

land use changes that have occurred over the study period (e.g. Stoy et al. 2018) and errors in 

simulating convective processes (e.g., Prein et al. 2015) and associated land surface atmosphere 

feedbacks (Hohenegger et al. 2009) due to the coarse model resolution. It is important to note that 

the CESM-LE simulations were run at 1° horizontal grid spacing and are limited in their ability to 

simulate the mechanisms that give rise to convective cloud formation and precipitation, which are 

known to be important features of the growing season climate of the NNAGP (Betts et al. 2013a). 

One can infer therefore that important climate mechanisms in the NNAGP are not captured by 

existing global climate models, at least during some seasons. 

a. Climatological seasons mask large monthly trends 

There was little to no trend in Tair in the NNGAP during the summer months in the analysis of 

standard climatological seasons (Figure 2). Significant cooling became apparent across much of 

the NNAGP during May and June after disaggregating the analysis into months to identify if the 

seasonal analyses were averaging out important information (Figure 5). Stronger May and June 

cooling trends result if the 1980s were chosen as a start date (Appendix A2), suggesting that the 

cooling effect is not an artifact of choosing 1970 as a start date. It is difficult to attribute the 

significant May and June Tair decrease to any particular mechanism in an empirical study except 

to note that the CESM-LE fails to capture the observations (Figure 9), but observations are broadly 
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consistent with research on land-atmosphere coupling to date. A reduction in the area of summer 

fallow since the 1970s has been identified as a contributor to summer cooling and cloud 

development in the Canadian Prairies (Gameda et al. 2007; Betts et al. 2013d; Raddatz 1998a) and 

is consistent with the increase in likelihood of convective precipitation due in part to the lowering 

of the Bowen Ratio across parts of the U.S. Northern Plains (Gerken et al. 2018a). That being said, 

changes in irrigation in the Ogallala Aquifer region south of the study domain, increased land 

surface albedo due to the advent of no-till agriculture (Seneviratne et al. 2018; Davin et al. 2014; 

Lobell et al. 2006), ongoing increases in water table height and thereby surface water extent across 

much of the study region (Rodell et al. 2018), and changes in the general circulation are likely to 

interact with land cover change to cause the unique May and June temperature trends, and we 

discuss each in the context of regional climate modeling below after discussing trends in P to 

which trends in Tair are coupled (e.g. Prein et al. 2016).  

b. Trends in precipitation  

P increased in the eastern part of the NNAGP during most of the warm season including 

climatological Spring and Summer (Figure 4). Further evidence of increased P manifests itself in 

the fact that groundwater storage is increasing across the northern Great Plains (Rodell et al. 2018); 

these changes in groundwater are likely due to an increase in water inputs to the land surface rather 

than decreased outputs given that latent heat flux has increased across parts of the NNAGP (Gerken 

et al. 2018a; Vick et al. 2016). While not explicitly studied here, there is evidence that precipitation 

intensity has increased more than the Clausius-Clapeyron relationship would suggest with a 16% 

increase in rainfall amount occurring during the heaviest precipitation events (Reidmiller et al. 

2018; Mishra et al. 2012). Recent studies have demonstrated that increased precipitation and 
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precipitation intensity, especially during the early warm season, are partly due to stronger 

convective systems (Prein et al. 2017b, 2016; Feng et al. 2016). It is important to note that the 

NNAGP is characterized by considerable year-on-year variability in P which can mask trends 

(Muhlbauer et al. 2009) and has wide ranging impacts for agriculture and water resources. A recent 

reminder of this was given in 2016 and 2017, when parts of the NNAGP experienced 150% of 

normal P for the 2016 calendar year followed by a severe ‘flash’ drought in the western NGP 

during the 2017 growing season, noting that our study period ends in 2015 due to data availability. 

This drought was preceded by a period of anomalously low likelihood of convective precipitation 

(Gerken et al. 2018b), further emphasizing the important role that locally-triggered convective P 

plays in the NNGAP during climatological spring and summer.  

c. Land cover change  

The early warm season of May and June is a period of considerable vegetative activity and alone 

comprises one half or more of the total growing season net carbon uptake by winter and spring 

wheat in central Montana, USA, with rapid crop growth during this period giving rise to substantial 

latent heat fluxes (Vick et al. 2016). The eddy covariance measurements described by Vick et al. 

(2016) demonstrate that a spring wheat field had nearly double the evapotranspiration as a nearby 

fallow field and half the sensible heat flux from planting to harvest. The simulated height of the 

atmospheric boundary layer on account of these differences in surface-atmosphere energy 

exchange differed by nearly 1 km between the wheat and fallow treatments during the mid-

growing season, suggesting a substantial impact of agricultural management on boundary-layer 

climate, consistent with observations in the Canadian Prairies (Betts et al. 2013b; Gameda et al. 

2007). Given the decline in summer fallow area in the NNAGP on the order of over 200,000 km2 
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(Vick et al., 2016), a potential mechanism for the May and June cooling trend emerges if the lower, 

more humid boundary layer more readily produces clouds and precipitation (Gerken et al. 2018a), 

which would also help explain May – June decreases in VPD.  

 That being said, the reduction of summer fallow is not the only change occurring in the 

NNAGP. Shrubs and croplands have increased in aerial extent the U.S. Northern Plains since 2001, 

while the extent of forest, pasture, and Conservation Reserve Program areas have decreased (Stoy 

et al. 2018). No-till agriculture has increased albedo, but the magnitude and location of these 

changes are difficult to quantify and the reanalysis data products that may be able to estimate these 

changes often struggle to correctly estimate changes to net radiation as cloud fields are not 

sufficiently resolved in the reanalysis modeling systems (e.g. Draper et al. 2017). Warming 

temperatures associated with global climate change have created conditions conducive to corn and 

soy agriculture in the NNAGP (Smith et al. 2013; Kucharik 2008; Butler et al. 2018) and corn and 

soy acreage has also increased in the Prairie Pothole region of the Dakotas since the 2000s (Lark 

et al. 2015). The growing season for corn/soy as well as wheat has been extended by up to 10 days 

in some areas contributing to an increase in yields (Lanning et al. 2010; Kucharik 2008; Hu et al. 

2005; Sacks and Kucharik 2011). An increase in corn-soy production in the U.S. Central Plains 

(i.e. the “Corn Belt”) resulted in a similar cooling trend to what we observe in the NNAGP, 

although it has occurred later in the warm season (Mueller et al. 2015b) consistent with seasonal 

growth patterns of maize, a C4 plant. It is important to note that the replacement of one land cover 

type in favor of another does not always result in a consistent effect on regional temperature and 

precipitation (Garcia-Carreras et al. 2010; Bright et al. 2017; Fall et al. 2010) and surface-

atmosphere interactions may be dominated by soil moisture state rather than vegetation 
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composition (Desai et al. 2006; Collow et al. 2014), highlighting the importance of coupled energy 

and water fluxes to regional climate processes. 

  Another influence on ABL processes is the addition of moisture by way of irrigation which 

lowers the Bowen ratio by favoring latent heat flux at the surface (Adegoke et al. 2003; Lobell and 

Bonfils 2008; Lobell et al. 2008; Mahmood et al. 2013). The addition of surface moisture tends to 

increase P by way of increasing moist static energy available for convection, particularly 

downstream of irrigated areas (DeAngelis et al. 2010; Huber et al. 2014; Harding et al. 2012; Yang 

et al. 2017; Segal et al. 1998). Irrigation in the NNAGP is far less common than the U.S. Southern 

Plains, especially areas overlying the Ogallala Aquifer (Dickens et al. 2011), but could be 

influenced by advection of moisture from the south (Rodell and Famiglietti 2002; Rodell et al. 

2018) – especially given the influence of the nocturnal jet in the central U.S. – which might be the 

water source for the observed increase in P. Such changes to water cycling immediately outside 

the NNAGP emphasize the importance of understanding external vs internal inputs to the climate 

system. 

Ongoing climate warming has increased the importance of VPD to plant stomatal function, 

transpiration, and the assimilation of carbon across global biomes (Novick et al. 2016b). Much of 

the United States has exhibited near-surface drying (i.e. an increase in VPD) with climate change 

– with deleterious consequences for agriculture (Seager et al. 2018a) – with the exception of parts 

of the U.S. portion of the NNAGP (Ficklin and Novick 2017; Seager et al. 2018b). Our analysis 

supports the notion that aridity is increasing in the NNAGP on an annual basis because of the 

increase in Tair and lack of trend in P. However, there are two signals in the monthly VPD trends 

that are consistent with agricultural intensification or other changes to regional water cycling. First, 
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the decrease in VPD during May and June (Figure 6b) is consistent with increased 

evapotranspiration resulting from a larger planted area as noted. Second, there is a significant 

decrease in VPD in the south-eastern part of the study area during climatological summer (Figure 

3c) which is consistent with an increase in agricultural intensification within the study region 

(Mueller et al. 2015b) and/or an increase in moisture transport from the surrounding region that 

has experienced an increase in irrigation.  

d. Toward an understanding of the mechanisms underlying regional early-season cooling 

Results here are broadly consistent with the notion that agricultural intensity within and/or external 

to the NNAGP have caused a cooling trend during parts of the vegetative growing season, but also 

point to the need for process-based regional climate studies to identify the causes that underlie 

these observations. The NNAGP is a dynamic region that receives advected moisture and energy 

from the Arctic, Pacific, and the Gulf of Mexico in addition to internal water and energy cycling 

(Bonsal et al. 1999; Raddatz 2000a; Quiring and Kluver 2009) of which locally-recycled 

convective precipitation is an important part (Raddatz 2000a). The NNAGP is also influenced by 

global oscillations including ENSO and the PDO, and the MJO, and teleconnections that result in 

variable weather patterns and precipitation (Quiring and Papakyriakou 2005; Bonsal et al. 1999; 

Li et al. 2018). Climate change is also increasing the variability of the polar jet, which may be 

partially responsible for changes in surface temperature across the continent due to changes in 

meridional flow patterns (Francis and Vavrus 2015; Partridge et al. 2018). Despite the notion that 

early growing season changes in regional climate are consistent with the impacts of an intensifying 

agriculture system either within or external to the NNAGP, we cannot exclude other features of 

the climate system may be responsible for observed changes in Tair, VPD, and P. 
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Targeted climate change attribution experiments could help to quantify the contribution of 

different processes to the observed trends by modifying energy and moisture fluxes from the land 

surface to mimic past, present, and projected future changes in agricultural intensity while 

controlling for large-scale weather conditions. Of particular importance to the NNAGP is the use 

of convection-permitting climate models (CPM) that run on spatial scales of 4 km or less (e.g., 

Prein et al. 2015) considering the importance of land-atmosphere feedbacks and convective 

precipitation in the NNAGP (Gerken et al. 2018a; Betts et al. 2013a) and the failure of current 

climate models to simulate observed May – June Tair trends (Figure 9). Early simulations 

demonstrated that parameterizations were inadequate for modeling atmospheric circulations 

associated with heterogeneous landscapes (Avissar and Pielke 1989, 1991; Pielke et al. 1998). 

Therefore, to successfully model these changes using a CPM, the model would need to accurately 

represent the land surface and the resulting land-atmosphere interactions. A commonly used CPM, 

the Weather Research and Forecasting model (WRF) (Skamarock et al. 2008) contains land cover 

data products that are accurate for homogenous landscapes but often need to be addressed for 

heterogeneous landscapes and landscapes that exhibit interannual variability such as agricultural 

areas (Spera et al. 2018; Sertel et al. 2010; Gao and Jia 2013). It is also important to track moisture 

sources in such a modeling exercise to determine the roles of internal versus external water cycle 

dynamics in determining ongoing climate changes in the NNAGP. Determining the precipitation 

recycling ratio (Raddatz 2000a; Prasanna and Yasunari 2009; Kanamori et al. 2018) would help 

with source attribution, as would using Lagrangian methods such as the HYSPLIT model (Stein 

et al. 2015). Given the use of a convection permitting model however, tracing water vapor within 

the model framework might give detailed insight into the water balance of the NNAGP 
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(Dominguez et al. 2016; Chug and Dominguez 2019). Such an effort would require extensive 

computational resources but would also be critical given the importance of the NNAGP to the 

global food system. 

 

5. Summary 

Regional climate trends influence perception of climate change and subsequent management 

decisions by local and regional stakeholders (Abatzoglou et al. 2009; Grimberg et al. 2018) for 

whom sub-seasonal climate variability is important (Asseng et al. 2015b; Klemm and McPherson 

2017). The results of this study demonstrate the importance of studying climate trends at time 

scales that are more finely resolved than standard climatological seasons. From a global 

perspective, much of the NNAGP has responded to climate change as expected. However, there 

are stark changes within standard climatological seasons that are not captured by the CESM-LE 

simulations (Fig. 9): May and June have cooled at nearly the opposite rate of observed global 

warming, and January warmed much more than the global average (Fig. 5). The May – June 

cooling trend is centered within the NNAGP, but the warming in the winter and shoulder seasons 

has occurred in the Rocky Mountains to the west and areas further north (Fig. 2). VPD is generally 

not changing with the exception of the warm season; May and June have experienced a decrease 

in VPD with variable trends during July and August (Fig. 6). The negative summer VPD trend is 

found across the eastern half of the domain – largest in the southeast – and like many trends 

observed here spills across the study region, in this case toward the northeast (Fig. 3). P has 

increased across the early warm season, with the largest positive trends found in May and June 

(Fig. 7). Generally, the positive trends in P are located in the eastern half of the domain but extend 
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outside of the study area as well (Fig. 8c) and it is unclear if this is part of a common climate trend. 

Our observational study demonstrates that the NNAGP largely followed annual average global 

climate trends with many exceptions including cooler and wetter conditions during May and June 

whose causes must be investigated using mechanistic studies to understand if they were caused by 

agricultural intensification, and to disentangle the interaction between land management and 

climate in this globally-important agricultural region. 
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Appendix 

Data Coverage 

The CRU dataset is a gridded observational dataset that integrates observations from the World 

Meteorological Organization (WMO) and other sources (Harris et al. 2014). The CRU dataset 
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contains a source observation density data product that shows how many unique stations were 

interpolated to each grid cell. Each grid cell in the NNAGP (and most of North America) have 

eight stations contributing to each grid cell, which is the maximum that the CRU algorithms 

incorporate.  

Trend Verification 

We repeated the analysis of Tair trends using the Berkley Earth Surface Temperature data (Rohde 

et al. 2013) to critique results from the CRU dataset (Fig. 5). The same monthly Tair patterns hold 

(Fig. A1). We also used the Global Historical Climatology Network (GHCN) dataset (Lawrimore 

et al. 2011) to critique the start date of the analysis (Fig. A2). The May and June cooling trend 

across all GHCN stations in the NNAGP is larger if the analysis starts in 1980, suggesting that 

beginning the analysis in 1970 results in a conservative interpretation of observed May and June 

cooling trends. 
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Figures 
 

	
	
Figure 1: A map of the region considered to be the northern North American Great Plains 
(NNAGP) for the purposes of this study, which comprises the NEON Northern Plains Domain 9 
in the United States and the Environment Canada Prairies Terrestrial Ecozone. Landcover as 
ascertained by MODIS are broken up into categories using the International Geosphere–Biosphere 
Programme (IGBP) classification system (Friedl et al. 2010).   
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Figure 2: Trends in 2 m air temperature (Tair) from 1970 to 2015 across the northern North 
American Great Plains and surrounding regions. Stippling indicates a significant trend at P < 0.05 
after correcting for autocorrelation (Eq. 1) against a null hypothesis of no trend. 
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Figure 3: The same as Figure 2 but for vapor pressure deficit.  
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Figure 4: The same as Figure 2 but for precipitation.  
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Figure 5: Monthly trends in near-surface (2 m) air temperature between 1970 and 2015 for the 
northern North American Great Plains (Fig. 1) from the CRU dataset. The orange lines indicate 
the median trend and the blue line indicates zero trend.   
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Figure 6: May and June trends in 2 m air temperature (a), vapor pressure deficit (b), and 
precipitation (c) from 1970-2015 in the Northern North American Great Plains (black outline, see 
Figure 1). (a) Stippling indicates significant (p < 0.05) cooling after correction for temporal 
autocorrelation (Eq.  1) versus mean global warming of 0.2 °C decade−1 during the commensurate 
period. (b,c) Stippling indicates significant trends compared to a null hypothesis of no trend.  
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Figure 7: The same as Figure 5 but for vapor pressure deficit (VPD). The orange lines indicate 
the median trend and the blue line indicates zero trend.  
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Figure 8: The same as Figure 5 but for precipitation. The orange lines indicate the median trend 
and the blue line indicates zero trend.   
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Figure 9. Trends in near surface air temperature from the CESM-LE ensemble. The boxplots show 
the median (green line) and variation in trends from the 39 ensemble members by month between 
1970 and 2015. The trend estimates are based on averages over the grid cells that contain the 
NNAGP. The dark blue line indicates where a zero trend would fall.   
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Figure A1: Trends in air temperature from 1970-2015 in the Northern North American Great 
Plains using Berkley Earth Surface Temperature data. The blue line indicates zero trend. The 
orange lines indicate the median of the distribution of trends.   
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Figure A2: Near-surface (2 m) air temperature trends from 270 Global Historical Climatology 
Network (GHCN) sites within the NNAGP. Sites with at least 75% daily data availability from 
1925-2015 were chosen for analysis. Maximum and minimum temperatures were averaged 
together to obtain average daily temperature. Daily data were aggregated to the May and June 
period and trends were calculated for each site with varying trend start years until 2015. The 
elongation of the violin plots is due to the shorter record from which trends were calculated, 
leading to more variability in trends. The distribution of the 270 trends are shown in the violin plot 
for each trend start year.  
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CHAPTER THREE 

 
SIMULATING THE IMPACTS OF AGRICULTURAL LAND USE CHANGE ON THE CLIMATE OF 

THE NORTHERN NORTH AMERICAN GREAT PLAINS PART I: VALIDATING A CONVECTION-

PERMITTING CLIMATE MODEL 

 
 

Abstract 
 
Until now, there has not been an attempt to simulate the effects of summer fallow using a climate 
model. We utilized summer fallow data estimated from Landsat 5 for the years of 1984 and 2011 
with Weather Research and Forecasting (WRF) model in a convection-permitting configuration. 
The vegetation fraction was adjusted to match the summer fallow for 1984 and 2011. The goal is 
to assess how well the WRF model performs with these different landcovers. The model had a 
~3 ºC warm bias compared to Daymet in summer and a -3 ºC cold bias during winter. WRF well 
captures seasonal precipitation with only moderate biases during winter and spring. The vertical 
profile of temperature and dewpoint are within 1 ºC at upper levels but the surface warm bias is 
evident in the lower levels of the profiles. WRF captures the warm season sensible and latent 
heat flux compared to data obtained for the Lethbridge, CA eddy-covariance tower. The 
distribution of precipitation, including extremes, is well captured by WRF due to the use of 
convection-permitting grid spacing. 
 
1. Introduction 

The northern North American Great Plains (NNAGP) have experienced large shifts in land cover 

and land management over the past five decades (Stoy et al., 2018). These changes are coincident 

with cooling and moistening trends that rival global climate change in magnitude (Bromley et al. 

2020; Betts et al. 2013c; Gameda et al. 2007). The NNAGP are a semi-arid region that 

encompasses the northern U.S. plains and the Canadian Prairies, and are primarily composed of 

rangeland, grassland, and cropland (Stoy et al. 2018). Many semi-arid ecosystems have been 

greening in the last few decades, and the NNAGP are greening at one of the fastest rates globally 

(Kolby Smith et al. 2016; Zhu et al. 2016; Huang et al. 2018). Nearly 19% of the land area in the 
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NNAGP exhibited greening, owing partially to increased productivity due to the CO2 fertilization 

effect, but also due to shifts in land cover (Brookshire et al. 2020; Piao et al. 2020) and substantial 

shifts in agricultural land use, management, and intensification (Maaz et al. 2018; Rosenzweig and 

Schipanski 2019; Long et al. 2014a; Miller et al. 2002).  

Prominent among these land use changes from the perspective of surface-atmosphere 

connections is a notable decreasing practice of summer fallow, i.e. keeping a field unsown during 

summer. Summer fallow has historically been very common in the agricultural areas of the 

NNAGP in rotation with wheat, but has steadily decreased by ~1.5% annually resulting in a 

reduction of nearly 250,000 km2 since the mid 1970s (Gameda et al. 2007; Campbell et al. 2002; 

Betts et al. 2013c; Vick et al. 2016). Crop-fallow rotations are detrimental to soil health and have 

been replaced by continuous annual cropping of wheat and barley, cover cropping, and no-till 

agriculture (Aase and Pikul 1995; Long et al. 2014a) with uncertain impacts on regional 

atmospheric processes that may be pronounced given the expansive area that has shifted from an 

unvegetated to a vegetated state during the growing season.  

Interactions between the land surface and the atmosphere have important feedbacks to the 

climate system, and agricultural areas can modify local and regional climate processes (Raddatz 

2000b; Mueller et al. 2015b; Alter et al. 2017). Vegetation increases land surface albedo, latent 

heat flux, and the near surface humidity at the expense of sensible heat flux (H) while the opposite 

holds for fallow fields (Vick et al. 2016). The combination of these near-surface effects due to the 

steady decline of summer fallow are thought to contribute to an observed cooling and moistening 

trend over the NNAGP (Gameda et al. 2007; Betts et al. 2013c; Gerken et al. 2018c; Bromley et 

al. 2020). Consistent with these colling an moistening trend is an observed increase in cloud cover 
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and a lowering of the lifted condensation level (LCL) in the Canadian Prairies since 1992 (Betts 

et al. 2013c; Betts and Desjardins 2018). Higher near-surface humidity can also increase 

convective available potential energy and pre-condition the lower atmosphere such that convection 

becomes easier to trigger (Raddatz 1998b; Hanesiak et al. 2004; Brimelow et al. 2011; Shrestha et 

al. 2012; Gerken et al. 2018c). These changes increase the likelihood of the atmospheric boundary 

layer reaching the LCL: a necessary but insufficient step in forming convective precipitation 

(Juang et al. 2007a,c).  

 Convection-permitting models (CPMs) are emerging tools for studying the influence of the 

land surface on convective processes. CPMs use horizontal grid spacing that are small enough to 

explicitly resolve convective processes (several kilometers), and are also able to better capture the 

effects of land surface heterogeneity on precipitation (Prein et al. 2015; Vanden Broucke and Van 

Lipzig 2017). CPMs are able to reduce critical near-surface biases found in coarse resolution 

models by improving the representation of surface energy fluxes of heterogeneous landscapes 

(Vanden Broucke et al. 2015; Vanden Broucke and Van Lipzig 2017). Soil moisture is a 

heterogeneous land surface property that is impacted by land management and that can strongly 

modulate convective processes through soil-vegetation-boundary-layer interactions (Findell and 

Eltahir 2003c,d; Taylor et al. 2013; Klein and Taylor 2020). Hohenegger et al. (2009) found that 

by explicitly resolving convection, the precipitation response to soil moisture anomalies reversed 

signs compared to a coarse resolution simulation with a convective parameterization. CPMs have 

been used to study impacts of soil moisture on convection and land-surface coupling across global 

ecosystems due to their advantages in simulating deep convective and boundary-layer processes 

(Hohenegger et al. 2009; Zhang et al. 2020; Chen et al. 2019).  
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The semi-arid NNAGP exhibits seasonally strong land-atmosphere coupling (Koster 2004; 

Betts 2009; Betts and Desjardins 2018; Chen and Dirmeyer 2017). Convection-permitting 

simulations of convection in the Sahel (another semi-arid area) showed improvement over coarse 

resolution models that parameterize convection, better-capturing surface convergence processes, 

and convection initiation due to land surface heterogeneity (Birch et al. 2014; Maurer et al. 2017). 

There is evidence that dry soil moisture anomalies in the Sahel trigger and intensify convective 

storms by increasing wind shear, destabilizing the lower atmosphere through more boundary layer 

warming, and organizing moisture convergence through meridional temperature gradients (Taylor 

et al. 2006, 2012; Klein and Taylor 2020). Convection-permitting simulations in the NNAGP 

might improve our understanding of the land-atmosphere-precipitation interactions in semi-arid 

biomes and their responses to land cover change across the globe, but the role of land use change 

in the NNAGP and its impact on these interactions has not been studied to date.  

 Liu et al. (2017), hereafter L17, created the first convection-permitting simulations of 

North America under past and future climate conditions. Convective precipitation intensities and 

the diurnal cycle of convective precipitation were well captured, but the frequency of summer 

MCSs in the central U.S. were lower than observed (Prein et al. 2017a). The retrospective control 

simulation was run for the water years 2001-2013 but did not take land use or land cover change 

into account. Here we present a pair of convective-permitting simulations that follow the methods 

developed by L17 but with the goal of representing the climate under land use change scenarios 

observed in the NNAGP, namely different historical summer fallow amounts. These simulations 

are intended to act as control simulations for further work in understanding the role of summer 
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fallow reduction in the near surface energy balance, boundary layer interactions, and convective 

precipitation.  

 

2. Model Parameters and Observational Data 

 
a. Model setup and domain information 

The Advanced Research Weather Research and Forecasting model version 4.1 (WRF) was used 

in a convection-permitting configuration with 4 km horizontal grid spacing. The study domain 

consists of 796 × 496 grid cells, 51 vertical levels up to 50 hPa, and covers the entirety of the 

northern North American Great Plains between 95°W and 115°W and from 40°N to 55°N 

(Bromley et al., 2020) (Figure S1). The domain was selected to have at least 40 grid cells between 

the domain boundary and the study area to avoid model spin-up issues. The European Center for 

Medium-Range Weather Forecasting’s (ECMWF) ERA5 dataset was used as initial and lateral 

boundary conditions (Hersbach et al.). The high resolution of ERA5 (~31 km) allows us to directly 

downscale to 4 km grid spacing without an intermediate nest. The model parameterizations follow 

those used by L17, including the YSU boundary scheme (Hong et al. 2006), Thompson 

microphysics scheme(Thompson et al. 2008), and the RRTMG radiation scheme(Iacono et al. 

2008). We did not use spectral nudging due to the limited size of the domain.  

The Noah-MP land surface model was used with dynamic vegetation options turned off. 

Vegetation fraction was fixed at the annual maximum in order to facilitate the experiments that 

focus on the vegetative growing season. Leaf area index is provided by table values for each land 

use category. The TOPMODEL ground water scheme was utilized, which was found to reduce 

summertime biases (Niu et al. 2007; Barlage et al. 2015, 2021). The control simulations were 
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continuously run from October 2010 to October 2013 (current simulations) and from October 1982 

– October 1985 (historical simulations). The analysis is focused on the warm season, and the first 

3 months of the simulations are utilized for model spinup. 

 

b. Creation of the fallow dataset 

We obtained Landsat 5 imagery for 1984 and 2011 for the period between May 1 and August 31. 

Using visual cues, we digitized polygons for every LS Tile/Year and every landcover type (e.g. 

Crop, Fallow, Forest, Grass, Shrub, Water). Before fitting each model, each image was corrected 

for surface reflectance for each band. These polygons were then used to randomly sample each tile 

for each sample date within a year (1984 versus 2011). After fitting a Random Forest model for 

each tile and sample date within that tile, we used the model to predict cover classes to the entire 

image and for each date combination. This predicted raster was then saved to disk. Next, for each 

tile within a year, all of the predicted rasters were stacked (e.g. for 1984 and Tile 1, all six raster 

time series were stacked into one object) and the classifications through time were combined into 

a string (for example fallow, crop, crop, crop, crop, fallow). We then established rules that follow 

from the time series for each pixel. Once all of the tiles for a given year were classified into a 

single layer from the time series, we mosaicked them together into a single file. Finally, using the 

NLCD 2011 urban classification, we overwrote pixels classified as urban given that urban land 

cover classifications make up a trivial proportion of the NNAGP (Stoy et al., 2018). The vegetation 

fractions were adjusted to match published agricultural statistics (Vick et al. 2016) on a state and 

province basis with the approximate location estimated via Landsat.  
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 The 30 m summer fallow dataset was interpolated to the 4 km model domain using a 

conservative remap approach. The Noah-MP land surface model uses a split-cell design where the 

vegetated fraction of the cell undergoes separate calculations from the non-vegetation fraction. We 

replaced the default vegetation fraction by setting vegetation fraction equal to 1 – fallow area in 

pixels for which fallow area was greater than 0 (Figure 1). The October 2010 – 2013 simulation 

uses the estimated fallow for 2011 and is called the control 2011 simulation (C11). The October 

1982-1985 simulation uses the estimated fallow from 1984 and is called the control 1984 

simulation (C84). 

Multiple studies have documented the reduction in summer fallow in the NNAGP and its impact 

on atmospheric boundary layer processes (Raddatz 1998b; Campbell et al. 2002; Gameda et al. 

2007; Betts et al. 2013c; Vick et al. 2016; Bromley et al. 2020). These estimates come from state 

and province -level agricultural census data. Summer fallow has been reduced since the mid-1970s 

and we assume that the results reported in the census are largely accurate, but the uncertainty lies 

in the exact timing and location of the changes. The agricultural statistics are conducted every 5 

years in the U.S., but the spatial locations of fallow fields within those five years can change 

considerably. Summer fallow is a part of a wheat-fallow rotation, which makes it difficult to 

replicate the exact amount of land area under summer fallow for the intervening years between 

agricultural census surveys and makes specific attribution in any single year a challenge. Our 

approach to use fallow statistics to adjust Landsat-based estimates is designed to ensure that the 

total amount of reported fallow is represented in the simulations, but spatial uncertainties exist due 

to the intermittent overpass of Landsat (Figure 1). Additionally, the timing of planting and 
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harvesting varies with the weather of any given year which further obscures what is summer fallow 

and what is a field that hasn’t been planted. 

c. Observational Verification Data 

We compare the temperature and precipitation from model simulations to several observational 

datasets to understand potential model biases. Daymet  is a gridded observational dataset that uses 

a Gaussian filter to interpolate between station observations and accounts for elevation using a 30 

arc-second digital elevation model (Thornton et al. 2016).. The horizontal grid spacing is 1 km and 

the dataset contains daily maximum (Tmax) and minimum (Tmin) air temperature, vapor pressure, 

and precipitation among other variables. The daily mean temperature was created by averaging 

daily Tmax and Tmin (Thornton et al. 1997). The CRU dataset is a 0.5 degree global dataset 

interpolating meteorological station data from multiple sources to a grid using angular distance 

weighting (Harris et al. 2020b). Monthly mean temperature, vapor pressure, and precipitation are 

used from the CRU dataset. The Gridded Meteorological Ensemble Tool described by Newman et 

al., 2015 a,b (hereafter GMET) interpolates North American station observations to a 0.125 degree 

grid (nominally 14 km grid). The dataset contains 100 ensemble members that are generated based 

on uncertainty in the interpolation routines as well as measurement uncertainty. We also used the 

Global Precipitation Climatology Centre monthly precipitation dataset (Rustemeier et al. 2020) for 

the validation of the precipitation output to create a more robust comparison. All datasets are 

individually upscaled to match the 0.5-degree monthly means of CRU and the GPCC dataset and 

remapped using a flux conservation algorithm for both temperature and precipitation using the 

Climate Data Operators software (Schulzweida 2019).  
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Vapor pressure deficit (VPD) is an important variable concerning vegetative growth and 

crop yields (Yuan et al. 2019; Rigden et al. 2020). Plant stomata will close if VPD is too high and 

there is evidence that VPD is decreasing in the NNAGP (Bromley et al. 2020; Ficklin and Novick 

2017). Since VPD is calculated using the saturation vapor pressure, which is exponentially 

dependent on temperature via the Clauisus-Clapeyron relationship, VPD model biases are 

dominated by the temperature bias. Vapor pressure is calculated internally in WRF using mixing 

ratio and surface pressure, reducing the. We assess vapor pressure biases compared to Daymet and 

CRU as described in the Appendix.  

To test the significance of model biases, we first conservatively remap the model 

simulation data to a 0.5-degree regular grid to match the coarsest observational datasets. Monthly-

averaged two-meter temperature (T2) and precipitation (P) from the model are compared to 

Daymet, CRU, GPCC, and all 100 GMET ensemble members. The maximum and minimum values 

found across all observational datasets for each month and grid point are used as estimate for 

observational uncertainties. Model biases are significant if they exceed the range of observational 

uncertainties. This method is also used by L17 to test the significance of the 13-year convection 

permitting simulations of the continental United States. 

To test whether WRF can reproduce extreme precipitation, the control simulations (C11 

and C84) are compared to the station-based hourly precipitation dataset NCEI DSI 3240 (Hammer 

and Steurer 1997). An inverse distance weighting average of the nearest four grid cells are 

employed to create the model estimate at the station location.  NCEI DSI 3240 only provides 

stations in the U.S. A kernel density estimate is used to create empirical density functions for the 

U.S. portion of the study area compared to the modeled probability density functions. Only 
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overlapping time periods are used for verification and station completeness needs to be at 90% for 

the comparison. We limit the analysis to the warm season (MJJA) as we are primarily interested 

in the climate impacts of agricultural management. The early warm season (AMJ) tends to be 

dominated by frontal rainfall and convection that is initiated by upper level forcing, whereas the 

late warm season (JAS) tends to be dry and the little rain that falls is predominantly from 

convection (Gerken et al. 2018c). 

The vertical structure of the atmosphere is assessed using observed vertical profiles of 

temperature and dew point temperature from sounding locations within the NNAGP. Profiles are 

obtained for Glasgow, Montana, USA (GGW), Bismarck, North Dakota, USA (BIS), and 

Edmonton, Alberta, Canada, (WSE) from the Integrated Global Radiosonde Archive (Durre et al. 

2006). The modeled vertical profiles are found via nearest neighbor search for the grid cell closest 

to the observational sounding location. The profiles from both the observational soundings and the 

model simulations are log-interpolated to common levels and only the 00UTC and the 12UTC 

model hours are used for the comparison. Each profile is differenced with the corresponding 

observational sounding profile and then the difference is averaged across pressure levels for a 

given month to create a composite profile. 

Finally, surface energy flux data was obtained from a grassland eddy covariance site near 

Lethbridge, Canada, ‘CA-Let’, for the years 2011-2013 (Flanagan et al. 2002). Observed latent 

heat flux (LE) and H values were adjusted using the Twine et al. (2000) method, which adjusts 

these fluxes while keeping the observed Bowen ratio constant to achieve energy balance closure; 

the observed energy balance of most eddy covariance research sites is not closed (e.g. Stoy et al. 

2013). The data were filtered by removing data with a friction velocity (u*) of less than 0.25 m/s 
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to ensure sufficient turbulence and removing datapoints where the energy balance ratio exceeded 

1.5 to avoid anomalous measurements. Comparisons of the surface fluxes between WRF and CA-

Leth for the entire simulation period were made using a maximum-likelihood robust linear 

estimator noting that robust regression is preferred to standard least squared approaches given the 

Laplacian (double-exponential) error distribution of eddy covariance measurements (Richardson 

et al. 2006). Since eddy-covariance data does not exist for the C84 simulation, comparisons are 

only made for the C11 simulations.  

 

3. Results  

Results of comparing seasonal temperature and precipitation differences between the simulations 

(C11 and C84) and the Daymet dataset are presented (we show the CRU dataset comparisons in 

the Appendix). Hourly precipitation, vertical profiles of temperature and dewpoint from 

soundings, and surface fluxes are compared for the warm season.  

A. Seasonal Temperature 

Figure 2 compares T2 between the C11 simulation and Daymet. C11 is 2.9 +/− 0.81 ℃ colder than 

Daymet within the study area during winter (Figure 2c). In the Rocky Mountains, immediately 

outside of the study area, the winter biases are stronger (< – 5℃) as also found by L17. A lake 

temperature model was not employed so a warm bias was found over Lake Winnipeg, but since 

this location is downstream of the study area, there were no negative effects on the simulations. 

While not explicitly in the study area, the Rocky Mountains are important for seasonal runoff and 

for influencing air masses that approach the study area from the West. C11 is about –0.69 ℃ cooler 

than observations in Spring (MAM) and capture the spatial pattern well (r=0.94) (Figure 2f). The 
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largest warm season biases are present during the summer (JJA), an issue also found by L17. 

Summer temperatures are generally 3 and 4 ℃ too warm across the majority of the study area with 

a few exceptions (Figure 2i). The largest bias when compared to Daymet is found in the lee of the 

Rocky Mountains on the western side of the study area and is in excess of 5 ℃ too warm but this 

might be due to the re-gridding process averaging temperatures across elevational gradients. Fall 

shows very little bias, with temperature differences between −1 and 1 ℃ (Figure 2l). 

 The C84 performs less well than the C11 simulations for the seasonal temperature averages 

with stronger biases in Winter, Spring and Fall (Figure 3). The overall spatial pattern of 

temperature is captured as evidenced by strong positive correlation coefficients for all seasons (r 

> 0.88). Winter has a strong cold bias despite a high correlation coefficient. The C84 bias on 

eastern side of the domain is about –3-4 ℃ colder than observations with the bias increasing to the 

southeast (Figure 3c). Saskatchewan performs the best during winter with only a –2 ℃ cold bias. 

Spring generally performs well with a modest –0.7 ℃ cold bias averaged across the domain (Figure 

3f). The south-western parts of Alberta and Saskatchewan have insignificant bias, generally less 

than 2 ℃ warmer than Daymet. Summer temperatures are 2.7 ℃ warmer than Daymet and also 

exhibits the lowest spatial correlation (r=0.88)(Figure 3i). The mountains and the accompanying 

lee side warming are in excess of 5 ℃ too warm, as found with C11. Fall biases are less than -1 ℃ 

(Figure 3l). The southern half of the study area shows good agreement with observations during 

Fall.  

b. Seasonal Precipitation 

The C11 seasonal precipitation totals compare favorably with Daymet, especially during the warm 

season, with some biases that are important to note (Figure 4). Wintertime wet biases between C11 
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and Daymet are large on a percent basis but total seasonal accumulation differences are 

comparatively small (<20 mm) (Figure 4d). A moderate (34%) wet bias occurred during spring 

months, which amounts to ~30 mm. A minor (–11%) dry bias is apparent in Summer. Fall has the 

smallest bias of only –2%. The spatial correlation coefficients are ~0.6 in Winter, Spring and Fall 

and 0.81 in Summer. 

 The C84 simulation has a larger wet bias than the C11 simulation but follows similar 

seasonal patterns (Figure 5). Wintertime biases appear strong, but the total winter precipitation 

accumulation for the study areas is less than 20 mm (Figure 5c) like C11. Spring has a strong 

(>50%) wet bias over northeastern Montana and South Dakota and parts of Nebraska (Figure 5h). 

The Canadian Prairies exhibit better representation with only a slight wet springtime bias in 

Alberta. Summer shows a slight (– 4.6%) dry bias (Figure 5l). Fall is well captured with a low 

overall bias (~16%) with a few areas of a wet bias on the Montana-North Dakota border as well as 

central South Dakota (Figure 5p). Correlation coefficients for all seasons match the pattern seen 

in the C11 simulation with Summer having the highest coefficient (0.79) and the others lower 

(~0.6).  

c. Seasonal Vapor Pressure 

The C11 simulation performs well in Fall and Winter with biases generally less than 0.1 kPa, while 

there are stronger biases present in Spring and Summer (Figure 6). Spring is notably more humid 

by over 0.3 kPa for most of the study area and beyond (Figure 6f). When compared to the CRU 

vapor pressure data product, the C11 simulation is unbiased during spring (Figure SCRUVP) 

indicating variability in the observational datasets. C11 has a dry bias compared to Daymet, 

especially in the plains east of the Rocky Mountain. A north-south moisture bias gradient is evident 
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in the Canadian Prairies but is generally less than 0.1 kPa (Figure 6i). The CRU dataset agrees 

with Daymet in that the summer is dry-biased but puts the region of greatest bias over the eastern 

side of the study area instead (Figure SCRUVP).  

The C84 simulation is in good agreement with Daymet for Fall and Winter, but Spring and 

Summer show a humid and dry bias respectively (Figure 7). Spring shows a humid bias in excess 

of 0.3 kPa similar to the vapor pressure results from C11 but the region of strongest bias is situated 

over northeastern Montana (Figure 7f). C84 shows a bias of less than 0.1 kPa during Spring 

compared to CRU (Figure SCRUVP1980), as was also found for C11. Summer is simulated well 

when compared to Daymet (Figure 7j). CRU finds WRF to be dry biased in summer by about 0.2 

kPa but less than in the C11 simulation (Figure SCRUVP1980).  

d. Precipitation intensities 

C11 generally captures the distribution of precipitation intensities but under predicts moderate 

intensity precipitation (Figure 8). The relatively short simulation period does not allow for an 

extensive record of extreme precipitation, but the C11 confidence interval does overlap the 

confidence interval of hourly precipitation station observations. The C84 performance is similar 

to the C11 simulation but overpredicts intensities around ~30mm hr-1(Figure 9). Low intensities 

are similarly overpredicted while moderate intensities are under-predicted.  

e. Soundings 

Figure 10 shows the C11 composite dewpoint profile differences for AMJ and JAS compared to 

sounding observations. There is considerable variation with almost a 20 ℃ spread in the 95% 

confidence interval. AMJ has a wet bias at each sounding location through most of the atmosphere, 

with a more pronounced moist bias in the upper levels of the troposphere. JAS has a 3-5 ℃ dry 
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bias at the surface but then more closely follows the profile for AMJ higher than 700 hPa. 

Differences in the vertical profile of temperature for the C11 simulation follow the bias pattern 

seen in the 2 m temperature figures (Figure 11). AMJ shows minimal bias through most of the 

troposphere with the exception of WSE which shows a 1 ℃ cool bias from near the surface up to 

850 hPa (Figure 11c).  

The C84 simulation shows little bias in the dewpoint profiles for AMJ but a dry bias in the 

lower parts of the atmosphere for JAS (Figure 12). (Both GGW and BIS profiles did not report 

above about 300 hPa in the 1980’s (Figure 12 a,b); the WSE profile does go past 300 hPa but the 

data quality is lower.) The C84 temperature profiles show a warm bias for both AMJ (0.5 - 1 ℃) 

and JAS (2 ℃) at the GGW and BIS locations (Figure 13 a,b). The warm bias is present from the 

surface to 600 hPa with the strength of the bias decreasing with height. WSE shows a –0.5℃ cool 

bias near the surface for AMJ and a 1℃ bias for JAS (Figure 13c). All locations show a –1℃ cool 

bias above 300 hPa, which is likely near the tropopause on average.  

e. Surface fluxes  

Surface fluxes influence boundary-layer temperature and the development and formation of 

convective precipitation (Santanello et al. 2017). C11 LE and H are compared to the CA-Leth eddy 

covariance site for overlapping years in Figure 14. H is generally under-estimated averaged over 

the simulation period while the 2011 warm season shows that the C11 simulation underestimates 

H from April to June by –26 W m-2 but comes into much better agreement from June to August 

with a mean difference of 11 W m-2. When comparing fluxes across the entire simulation period, 

a robust linear regression of the model simulated H compared to the observed eddy covariance H 

results in a slope 0.81, indicating the model underestimates H compared to observations. Latent 
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heat flux is generally better-represented by the model but follows an opposite pattern compared to 

H. C11 overestimates April to July LE by ~40 W m-2 WRF while the July to September LE is 

underestimated by –40 W m-2. When comparing the model estimated LE and the observed LE over 

the entire simulation period using a robust linear regression, the slope is 0.87 indicating that the 

model better represents LE but still underestimates overall. Overall, for both H and LE, WRF can 

reproduce weekly and seasonal changes in surface energy fluctuations reasonably well.  

 

4. Discussion 

 

a. Comparison with other Convection-Permitting Simulations 

The C11 and C84 simulations have predictable biases that are comparable to other convection-

permitting simulations but generally well represent temperature and precipitation during the 

simulated time periods within the northern North American Great Plains (Liu et al. 2017; Wang et 

al. 2018). Here we compare the results to those of other convection permitting simulations over 

the same area noting that the source of differences between the simulations cannot be fully 

ascertained since the model version, parameters, land surface datasets, and domain size all differ.  

The pattern of biases evident in the C11 simulation follows those found by L17, namely 

that Winter and Summer biases are larger than Spring and Fall. The C11 simulation generally has 

better representations of the shoulder seasons in that minimum (slightly cool) biases are found 

compared to L17. The L17 simulation uses spectral nudging above the boundary layer for large 

wavelengths (> 2000 km) which limits the model drift from long simulations but allows for 

variability at smaller spatial scales (Liu et al. 2012; Spero et al. 2014). L17 found that spectral 
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nudging of geopotential, wind, and temperature reduced the summertime temperature bias most. 

Spectral nudging also would limit the bias in upper levels of the atmosphere, meaning that 

atmospheric soundings would likely converge to the driving data, whereas the C11 and C84 

simulations both show ± 2℃ spread at upper levels in both temperature and dewpoint (Figures 

10,12). Both simulations use a groundwater scheme within the land surface model that has been 

shown to reduce summertime warm biases by 2-3ºC (Barlage et al. 2021). In summary the model 

biases presented here are on similar order of magnitudes of biases seen in L17 and are reasonable 

enough to allow further analysis looking into the impact of changing land use conditions on the 

regional climate.  

 

b. Summer Warm Bias 

Regional and global climate models have a well-known warm bias in the Great Plains of the United 

States. This is likely due to multiple factors including near-surface energy balance issues, the 

under-representation of groundwater and irrigation (Lin et al. 2017; Cheruy et al. 2014; Qian et al. 

2020). Nine regional and global climate models across a variety of spatial resolutions, including 

WRF at ∆x = 36 km, were compared to understand the source of the Great Plains warm bias 

common to all of the models (Ma et al. 2018). All models over-predicted the incoming shortwave 

radiation and the warm bias was tied to biases in evaporative fraction. Land cover representation 

is another potential source of bias in regional climate models. WRF was found to not be 

particularly sensitive to the different default landcovers at a coarse resolution (∆x = 36 km) but the 

sensitivity might increase at fine spatial scales (Mallard et al., 2018). Taking land use and land 

cover change into account during WRF simulations at 12km grid spacing found differences in 



73 
 
temperature on the order of 1 ℃ and reduced the model bias compared to observations Huang et 

al., (2020).  At convective permitting resolutions, WRF was more sensitive to increasing the spatial 

resolution of topography and soil moisture than to increasing the resolution of the land cover 

representation (i.e. more heterogeneous land cover) (Knist et al., 2020), but the NNAGP represents 

a relatively extreme case of recent land cover change.  

Convection permitting models more realistically capture precipitation and especially MCSs which 

make up a dominant portion of summertime rainfall (Prein et al. 2017a). In integral part of 

capturing these precipitation processes is the use of a ground water scheme,  which reduces 

precipitation biases by half and reduces summertime temperature biases by 2-3ºC (Barlage et al. 

2021). 

The summer warm bias seems confined to July, August, September; April, May, and June 

are less biased compared to Daymet. The comparison to eddy-covariance data in Figure 14 shows 

that H is underestimated overall (slope = 0.81), with slight under estimations for April, May, June, 

while H is better simulated for July, August, September. Latent heat flux appears to have a seasonal 

bias compared to the observations (slope =0.88), showing a systematic over-estimation early in 

the warm season and a systematic under-estimation in the late part of the warm season.  In the C11 

simulation the relatively unbiased H in the late warm season plus the negative bias in LE might 

contribute to too much surface warming. This relationship might be exacerbated where summer 

fallow is misrepresented since the surface energy balance within Noah-MP is averaged between 

the bare and vegetated fractions of the grid cell.  
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d. Representation of Convective Precipitation 

In both the C11 simulation and the C84 simulation, the spring precipitation is well capture in 

C11(within observational uncertainties) but C84 has a 34% wet bias. Summer precipitation is well 

captured in both C11 and C84 with a 7% and 12% dry bias respectively (Figures 4,5). Spring in 

the NNAGP sees many passing upper air disturbances which bring frontal rainfall, while summer 

rain is more convectively driven. The JAS profiles of C11 and C84 show warmer and drier 

conditions than observations (Figures 10-13). This warmer and drier surface may suppress some 

amount of the convection by drying out the boundary layer and possibly leading to reduced rainfall 

rates in the convection that does form. Summer rainfall rates are generally under-predicted at 

moderate intensities (5-15 mm hr-1) (Figures 8,9) but do fall within the 95% confidence interval 

of the observations, which was also found by Prein et al., 2017. 

c. The Impact of Fallow Representation 

The surface energy calculations that are conducted by Noah-MP would likely increase the near-

surface bias where the location and timing of summer fallow was mis-represented, while it might 

reduce the bias in areas where it was well captured. Surface energy fluxes play a large part on the 

near surface climate. Surface fluxes within WRF are calculated using the Noah-MP land surface 

model which uses split-cell calculations, differentiating between the vegetated portion of the grid 

cell and the bare ground portion of the grid cell. The approach presented here adjusts this fraction 

of vegetation and bare ground to try and match the summer fallow amounts for the corresponding 

time periods. Where there is agreement, the model bias would be systematic, i.e. bias due to the 

modeling system alone, where there is not good agreement, the bias would be higher.  
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5. Summary and Conclusion 

Here we present a pair of three-year historical convection-permitting simulations that simulate 

mean climate under two different vegetation fractions that have been created to estimate historical 

summer fallow amounts. The simulations were compared to a collection of observational datasets 

and assessed for bias in near surface temperature, near-surface vapor pressure, and precipitation. 

Surface fluxes for the simulation focused on the early 2010s were compared to eddy-covariance 

data from the CA-Leth grassland eddy covariance site for the overlapping time period. Vertical 

profiles of temperature and dewpoint were compared to sounding profiles from several locations 

within the study area. The findings are summarized as: 

• WRF captures the precipitation well in all seasons for the C11 simulation and performs 

well in Summer and Fall for the C84 simulation. In the C84 simulation, Winter and Spring 

contain positive precipitation biases.  

• WRF represents near-surface temperature well in spring and fall but has a ~–3ºC cold bias 

in winter and a ~3ºC warm bias in late summer, similar to other WRF modeling efforts 

over this region.  

• Compared to vertical profiles of temperature and dewpoint from soundings, WRF has ± 

1.5℃ bias in temperature throughout most of the troposphere and a ± 2.5℃ bias in dewpoint 

temperature.  

• WRF underestimates H in the early warm season (April – June) but better captures H in 

the late warm season (July-September) compared to eddy-covariance measurements from 

a grassland site in southern Alberta. LE is out of phase with observations, resulting in an 
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overestimation of LE in the early warm season (April – July) and an underestimation of 

LE in the late warm season (July- September).  

The simulations provide a rough estimate of mean climate after accounting for changes to summer 

fallow. The fallow estimates are too aggressive in several areas such as in Minnesota, Manitoba 

and Nebraska, but match expected patterns for other areas. These simulations will act as controls 

for further ongoing simulations that will estimate the exact contributions of summer fallow to near-

surface climate, boundary layer processes, and convection. These simulations will be run for the 

same time periods as presented here, but the vegetation fractions will be swapped such that C11 

climate will be matched with the C84 land surface. This will control for the previously described 

biases. Future work will focus on reducing the uncertainty in summer fallow representation and 

reducing model bias in the northern North American Great Plains. 

 

Supplementary Information 

 
Simulation Name C11 F11 C84 MF84 

Time Period 10/2010 - 
10/2013 

10/2010 - 
10/2013 

10/1982 - 
10/1985 

10/1982 - 
10/1985 

Fallow Year 2011 1984 1984 2011 

Land Surface Model Noah-MP Noah-MP Noah-MP Noah-MP 

Radiation Scheme RRTM RRTM RRTM RRTM 

Boundary Layer YSU YSU YSU YSU 

Microphysics Thompson Thompson Thompson Thompson 
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Table S1: Names and parameters for each simulation. The only differences between the 

simulations are the time periods and the fallow estimate. Only the control simulations are discussed 

in this chapter. 
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Figures 
 

 
Figure 1: (a) WRF landcover for the northern North American Great Plains following Bromley 
et al. (2020), outlined in black. (b) Vegetation fraction used with the C11 simulation. (c) 
Vegetation fraction used with the C84 simulation.  
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Figure 2: (a) Mean temperature for DJF 2010-2013 for the C11 WRF simulation, observed by 
Daymet (b) and the difference between simulated and observed temperature (c). (d-f) Same as (a-
c) but for MAM. (g-i) same as (a-c) but for JJA. (j-k) same as (a-c) but for SON. Pearson’s r 
correlation coefficients shown between columns 1 and 2. Non-significant bias is marked by a cross 
hatch pattern. WRF and Daymet were conservatively remapped to 0.5-degree regular grid.  
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Figure 3: Same as in Figure 2 but for the C84 simulation.  
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Figure 4: (a) C11 WRF simulated accumulated precipitation for DJF averaged over 2010-2013. 
(b) Daymet estimated accumulated precipitation for DJF averaged over 2010-2013. (c) Absolute 
differences between WRF and Daymet. (d) Percent difference between WRF and Daymet. 
Pearson’s r correlation coefficient shown between (a) and (b). (e-f) Same as (a-d) but for MAM. 
(i-l) Same as (a-d) but for JJA. (m-p) Same as (a-d) but for SON. Non-significant bias is marked 
by a cross hatch pattern. Both WRF and Daymet were conservatively remapped to a 0.5-degree 
regular grid. 
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Figure 5: Same as Figure 4 but for the C84 simulation. 
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Figure 6: Mean vapor pressure for DJF 2010-2013 for the C11 WRF simulation (a) observed by 
Daymet (b) and the difference between simulated and observed vapor pressure (c). (d-f) Same as 
(a-c) but for MAM. (g-i) same as (a-c) but for JJA. (j-k) same as (a-c) but for SON. Pearson’s r 
correlation coefficients shown between columns 1 and 2. Areas where the difference between WRF 
and Daymet is less than the differences between CRU and Daymet are marked by a cross hatch 
pattern. Pearson’s r correlation coefficient shown between columns 1 and 1. WRF and Daymet 
were conservatively remapped to 0.5-degree regular grid. 
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Figure 7: Same as Figure 6 but for the C84 simulation. 
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Figure 8: Probability densities of hourly precipitation from the C11 simulations and the U.S. 
hourly station observations. The solid Blue (Green) line is the average PDF of all of the station 
(simulation) grid cells. Dashed lines represent the spread between the [5,95] percentile PDF 
distributions of stations (blue) and model estimates at the station locations (green). Pearson’s r 
correlation coefficient shown next to the legend.  
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Figure 9: Same as Figure 8 but for the C84 simulation. 
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Figure 10: Vertical profiles from C11 of dewpoint temperature compared to the Glasgow, MT 
sounding location (GGW), the Bismarck, ND sounding location (BIS), Edmonton, AB, sounding 
location (WSE). The 2010-2013 AMJ average is shown in purple and the 2010-2013 JAS average 
is shown in gold. Dashed lines represent the 95% confidence interval of the mean. 
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Figure 11: Same as Figure 10 but for temperature. 
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Figure 12: Same as Figure 10 but for the C84 simulation. 
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Figure 13: Same as Figure 11 but for the C84 Simulation. 
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Figure 14: Sensible heat flux (H) (a) and latent heat flux (LE) (b) from WRF (blue) and CA-Leth 
(orange) shown for the 2011 warm season, taken here to be AMJJA. The relationship between H 
(c) and LE (d) simulated by WRF and observed at CA-Leth for the 2011-2013 warm seasons, the 
slope of the robust linear regression shown in the bottom left.  
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APPENDIX 

 
Figure S1: Same as in Figure 2 but for the CRU dataset. The CRU dataset is distributed in a .5 
degree regular grid, so remapping was not performed. 
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Figure S2: Same as in Figure 4 but with the CRU dataset. CRU is distributed in a .5 degree regular 
grid so it was not remapped.  
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Figure S3: Difference in vapor pressure between C11 WRF simulation and the CRU 4.01 vapor 
pressure deficit. WRF was conservatively remapped to a .5 degree grid to match CRU. 
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CHAPTER FOUR 

THE DECLINE IN SUMMER FALLOW IN THE NORTHERN PLAINS COOLED NEAR-

SURFACE CLIMATE BUT HAD MINIMAL IMPACTS ON PRECIPITATION 

 
Abstract 

Land use and landcover change impacts the near-surface energy balance and has the potential to 
alter regional climate. As a result, land management strategies have the potential to moderate or 
intensify the impacts of a warming atmosphere. Since 1982 in the northern North American Great 
Plains, nearly 116,000 km2 of crop land that was once held in fallow during the summer is now 
planted. To simulate the impacts of this substantial land cover change on regional climate 
processes, convection-permitting model experiments were performed utilizing adjusted land 
surface vegetation fractions to simulate modern and historical amounts of summer fallow. Results 
of these simulations show that historical summer fallow leads to ~1.5 ºC warmer temperatures and 
increase in vapor pressure deficit of ~0.15 kPa compared to modern land cover during the growing 
season, which is consistent with observed cooling trends. The warmer and drier land surface leads 
to a deeper planetary boundary layer and higher lifted condensation level, creating conditions less 
conducive to convective cloud and precipitation development. There is little evidence of a change 
to mean precipitation, but this does not differentiate between synoptically- and convectively-
driven precipitation. Instead, increased moisture transport by way of the Great Plains Low Level 
Jet is consistent with observed increases in precipitation. Our results demonstrate that land cover 
change is consistent with observed regional cooling in the northern North American Great Plains 
but changes in precipitation cannot be explained by land management alone. 
  
1.  Introduction 

 

Global temperatures are rising, primarily due to greenhouse gas emissions from anthropogenic 

activities (Stocker et al. 2014). Future temperature increases are exceedingly likely (IPCC 2007), 

as is an increase in precipitation extremes in extratropical zones (O’Gorman and Schneider 2009). 

Embedded within this global context are changes to regional temperatures and precipitation 

(Christensen et al. 2007) that often result from the impacts of land management and land cover 

change (Mahmood et al. 2014b; Luyssaert et al. 2014) on regional energy balances. Some of these 
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regional climate changes may be beneficial to agricultural and ecosystem management objectives, 

such as cooling damaging extreme temperatures (e.g. (Juang et al. 2007a; Mueller et al. 2015b); 

others are not (e.g. (Marshall et al. 2003; Mande et al. 2015). It is important to understand how 

land management impacts climate processes to develop strategies to minimize the deleterious 

impacts of climate change and become effective stewards of the earth system. 

 A unique interaction between land management and climate may have emerged across the 

northern Great Plains of North America (hereafter the NNAGP). Beginning in the 1960s and 

1970s, concerns over soil health lead to widespread changes in agricultural management away 

from wheat fallow rotation agriculture and toward a more diverse agricultural system that avoids 

bare ground by rotating wheat with pulses, cover crops, and other crops (Miller et al. 2002, 2003; 

Long et al. 2014b). These changes appear to have unintentionally benefitted regional climate 

(Gameda et al. 2007). Agricultural areas of the Canadian Prairie Provinces have experienced a 6 

W m−2 cooling during summer across parts of this time period  (Betts et al. 2013b). Summer 

maximum temperatures in the Canadian Prairies have decreased by nearly 2 °C and extreme 

temperature events have become less frequent (Betts et al. 2013b,c). These regional climate effects 

have been attributed to a widespread decline of summerfallow from ca. 110,000 km2 (25% of 

Canada’s cultivated lands) to some 35,000 km2 (8%) (Gameda et al. 2007; Vick et al. 2016). In 

the U.S. portion of the NNAGP and across a similar time period, near-surface air temperatures 

have cooled by nearly 0.2 °C decade−1 during late spring and early summer, and near-surface 

atmospheric vapor pressure deficit – which strongly depletes crop yields (López et al.) – has 

decreased by −0.04 kPa decade−1 (Bromley et al. 2020). These changes to regional climate 
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encompass a period of summer fallow decline on the order of 50,000 km2 in the United States from 

a peak in 1987 until 2012 (Fig. 1). 

The observed changes in climate are consistent with a transition of large expanses of land 

away from bare ground and toward crops which actively transport water from soil to atmosphere 

and increase latent heat flux and evaporative cooling (Vick et al. 2016). Changes to land 

management have likewise decreased the surface-atmosphere flux of sensible heat to help create a 

moister, shallower atmospheric boundary layer during summer (Gameda et al., 2007; Vick et al., 

2016) through decreases in the Bowen ratio. Combined, these changes in surface fluxes have 

enhanced cloud formation ((Gameda et al. 2007; Betts et al. 2013c)) and increased the probability 

of convective precipitation ((Gameda et al. 2007; Betts et al. 2013c). Monthly mean precipitation 

has increased in the Canadian Prairies by 10 mm decade−1 (Betts et al. 2013c; Gameda et al. 2007) 

and the U.S. northern Great Plains by 8 mm decade−1 (Bromley et al. 2020). Given the multitude 

of factors that drive precipitation change, the full suite of mechanisms that underlie these observed 

increases in precipitation and the potential role of land cover change remain uncertain. 

Empirical observations and localized modeling studies to date have made critical inroads 

into our understanding of land-atmosphere-precipitation connections in the NNAGP. Planting 

crops at the expense of summer fallow decreases atmospheric boundary layer (ABL) height 

(Gameda et al. 2007; Vick et al. 2016; Gerken et al. 2018c) and, coupled with increases in 

humidity, lowers the lifted condensation level (LCL) (Betts et al. 2013c; Betts and Desjardins 

2018). Shallow cumulus clouds can result when the ABL crosses the LCL, a ‘necessary but not 

sufficient condition’ for the formation of convective precipitation (Juang et al. 2007a). 

Calculations of ABL and LCL height based on eddy-covariance data and 1-dimensional mixed-
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layer atmospheric models show that the likelihood of ABL-LCL crossings are maximized in May 

and June due when ‘wet coupling’ (Roundy et al. 2013) prevails in the NNAGP such that increased 

moisture increases the likelihood of convective events (Gerken et al., 2018). This contrasts the 

prevailing ‘dry coupled’ conditions later in summer when convective precipitation is unlikely 

(Vick et al. 2016; Gerken et al. 2018c). Mixed layer models of atmospheric boundary layer 

development and land-atmosphere coupling have demonstrated an increase in ABL-LCL crossings 

and an increase in the likelihood of convective rain events across parts of the NNAGP (Gerken et 

al. 2018c), but the mechanisms underlying potential changes in convective precipitation across 

larger regions have not been explored.    

At the same time, changes to surface-atmosphere fluxes due to land cover change appear 

to play a minor role in key aspects of the hydroclimate of the NNAGP. Convective precipitation 

in the NNAGP is dominated by mesoscale convective systems that are responsible for as much as 

60% of the warm season precipitation (Carbone and Tuttle 2008). These systems form in the west 

and propagate eastward, often overnight, and mixed layer models are generally unable to account 

for these dynamics (Carbone and Tuttle 2008; Gerken et al. 2018c). The buildup of convective 

available potential energy (CAPE) that supports the development of MCSs comes primarily from 

the advection of warm, moist air into the region in addition to the diabatic heating of the boundary 

layer by way of sensible and latent heat fluxes from the surface (Agard and Emanuel 2017). The 

reduction of summer fallow has the potential to influence the flux of heat and moisture into the 

boundary layer, leading to the buildup of CAPE. Several studies have posited that increased 

evapotranspiration from more continuous cropping – and less summer fallow – has led to more 

growing season convection and potentially stronger storms (Raddatz 1998b; Shrestha et al. 2012). 
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However, since the boundary layer has also become cooler and moister, the cooling may act to 

reduce CAPE and perhaps balance the tendency of added moisture to increase it. Increases in 

temperature and moisture aloft will increase convective inhibition (CIN) which may balance or 

even dominate the effects of any increase in CAPE. The exact response of convective processes to 

such changes in near-surface conditions is unclear and requires a mechanistic modeling 

environment that can explicitly account for the dynamics of convective precipitation across 

regional scales. 

How do changes to agricultural management impact regional atmospheric and climate 

processes? We seek to understand how land management impacts the regional climate and 

hydrometeorology of the NNAGP, a critical global breadbasket for wheat production. To do so, 

we model the regional impacts of the reduction of summer fallow across the NNAGP using the 

Weather Research and Forecasting model (WRF) at a 4 km spatial grid to explicitly model 

convective precipitation processes across multiple year periods. After describing the major results 

of the modeling analysis, we explore reanalysis datasets for a more comprehensive view of the 

changing hydroclimate of the NNAGP and discuss results in the context of the local and large-

scale patterns that are consistent with observed climate trends across the region.  

 

2.  Methods and Experimental Design 

2.1 Study Area 

We define the semi-arid NNAGP following Bromley et al. (2020) as the combination of the 

Canadian Prairie Ecozone and the U.S. National Ecological Observation Network (NEON) 

Domain 9. Briefly, the NNAGP are dominated by grasslands, shrublands, and agriculture with 
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minimal urban development and forests in isolated mountain ranges and river valleys (Stoy et al. 

2018). The NNAGP is a critical region for the global production of wheat, pulses, and oilseeds, 

and corn-soy cropping is becoming increasingly common in its eastern portion (Maaz et al. 2018; 

Rosenzweig and Schipanski 2019) which, coupled with other management pressures (e.g. (Dolan 

et al. 2020), create a dynamic system characterized by notable recent changes in land management 

and widespread increases in vegetation greenness (Brookshire et al. 2020) and decreases in bare 

ground fraction (Song et al. 2018).  

 

2.1 Model Setup 

The Weather Research and Forecasting model (WRF) is a state of the art weather model that can 

explicitly simulate convective processes and has been increasingly used in high-resolution regional 

climate simulations (Skamarock et al. 2008; Liu et al. 2017; Wang et al. 2018). WRF version 4.1 

was used with a horizontal grid spacing of 4 km, 51 vertical levels up to 50 hPa, and a 20 s-time 

step. The study domain consists of 796 × 496 grid cells and encompasses the NNAGP with at least 

40 grid cells between the study area and the edge of the domain. Initial and lateral boundary 

conditions were provided by the European Center for Medium-range Weather Forecasting’s ERA5 

dataset at three-hourly intervals (Hersbach et al.). The full model setup is described by Bromley et 

al., (2021) and follows (Liu et al. 2017). We use the Noah-MP land surface model with dynamic 

vegetation options turned off and leaf area index prescribed by table values for each land cover 

category (dveg=4) (Niu et al. 2011). Vegetation fraction (fveg) was fixed at the annual maximum 

to facilitate land cover experiments.  
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The TOPMODEL groundwater option was turned on, as simulating groundwater and 

runoff helps reduce the Great Plains warm season bias that is common to many WRF simulations 

(Barlage et al. 2021). Sea surface temperatures were updated as well as deep soil temperature and 

moisture. The simulations were run for three years coinciding with the water year beginning in 

October. The more modern control simulation with lesser summer fallow fraction is simulated for 

October 2010 – October 2013, and the historical control simulation with greater summer fallow 

fraction is simulated for October 1982 – October 1985. It is difficult to avoid the effects of the El 

Nino Southern Oscillation (ENSO) in short simulations, and results are subject to ENSO forcing. 

The modern simulation period starts during a positive ENSO phase and then shifts to more neutral 

conditions, while the historical simulation starts during a negative ENSO phase and then shifts to 

more neutral conditions. Full three-dimensional output was saved every three hours while a subset 

of surface and convective data were saved at hourly outputs. 

b. Land Cover Experiments 

The simulations described by Bromley et al. (2021) are used here as controls for land cover change 

experiments that investigate the effects of differing amounts of summer fallow. Summer fallow 

was represented within the model by reducing the fveg parameter by the estimated fallow 

percentage for each grid cell. Noah-MP uses a split-cell calculation for land-atmosphere 

interactions, meaning fluxes are calculated for the bare ground fraction and the vegetated fraction 

separately and then combined to give the surface fluxes for the entire grid cell. The historical 

control simulation uses a fveg field that matches the estimated summer-fallow in 1984 (Figure 1), 

hereafter called ‘C84’, while the modern control simulation uses a fveg that matches estimated 

summer fallow extent in 2011 (hereafter ‘C11’). The simulation with modern climate and 1980s 
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summer fallow extent is called F11 and the simulation with 1980s climate and 2010s summer 

fallow extent is called F84. We chose 2011 to match data availability from the U.S. National Land 

Cover Dataset (NLCD) (Homer et al. 2015), noting that this year was subject to relatively large 

fallow areas in parts of Saskatchewan, Manitoba, North Dakota and Minnesota due in part to 

widespread spring flooding that limited planting (Figure 1) (Stadnyk et al. 2016). From this 

perspective, our analysis represents a conservative interpretation of fallow change from the 1980s 

until the 2010s. We focus our analyses on the C11 and F11 simulations to isolate the role of land 

cover change apart from decadal global climate change on determining regional climate changes 

in the NNAGP. 

 

c. Model Validation and Analysis 

The control simulations were extensively validated in Bromley et al., (2021) against observational 

datasets and validation will only briefly be discussed for completeness. The near surface 

temperature in the C11 and C84 simulations were well simulated during spring and fall with cold 

(warm) biases in Winter (Summer) that were similar in magnitude to other WRF simulations (Liu 

et al. 2017). Precipitation was well simulated in C11 for all seasons – the difference between the 

model and observations was smaller than the difference between observational datasets. C84 had 

a wet bias in Winter and Spring but performed well in Summer. Both control simulations were 

compared to observational atmospheric soundings from Edmonton, AB, Glasgow, MT, and 

Bismark, ND. C11 has a strong near surface warm bias at all locations for the late warm season, 

while the early warm season was well captured. C84 simulations showed less of a near-surface 

bias in the late warm season by a few degrees, and well captured the early warm season. Both 
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simulations were within 1 °C at upper levels, and surface energy fluxes largely matched eddy 

covariance measurements from a grassland site in Lethbridge, AB (Flanagan and Adkinson 2011). 

 We focus the analysis on the warm season as investigating warm season climate trends is 

the focus of this work, and changes to other seasons are intermittently discussed for completeness. 

Seasonal changes are taken to be the average change across the three-year simulation. Statistical 

differences between simulations were assessed using a Mann-Whitney U test on daily data. The 

data processing workflow relied on the Climate Data Operators package as well as several analysis 

packages in Python (Schulzweida 2019; Harris et al. 2020a; Hoyer and Hamman 2017; Hunter 

2007; Seabold and Perktold 2010). Convective parameters, such as convective available potential 

energy (CAPE) and convective inhibition (CIN) are calculated using the cape_2d function from 

the wrf-python package (Ladwig 2017). 

 

3.  Results 

3.1 Changes to summer fallow extent and representation in WRF 

The extent of summer fallow in provinces and states that intersect the study area decreased from 

151,900 km2 in 1982 to 35,100 km2 in 2012, the years closest to the study periods when data were 

available from the United States (data from Canada were available every year) (Figure 1). Some 

45% of the total decline in fallow of 116,800 km2 was attributable to Saskatchewan alone (53,000 

km2). These published agricultural statistics were used to nudge the Landsat fallow attribution 

analysis on a per-Province and per-State basis (Figure 2) which was used to adjust the bare ground 

fraction in Noah-MP as noted.  
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3.2 Changes to near-surface energy and humidity 

Two-meter air temperature (T2) shows a domain-averaged increase of about 0.18 °C during the 

growing season in F11 relative to C11 noting that the study period includes areas that experienced 

both increases and decreases in summer fallow (Figures 1-3). The strongest simulated warming is 

limited to June, July, August (JJA), but the warming pattern begins in May and extends until 

September (Figure 4). T2 cooled on average by –0.5 °C in areas where fallow decreased in C11 

compared to F11. The northern and western part of the NNAGP in Alberta experienced a T2 

increase on the order of +1.5 °C. T2 warmed on average by about 1.0 °C in areas where fallow 

increased in F11 compared with C11 across the entire study domain. There is a linear relationship 

between fveg and T2 (Figure 3b); T2 increases by 0.69 °C for every 10% increase in summer 

fallow across both simulations.  There is a modest cooling signal during winter indicating the more 

vegetated C11 simulation is warmer by 0.25 °C (Figure 4) that follows the same spatial pattern as 

growing season temperature changes, but opposite in sign and of a lesser magnitude. 

Changes in vapor pressure deficit (VPD) between F11 and C11 follow the same spatial 

pattern as T2; the areas that increased in fveg became moister and the areas that decreased in fveg 

became drier (Figure 5b). The domain median change is –0.045 kPa and with a wide distribution 

that encompasses both increases and decreases in VPD (Figure 5a). The most widespread increase 

in VPD is in Alberta with a 0.15 kPa increase from F11 to C11 over most of the Province within 

the study area. The strongest increase in VPD is nearly 0.3 kPa and occurs in central and eastern 

South Dakota. The largest decrease in fveg from F11 to C11 occurs in Manitoba where there was 

an observed increase in summer fallow (Figure 1); VPD is lower there by –0.15 kPa, with areas 

that decrease nearly –0.2 kPa. 
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Study area averaged sensible heat flux (H) is higher by 10 W m–2 in F11 compared to C11 

where fveg is lower compared to C11 (Figure 5a). The areas of largest change have magnitudes of 

about 20 W m–2. Latent heat flux (LE) follows the same pattern as H, but the magnitudes are larger 

(Figure 5b). Study area averaged LE is –16 W m–2 lower in the F11 simulation compared to the 

C11 simulation. The differences in LE are larger than H, with some areas in excess of 30 W m–2 

in C11.  Eastern Montana, western South Dakota and southern Saskatchewan show smaller 

magnitudes of change in both H and LE compared to the areas near the border of the study area 

that are considered ‘crop’ land cover types in the land surface model. 

 

3.3 Changes to convective environments  

We separate our analyses of convective environments between the early warm season (May and 

June) and late warm season (July and August) given differences in surface-atmosphere coupling 

in the NNAGP during these periods (Gerken et al., 2018). 

During May and June, monthly mean CAPE decreased in the F11 simulation relative to the 

C11 simulation by –3.2 J/kg averaged across the entire domain (Figure 7a). CAPE decreased the 

most in South Dakota where some areas decreased in excess of –10 J/kg between simulations. The 

changes to the magnitude of CIN during May and June are weaker than the changes to CAPE 

(Figure 7b). There is not a clear pattern in the changes to CIN and weak evidence that the change 

in fveg affected CIN. The strongest change to CIN is in North Dakota, with a 20 J kg–1 increase in 

the western side and a –20 J kg–1 decrease on the eastern side. The height of the lifted condensation 

level (LCL) is higher in F11 compared to C11 for most of the study area. The mean change to LCL 

height is 13m while some areas are in more than 30m (Figure 7c). Manitoba is the only area where 
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the LCL heights have decreased. Mean LCL heights in Manitoba decreased by 20-30m. 

Differences in planetary boundary layer (PBL) heights closely follow the spatial pattern of 

differences in LCL heights (Figure 7d) and, as a consequence, the areas that have a positive change 

fveg from F11 to C11 have higher PBL heights, while the opposite holds for areas that have a 

negative change in fveg such as Manitoba. The mean change in PBL heights within the study area 

is 8m but some areas change up to 30m. 

 Differences in convective environments in July and August are stronger on average than in 

May and June but follow similar patterns (Figure 8). CAPE is lower across most of the study area 

in the F11 simulation by –10 J/kg with minima in Alberta as well as North and South Dakota 

(Figure 7a). These areas show a decrease of 20-40 J kg–1. Changes to CIN in July and August are 

again weaker than the changes to CAPE (Figure 8b). CIN is lower in the F11 simulation than the 

C11 simulation in Alberta and parts of Saskatchewan by over –5 J kg–1 on average. Manitoba and 

north-eastern North Dakota exhibit higher CIN in F11 than C11 by the same magnitude of about 

as much as 20-30 J kg–1. Differences in LCL heights show a similar pattern to May and June but 

much stronger with F11 simulating LCL heights that are 50 m higher than C11 across most of the 

study area (Figure 8c). The largest differences are located along the North Dakota-South Dakota 

border, northern Saskatchewan, and Alberta. LCL heights in these areas are over 100m higher. 

PBL heights in July and August follow a similar spatial pattern as in May and June but with greater 

magnitude (Figure 8d). PBL heights in Alberta and northern Saskatchewan are higher in the F11 

simulation than C11 by over 100 m on average. Differences in PBL height in central parts of the 

study area are only 10-20m higher. The only area where PBL heights are lower in F11 is in 
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Manitoba with an average change of about 50 m, noting again that there was an increase in 

simulated fallow extent in Manitoba between 1984 and 2011 (Figure 1 & 2). 

 

3.4 Changes to Precipitation 

Spatial variability in simulated precipitation is pronounced. During May and June, 

precipitation is 5-10 mm higher in the F11 simulation over areas that have large proportions of 

bare ground compared to the C11 (Figure 9c). However, the total amount of precipitation during 

May and June is relatively high (>120 mm) so this constitutes a small percent change. Over areas 

that have less summer fallow in the F11 compared to the C11 simulation, there is a decrease in 

precipitation by 5-10 mm, which represents a 5-10% change.  

 During July and August, the F11 simulation is drier than the C11 simulation (Figure 9g). 

Many of the areas that were wetter in F11 than C11 in May and June are now drier than C11. 

Saskatchewan has the largest reduction in precipitation – between 10-15 mm – which amounts to 

30-50 % less precipitation compared to the C11 simulation. North Dakota and eastern Montana 

are also drier in the F11 simulation compared to the C11 simulation.  

 

4. Discussion 

We demonstrate using convection-permitting WRF model simulations that the impact of land 

management change toward continuous cropping and away from summer fallow have decreased 

near-surface air temperature and vapor pressure deficit but have had muted impacts on 

precipitation in part because increases in instability through increased boundary layer moisture 

have been balanced by an increase in stability through a cooler boundary layer. Larger decreases 
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in precipitation due to summer fallow were found during the late growing season (i.e. July and 

August), which is largely after the main period of vegetation growth of key crops including wheat 

(Vick et al., 2016). Below, we elaborate on each of these findings to describe how land cover 

change has changed important aspects of the regional climate of the NNAGP, especially near the 

land surface. We then add to emerging evidence that observed changes in precipitation are likely 

due to moisture advection into our study domain rather than regional surface-atmosphere 

interactions. 

 

Temperature and VPD 

To summarize findings on the impact of summer fallow on near-surface climate: areas that 

underwent a fveg increase from F11 to C11 were cooler with lower VPD (Figs. 3 & 6). Near-

surface warming and drying occurred in areas where fveg decreased. These results lend evidence 

to the notion that a reduction in summer fallow is responsible for the cooling and moistening trend 

that is observed across the NNAGP. The changes to temperature are stronger than the trends 

calculated by Bromley et al., (2020), noting that the trends in the latter are calculated from a 1970 

starting point, whereas these experiments simulate fallow reduction from the 1980s to 2010s. 

Temperature trends are stronger at nearly –0.5 °C decade-1 (Bromley et al. 2020) when calculated 

using 1980 as a starting point, on the order of 1 – 1.5 °C, similar to modeled changes in T2 

associated with an fveg increase from F11 to C11. The temperature difference simulated here spans 

from May until September, but given wheat is often harvested in August (if not sooner for the case 

of winter wheat), the September T2 difference is likely due to the parameterized seasonal surface 

fluxes for each land use category.  
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 The winter warming in the C11 simulation relative to the F11 simulation is likely due to 

the changes in albedo from increased fveg in the model. Since the fveg does not change based on 

a seasonal cycle, areas with greater fveg  are assumed to be lower in albedo since the vegetation is 

not covered in snow. The bare ground areas are covered in snow and thus are higher in albedo. 

This is similar to year round cover cropping and the winter warming effect has been noted in global 

climate models (Lombardozzi et al. 2018). The WRF simulated winter warming signal is less than 

the 3 °C change found by Lombardozzi et al., (2018) which was shown to be an overestimation 

(Hunter et al. 2019) due in part to the challenges in simulating snow advection and the tendency 

of vegetation to trap blowing snow (Pomeroy et al. 1998; Pomeroy and Li 2000). Snow interactions 

within land surface models are tricky and multiple modifications to the Noah-MP snow physics 

calculations were made by Liu et al., (2017), to create more realistic surface snow-precipitation 

interactions and spring melt profiles. 

 Plant stomatal function responds strongly to VPD at the leaf level. If VPD is too high, 

stomata will close to avoid evaporative water losses, effectively shutting off carbon uptake by 

plants (Eamus et al. 2013; Grossiord et al. 2020; Novick et al. 2016a). VPD is increasing on 

average across the United States, except for the U.S. portions of the NNAGP which are decreasing 

in VPD by an average of 0.5 kPa decade-−1 (Bromley et al. 2020; Ficklin and Novick 2017). The 

VPD change for an increase in fveg from F11 to C11 is on the order of –0.45 kPa which 

corresponds to a first order with the observed changes to VPD in the NNAGP.  

Our modeling analysis suggests that the impacts of simulated fallow reduction on near 

surface climate has acted to create more favorable conditions for crop growth by reducing growing 

season temperatures and VPD (Hsiao et al. 2019). Wheat yields are differentially sensitive to  



119 
 
temperature at various crop growth stages, with early season days with mean temperature > 28 °C 

especially detrimental (Asseng et al. 2015a). The Midwest of the United States has experienced 

similar outcomes of agricultural intensification leading to beneficial changes in near surface 

climate (Mueller et al. 2015b).  

 

Boundary layer changes 

The PBL by definition is the near surface layer of the atmosphere that is strongly influenced by 

surface fluxes of water and energy, so it is not surprising that the systematic shift away from 

summer fallow would affect PBL processes. The monthly mean boundary layer heights were 

higher in the F11 simulation where the fallow amounts were larger; the lowering of the PBL as 

fallow declines was proposed to be a consequence of the changes in energy partitioning from a 

fallow (bare) surface and a vegetated surface (Gameda et al. 2007) which was the case in these 

simulations (Figure 5). The change in PBL height assessed using a simple slab modeling approach 

with inputs from eddy covariance observations of turbulent fluxes from wheat and fallow fields 

(Vick et al., 2016). These simulations suggested an increase in PBL height of about 200 m during 

the growing season over a fallow field versus a spring wheat field, which is higher than the 60 m 

difference in mean monthly PBL heights simulated here, which is perhaps not surprising given 

that WRF simulates a spatial mix of fallow and vegetated areas whereas Vick et al. (2016) modeled 

PBL impacts of fallow and vegetation separately. PBL growth is sensitive to heterogeneous 

landscapes and the model representation of seasonal and diurnal variations is improved if the 

heterogeneity of surface fluxes are captured (Rey-Sanchez et al. 2021). Using a model similar to 

WRF, MM5, (Mahmood et al. 2011) found that simulations of bare soil were 1.4 °C warmer than 
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the control simulations (present day vegetation) and the seven-day average PBL heights were 

~550 m higher. They also found moister and lower PBL and a lower LCL with a higher fveg 

fraction, which increased the probability of cloud development and convection (Mahmood et al. 

2011). Our results are consistent with the notion that summer fallow changes PBL and LCL heights 

but its realized impact on precipitation was relatively small and spatially variable. 

 

 

Precipitation 

There is weak evidence that precipitation changed appreciably between F11 and C11, but there are 

small changes that give insight into land-precipitation feedback processes. Broadly speaking, the 

precipitation response early season and late season are opposite in sign, meaning summer fallow 

might act to increase precipitation early season when precipitation is energy limited in the NNAGP 

(Gerken et al., 2018) and decrease it in the late season when it is water limited. Precipitation in the 

NNAGP was found to be increasing by 8 mm decade−1 in May and June but July and August 

precipitation also increased, primarily on the eastern side of the NNAGP (Bromley et al. 2020). If 

summer fallow might act to increase precipitation in May and June, then there should be a negative 

trend in precipitation. If the land surface is not appreciably changing mean precipitation, what is 

the source for the observed warm season precipitation increase (Bromley et al. 2020)? 

Global mean precipitation has been increasing due to anthropogenic warming of the 

atmosphere at about a rate of 2% K-1 (Held and Soden 2006; Pendergrass and Hartmann 2014). 

This rate comes from the thermodynamic change to precipitation, but does not account for changes 

to the dynamic components such as changes to circulation. Precipitation in the NNAGP is largest 
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in the early warm season and May through September is a convectively-active period in the 

NNAGP (Gerken et al. 2018c). Precipitation during this time period can take the form of stratiform 

rain, MCSs, and organized pre-frontal convection; July and August are quite dry compared to May 

and June and precipitation is primarily from MCSs. The Great Plains Low Level Jet (GPLLJ) is a 

nocturnal wind speed maximum, positioned at about 850 hPa, that transports moisture from the 

Gulf of Mexico into the Great Plains. July and August MCS development in the NNAGP is usually 

accompanied by a strong northward-penetrating GPLLJ (Feng et al. 2019; Song et al. 2019; Feng 

et al. 2016). To investigate the possibility that the observed increase in precipitation in the NNAGP 

is consistent with additional moisture sources from the south, we investigated meridional wind and 

specific humidity trends in ERA5. Figure 10a shows a vertical cross-section along the 42º latitude 

line of 1979-2020 trends in monthly mean meridional wind and specific humidity. Due to the lack 

of strong trends in meridional wind, meridional moisture transport trends are only slightly positive 

(Figure 10b). There is not a clear signature of a strengthening GPLLJ, but the increase in surface 

specific humidity corroborates Bromley et al., (2020) in that near-surface conditions are 

moistening during May and June. Trends in the North American Regional Reanalysis (NARR) 

dataset shows that moisture transport northward has increased during AMJ, particularly during 

days with MCS initiation (Feng et al. 2019; Barandiaran et al. 2013).  

Most of the MCSs in the NNAGP occur during July and August, and the northward 

extension of the GPLLJ is very clear in monthly mean trends (Figure 11). Specific humidity has 

increased at 0.3 g kg-1 decade-1 while meridional wind has increased at 0.35 m s-1 decade-1. These 

trends are likely contributing to the observed increase in precipitation on the eastern and southern 

boundaries of the NNAGP during summer as well as the lower VPD during JJA (Bromley et al., 
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2020). The magnitude of change to CAPE was on average larger in July and August, which could 

mean that there are interactions between the land surface change and the GPLLJ. An analysis that 

tracks MCSs and looks at changes to convective environments, e.g. Feng et al, (2016), could 

perhaps show how much the land surface impacts these processes. 

 

5. Summary and Conclusions 

Summer fallow in the NNAGP has declined from an estimated 151,900 km2 in the 1980s to 35,100 

km2 in the 2010s, a decline of 116,800 km2 which is approximately the land area of Pennsylvania. 

To investigate the climate impacts of this reduction in summer fallow, two three-year convection-

permitting WRF simulations were performed, using ERA5 as the initial and lateral boundary 

conditions. The vegetation fraction of each simulation was adjusted using Landsat estimated 

summer fallow and nudged to match published agricultural statistics for 2011 and 1984. The 

intention of these simulations is to understand how the near surface climate and precipitation 

processes have been impacted by these substantial changes in land cover. The summary of the 

results are listed here: 

 

● Where fveg increased between the fallow simulation and the control simulation, two-meter air 

temperatures were 1-1.5ºC cooler and VPD was 0.15 kPa lower. 

● The PBL and LCL were lower by 60 m, due to the cooler and more humid land surface. 

● CAPE changed by 20-30 J kg–1 but there were minimal changes to CIN. 

● Precipitation did not change appreciably between the simulations, but the fallow simulation was 

10-15 mm drier during July and August. 
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The results of these simulations suggest that observed near-surface cooling and moistening trends 

in the NNAGP are largely a result of the reduction in summer fallow. The lack of evidence for a 

change to precipitation stands in contrast to other observational studies focused on the same region, 

however, this is the first modeling study looking at summer fallow reduction. Further work is 

needed to better understand the precipitation result, perhaps tracking the evolution of precipitating 

storm systems as they move over the heterogeneous fallow landscape.  
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Tables 
 
 

 1980s meteorology (‘84’) 2010s meteorology (‘11’) 

1980s fallow  C84:  
1980s meteorology + 1980s fallow 
estimate  

F11:  
2010s meteorology + 1980s fallow 
estimate 

2010s fallow F84:  
1980s meteorology + 2010s fallow 
estimate 

C11:  
2010s meteorology + 2010s fallow 

 
Table 1: Abbreviations and explanations for each model simulation. 
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Figures 
 

 
 
Figure 1: The area of land held in summer fallow in the (A) Canadian Prairie Provinces and (B) 
U.S. States of the northern North American Great Plains for the 1982 - 2012 period using data 
from Statistics Canada and the United States Department of Agriculture Economic Research 
Service following Vick et al. (2016). The primary study years, 1984 and 2011, are indicated with 
vertical dotted lines. 
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Figure 2: Differences between the 2010 fallow and 1984 vegetation fraction.  
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Figure 3: Two-meter temperature (T2) differences between modern (2011) fallow (F11) and 
control (C11) simulations averaged across the three-year simulations for MJJA. 
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Figure 4: Monthly differences in T2 between F11 and C11. Positive values indicate the F11 
simulation was warmer.  
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Figure 5: The difference in sensible (a) and latent (b) heat flux for MJJA between the F11 
simulation and the C11 simulation.  
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Figure 6: Two-meter vapor pressure deficit difference between the modern fallow (F11) and 
control (C11) simulations during the three-year simulation period for MJJA. Positive VPD 
values indicate the F11 simulation is drier, while negative values indicate the F11 simulation is 
moister. 
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Figure 7: Changes to (a) convective available potential energy (CAPE), (b) convective inhibition 
(CIN), (c) lifted condensation level (LCL), and (d) planetary boundary layer (PBL) height 
between 2011 control and fallow simulations during May and June for the three-year simulation 
period.  
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Figure 8: Same as Figure 6 but for July and August for the three-year simulation period.  
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Figure 9: Changes to precipitation for May and June (Row 1) and July and August (Row 2). 
Precipitation was aggregated to 100km x 100km boxes to improve the signal to noise ratio. 
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Figure 10: Vertical cross-section of 1979-2020 May and June meridional wind trends (black 
contours) and specific humidity trends (filled contours) for the levels between 925 hPa to 800 
hPa . Inset axes show trends in meridional moisture transport (qv) for 1979-2020 and the 
location of the cross-section. Brown contour shows the pressure where topography is located 
along the cross section. 
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Figure 11: Same as Figure 10 but for July and August. 
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CHAPTER FIVE 

 
 RECENT ENHANCEMENT OF THERMODYNAMIC ENVIRONMENTS IN THE 

NORTHERN NORTH AMERICAN GREAT PLAINS 

Key Points: 
· Mean annual CAPE has increased by 45 J kg–1 since the 1980s, with larger changes 
during summer. 

· Monthly maximum CAPE distributions are shifting in favor of higher values. 
· Future changes in CAPE are underestimated by climate models due to the difficulty 
of capturing changes to the Great Plains Low Level Jet. 

  

Abstract  
Convective available potential energy (CAPE) is central to strong organized convection, such as 
mesoscale convective systems (MCS), and associated precipitation extremes. The northern North 
American Great Plains (NNAGP) are the origin of many eastward-propagating MCSs but are 
relatively understudied compared to the more convectively active southern and central Great 
Plains. Here we show that mean CAPE has increased by 45 J kg–1 since the 1980s at two sounding 
locations, Glasgow, MT (GGW) and Bismarck, ND (BIS), within the NNAGP. There has been a 
~250% increase since the 1980s in the proportion of monthly maximum CAPE above 2500 J kg–1 
at BIS and likewise for values above 1200 J kg–1 at GGW. Climate simulations of CAPE in the 
NNAGP likely underestimate its future changes due to the difficult nature of capturing the Great 
Plains Low Level Jet with climate models. 
 

1 Introduction 
The northern North American Great Plains (NNAGP), made up of the northern U.S. Plains and the 

Canadian Prairies, are a semi-arid region consisting mostly of agriculture, grasslands, and 

rangelands. This region has undergone substantial land use change over the past five decades by 

which 250,000 km2 of agricultural land transitioned from summer fallow to planted fields; 

resulting in a cooler and more humid land surface (Vick et al. 2016; Gameda et al. 2007) and 



145 
 
increased likelihood of convective precipitation (Gerken et al., 2018). Near-surface temperatures 

have cooled by –0.2 °C  decade–1 and a moistening trend has lowered vapor pressure deficit - 

important for plant carbon uptake and crop yields (López et al.) -  by 0.15 kPa since 1970 (Bromley 

et al. 2020; Ficklin and Novick 2017; Betts et al. 2013c). A lowering of the Bowen ratio during 

the warm season has suppressed planetary boundary layer (PBL) and lifted condensation levels 

(LCL) heights across the NNAGP, leading to an increase in cloud cover (Betts et al. 2013c; Betts 

and Desjardins 2018). The likelihood of convective precipitation has increased based on evidence 

from slab PBL models over parts of the NNAGP (Gerken et al. 2018c; Raddatz 1998b) but it 

remains unclear exactly how, and if, convective processes across the entire region are impacted by 

changing land use patterns versus mechanisms consistent with global climate change.  

  Precipitation has increased in the NNAGP by 6-10 mm decade–1 since 1970 during the 

warm season (Bromley et al., 2020). Convective activity has increased during this time period, too 

(Bromley et al. 2020; Hanesiak et al. 2004; Shrestha et al. 2012), suggesting that the increase in 

precipitation is convectively driven. A shallower and more humid boundary layer that has resulted 

from land cover change (Chapter 3, this volume) might act to enrich the environment for organized 

convection such as mesoscale convective systems (MCSs). MCSs are responsible for 40-60% of 

warm-season precipitation that falls in the NNAGP (Carbone and Tuttle 2008; Feng et al. 2019) 

and relatively small increases in their likelihood will have relatively large impacts on dryland 

agriculture in this globally-important region for wheat, pulse, and oilseed production (Nielsen et 

al. 2005; Lauenroth et al. 2000). During spring and summer, MCSs often form in the NNAGP and 

propagate eastward overnight, supported by the Great Plains Low Level Jet (GPLLJ) (Feng et al. 

2019). MCS rainfall intensities are increasing in the U.S. portion of the NNAGP and a greater 
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proportion of rainfall is coming from MCSs, owing partly to a northward extension over time of 

the GPLLJ into the southern portion of the NNAGP (Feng et al. 2016; Barandiaran et al. 2013).  

 Extreme precipitation associated with flash flooding and other damaging convective 

weather (Dougherty and Rasmussen 2019) also comes primarily from MCSs in the NNAGP 

(Stevenson and Schumacher 2014), and has been increasing with warming temperatures (Kunkel 

2003; Trenberth et al. 2003; O’Gorman and Schneider 2009). Both extreme precipitation and MCS 

strength is heavily influenced by convective available potential energy (CAPE), with both extreme 

precipitation and CAPE scaling with the Clausius-Clapeyron relationship (Prein et al. 2017d,c; 

Lepore et al. 2015). Large values of CAPE are associated with hazardous convective weather, and 

understanding the factors that influence CAPE can inform our understanding of extreme 

precipitation. 

 

CAPE and its counterpart convective inhibition (CIN) are useful metrics in understanding 

the potency of a thermodynamic environment for convection. CAPE and CIN are expected to 

increase with global warming due to the increase in temperatures and near surface humidity 

(Seeley and Romps 2014, 2015; Diffenbaugh et al. 2013; Rasmussen et al. 2017; Chen et al. 2020), 

but trends in CAPE and CIN in the NNAGP in response to unique warm-season cooling and 

moistening trends (Bromley et al., 2020) have not been quantified to date. The buildup of CAPE 

occurs primarily through two different mechanisms; the advection of warm and moist air into an 

area, and diabatic heating at the surface (Agard and Emanuel 2017). An intensifying GPLLJ would 

inject high-enthalpy air further into the NNAGP, while land use change might amplify the 

diabaticly driven destabilization of the atmosphere from the surface, acting to amplify the change 
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from global warming. The observed increase in moisture transport from the GPLLJ is expected to 

continue in response to climate change (Tang et al. 2017; Cook et al. 2008), suggesting that 

mechanisms underlying ongoing trends in convective environments must be understood to predict 

future changes. It remains unclear, however, how the thermodynamic environments of these 

convective storms are changing in response to the combined impacts of land use change and the 

intensification of the GPLLJ, and therefore, how they might continue to change in the future. 

Here, we apply radiosonde, reanalysis, and climate model observations to study the 

changing convective environment of the NNAGP. Our goal is to characterize ongoing changes in 

CAPE and CIN in this relatively understudied region and discern how the future thermodynamic 

environments compare to recent observations. 

2 Materials and Methods 

2.1 Observational and Reanalysis Data 

Twice-daily atmospheric sounding profiles were acquired for 1980-2020 from the Integrated 

Global Radiosonde Archive for two locations, Glasgow, MT, and Bismarck, ND. These locations 

were selected as the only sounding locations within the NNAGP that have a sufficiently long data 

record and are not subject to orographic effects. Both 00UTC and 12UTC soundings were utilized 

in the analysis. Data that did not pass the Tier 2 climatological checks were removed from the 

analysis. CAPE and CIN are calculated using the MetPy (May et al. 2016) 

“most_unstable_cape_cin” function. This function utilizes a profile from the layer with the highest 

potential temperature and then integrates CAPE between the level of free convection (LFC) and 

the equilibrium level (EL). CIN is integrated between the surface and the LFC. Warm season 

monthly maximum CAPE is modeled using a generalized extreme value distribution, parameters 
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for which were fit using the Scipy Stats package and the ‘genextreme’ function. The function 

chooses the generalized extreme value distribution, either Weibull or Gumbel, that best fits the 

data, to focus on model fit rather than assume a functional form for the distribution. 

 ERA5 is a high-resolution (Δx ≅ 31 km) reanalysis dataset that uses the ECMWF model 

to integrate historical observations into continuous fields (Hersbach et al.). Monthly mean data 

were acquired from the Copernicus Climate Data Store. CAPE in ERA5 is calculated by lifting 

parcels from different model levels and retaining the maximum value. This approach is 

conceptually similar to the most unstable CAPE calculations performed by MetPy. Our analysis is 

limited to the convective season (Gerken et al., 2018) for the CAPE and moisture transport trend 

calculations. A robust linear regression was used for trends to reduce the effect of outliers. We 

define the ‘northern North American Great Plains’ (NNAGP) following Bromley et al. (2020) as 

the combination of the Canadian Prairie Province ecozone and the National Ecological 

Observation Network (NEON) Domain 9 (Northern Plains) in the United States. 

2.2 Simulation Data 

Data from a convection-permitting simulation of most of North America was used to assess current 

convective environments and understand future environments. The Weather Research and 

Forecasting model 3.4.1 was run with 4 km horizontal grid spacing and 51 vertical levels for 13-

years from October 2000 to October 2013 (Liu et al. 2017). The fine resolutions ≤ 4 km grid 

spacing can explicitly resolve organized convection, such as MCSs, but will not capture smaller 

mesoscale circulations. The Rapid Radiative Transfer model (RRTMG), Yonsei University 

boundary layer model, and Thompson aerosol-aware microphysics scheme were used, as was 

Noah-MP as the land surface model which included a groundwater scheme known to reduce 
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summer temperature and precipitation biases (Barlage et al. 2021). Two simulations were run, one 

that represents a control simulation of the 2000-2013 time period (CTRL) and the other that 

represents a ‘pseudo global warming’ (PGW) experiment. The CTRL simulation uses six-hourly 

ERA-Interim data as lateral boundary conditions. The PGW simulation utilizes the same ERA-

Interim data but with the CMIP5 ensemble mean climate change signal added for the RCP 8.5 

emissions scenario. Nineteen ensemble members are averaged together for the 2070-2100 and 

1976-2005 periods, with a perturbation field generated by taking their difference. This perturbation 

is then added onto the 2000-2013 ERA-Interim data. This synthetic climate change signal increases 

mean temperature by ~ 4 °C and relative humidity by 2-6% depending on the season (Liu et al. 

2017).  Since the PGW approach uses a mean climate change signal added to ERA-Interim, the 

goal for the experiment is to better understand the thermodynamic impacts resulting from 

anthropogenic warming; changes to circulation are not accounted for. A more detailed description 

of the model, experimental design and model validation can be found in Liu et al. (2017).  

The CTRL simulation was assessed by Liu et al., (2017) and others for mean climate and how well 

it represents extreme precipitation and the structure of MCSs. In both cases, the model reproduces 

realistic precipitation distributions and MCSs, but MCS frequency is underestimated in late 

summer (Prein et al. 2017a,d). Vertical profiles of temperature, pressure, and mixing ratio from 

the model were extracted for the GGW and BIS locations using a nearest-neighbor lookup. CAPE 

and CIN were calculated using the “most_unstable_cape_cin” function from the MetPy python 

package as noted and compared against radiosonde observations.  
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3 Results 

3.1.1 Recent and future changes to thermodynamic environments: CAPE 

For both GGW and BIS, radiosonde-measured CAPE distributions have shifted toward the tails, 

indicating that occurrences of large CAPE values have increased in frequency in more recent 

decades (Figure 1). Mean CAPE at GGW has doubled from 45 J kg–1 to 90 J kg–1 between 1980-

1990 and 2010-2020 (Figure 1a). The decadal distributions show that the frequency of 

observations larger than 1000 J kg–1 increased from the 1980s to the 2010s by ~250% with smaller 

differences between the 2000s and 2010s. The distribution of CAPE simulated by the convection-

permitting CTRL simulation underestimates the frequency of  CAPE values > 1200 J kg–1. The 

simulated mean CAPE is 27 J kg–1, which is ~22 J kg–1 lower than the 1980s mean value. The 

PGW simulation shows a mean CAPE of 49 J kg–1 which is close to the 1980s mean. The PGW 

distribution also closely matches the 1980s observations but under-represents the extreme 

occurrences of CAPE > 2000 J kg–1. 

Mean CAPE at BIS also increased by 45 J kg–1 from a mean of 115 J kg–1 to 160 J kg–1 between 

the 1980s to the 2010s (Figure 1b). Similar to GGW, the distributions deviate from one another at 

about 2000 J kg–1, with the 2010s 276% more likely to have CAPE > 2000 J kg–1 than the 1980s. 

BIS has a higher mean CAPE than GGW and also experiences more events greater than 2000 J 

kg–1. The CTRL and PGW simulations underestimate CAPE compared to the observed CAPE in 

the 1980s; mean CAPE for the CTRL simulation is 25 J kg–1 and 47 J kg–1 for the PGW simulation 

noting that the PGW simulation is designed to simulate conditions at the end of the 21st century.  

The pattern in monthly maximum CAPE is similar to the change to mean CAPE. GGW maximum 

CAPE distributions have shifted toward higher values at the expense of low to moderate CAPE 
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values (Figure 2a). At GGW, the mean monthly maximum CAPE was ~1000 J kg–1 in the 1980s 

and is now ~1750 J kg–1. There has been a substantial fattening of the tails of the distribution with 

CAPE above 1200 J kg–1 making up a much larger percentage in recent decades (69%) compared 

to the 1980s and 1990s (28%). The CTRL mean monthly maximum for GGW is 750 J kg–1 which 

is 25% lower than the observed 1980s mean monthly maximum. The PGW simulation has a mean 

maximum monthly CAPE of 1000 J kg–1 which matches the mean radiosonde-observed monthly 

maximum CAPE from the 1980s. The distributional change from CTRL to the PGW does show a 

fattening of the tails, however they both more closely match the distributions from the 1980s and 

1990s than the 2000s and 2010s. 

BIS is further east and is more humid than GGW and its monthly maximum CAPE distribution is 

broader. The mean monthly max CAPE for the 1980s is ~1600 J kg –1 and increases to ~2450 J 

kg–1 in the 2010s. The tails of the 2000s and 2010s distributions are larger for values over 2500 J 

kg–1. The probability of a monthly maximum CAPE value over 2500 J kg–1 increased by 277% 

from the 1980s to the 2010s and 129% from the 1990s to the 2010s. The CTRL and PGW 

simulations underestimate CAPE > 1500 J kg–1 and overestimate values less than that. The 

probability of monthly maximum CAPE > 2500 J kg–1 increases by 129% between the CTRL and 

the PGW simulation. 

 

3.1.2 Recent and future changes to thermodynamic environments: CIN 

Mean CIN distributions for the different decades are similar to each other at both GGW and BIS 

(Figure 3). The mean magnitude of CIN at GGW increased from 16 J kg–1 in the 1980s to 24 J kg–

1 in the 2010s (Figure 3a). The CTRL mean CIN is 14 J kg–1 and increases to 25 J kg–1 in the PGW 
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simulation. Mean CIN at BIS in the 1980s was 26 J kg–1 and increased to 28.5 J kg–1 in the 2010s. 

The CTRL simulation mean CIN (21 J kg–1) is lower than the observed 1980s CIN, and CIN in the 

PGW simulation at BIS strengthens to 34 J kg–1.  

3.2 Results from climate reanalysis 

Spatial trends in convective parameters calculated from ERA5 for 1979-2020 support the changes 

to distributions seen in the observed atmospheric profiles. During May and June, CAPE increased 

by 20-50 J kg–1 decade–1 in the south-central NNAGP, with the strongest trends in the most 

southern extent (Figure 4a). CAPE increased by 13 J kg–1 decade–1 at BIS while GGW only 

increased by 3 J kg–1 decade–1. July and August share the same spatial pattern as May and June 

(Figure 4b). 

Vertically-integrated moisture convergence (VIMC) shows where the horizontal flux of moisture, 

integrated from surface to the top of the atmosphere, acts to increase or decrease total column 

moisture. Trends in VIMC, therefore, show where more moisture is being transported. In the 

NNAGP, trends in VIMC are mostly zero except over parts of North and South Dakota where 

VIMC increased by 0.6 mm decade–1 over the 1980s - 2010s study period (Figure 5).  These trends 

are immediately to the North and East of where the largest CAPE trends are located (Figures 4).  

4 Discussion 

The changes in CAPE highlighted at GGW and BIS illustrate how anthropogenic climate change 

is changing the nature of thermodynamic environments. CAPE increases in response to higher 

temperature and humidity and scales at the Clausius-Clapeyron relationship (Agard and Emanuel 

2017) such that it can be predicted at mid-latitude continental sites from large-scale environmental 

parameters alone (Li and Chavas 2021) noting that recent changes to the climate of the NNAGP 
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are globally unique.  Near-surface temperatures have been cooling during May and June and 

warming during July and August (Bromley et al. 2020). Surface humidity has also been increasing 

across the entire NNAGP during May and June and across its southern extent during July and 

August (Bromley et al. 2020; Gerken et al. 2018c). The moisture increase is caused by both a 

change to the land surface (Gameda et al. 2007; Betts et al. 2013c), and the increasing strength of 

the Great Plains Low Level Jet (Feng et al. 2019, 2016) consistent with a warming climate. The 

fingerprint of the GPLLJ is apparent in the spatial variability of CAPE trends (Figure 4) and the 

trends in VIMC (Figure 5), yet accurately modeling the GPLLJ is challenging for global climate 

models (GCM) due to their coarse resolution and likely requires downscaling the GCMs to 

convection-permitting resolutions (Tang et al. 2017).  

The convection-permitting CTRL simulation underestimates CAPE at both GGW and BIS, 

which might be due to a pervasive near-surface warm bias in the Great Plains (Liu et al. 2017). If 

the temperatures are too high and the near-surface relative humidity is too low, a deeper boundary 

layer would result. The structure of the planetary boundary layer (PBL) also affects CAPE, with a 

shallower PBL acting to increase CAPE by increasing the depth over which CAPE is integrated. 

A deeper boundary layer with lower relative humidity would therefore result in lower CAPE, 

despite the strong relationship between higher temperatures and CAPE. Temperatures in the PGW 

simulation increase by an average of 3-5 °C and relative humidity increases by 3-6% depending 

on the season (Liu et al. 2017). The change in CAPE in PGW simulation still underestimates the 

2000-2010 distribution of CAPE and is lower than the 2010-2020 for both GGW and BIS (Figure 

1a,b). The likely reason for the PGW simulation showing such modest changes is the fact that it 

does not account for changes to circulation patterns; it looks primarily at the thermodynamic 
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response to a warming atmosphere and cannot account for the strengthening GPLLJ. The 

hypothesized cause for the strengthening of the GPLLJ is due to a westward shift in the North 

Atlantic Subtropical High (Cook et al. 2008; Tang et al. 2017). The conclusion then is that the 

PGW simulation should be taken as a conservative estimate of where circulation patterns are 

changing or expected to change as is occurring in the NNAGP. Changes to CAPE assessed using 

the CCSM4 global climate model are larger than the PGW simulation in the NNAGP, likely due 

to the simulated intensification of the GPLLJ (Chen et al. 2020). CAPE increases by 150-300 J kg–

1 in the CCSM4 and shows a similar pattern to the CAPE trends shown in Figure 4, with a 

northwestern extension of increased CAPE into the NNAGP (Chen et al. 2020). Convection-

permitting simulations of future climate that downscale global climate models also simulate 

changes to the GPLLJ (Hoogewind et al. 2017; Trapp et al. 2019) and estimate an increase in 

CAPE on the order of 600 J kg–1 during JJA.  

 Land use and land cover change might be another source of the discrepancies in recent and 

future thermodynamic environments. The NNAGP is a global breadbasket for wheat production, 

which historically included summer fallow in the crop rotation. This practice has largely 

disappeared in favor of continuous cropping and cover cropping during the summer and nearly 

250,000 km2 of land that used to be held in fallow during the summer is now planted, affecting 

surface fluxes and the boundary layer (Gerken et al. 2018c; Betts et al. 2013c; Gameda et al. 2007). 

Recent convection-permitting simulations of the NNAGP found that the areas that declined in 

summer fallow experienced an increase in mean seasonal CAPE of ~20 J kg–1 during May and 

June and up to 40 J kg –1 during July and August, which represents ~10% difference in CAPE 

(Chapter 3, this volume). This change is on the order of the increase in mean CAPE at GGW and 



155 
 
BIS. Trends in CAPE from ERA5 show a much broader area of CAPE increase during July and 

August, extending into Saskatchewan. The simulations of summer fallow in the NNAGP used a 

similar model setup to Liu et al. (2017) so the magnitude of CAPE change might be more uncertain 

than the idea that summer fallow reduction acted to increase CAPE. 

 

 

5 Conclusions 

The thermodynamic environments of the northern North American Great Plains have 

shifted toward stronger CAPE and slightly stronger CIN. Mean annual CAPE at GGW and BIS 

has increased by 45 J kg–1 with a ~250% increase in the probability of CAPE exceeding 1000 J 

kg–1 and 2000 J kg–1 respectively. Mean annual CIN strengthened at both GGW and BIS but only 

by 8 J kg–1 and 2 J kg–1 respectively. Trends in ERA5 show that an increase in strength of the 

GPLLJ is likely responsible for at least part of observed increases in CAPE. A 13-year convection-

permitting simulation of the 2000s and of a pseudo global warming (PGW) environment both 

underestimated CAPE at both GGW and BIS. The PGW environment was 4 °C warmer and 

relative humidity increased by 2-6%, but mean annual CAPE only increased by 22 J kg–1 at both 

GGW and BIS. The changes in thermodynamic environments in the NNAGP are changing faster 

than some simulations of the future climate might suggest, and thus should be considered 

conservative estimates for future change. Global CCSM4 model estimates slightly larger CAPE 

change than the PGW simulation due to better capturing the dynamic changes to the GPLLJ. 

Downscaling global climate models using a convection-permitting models, i.e. (Hoogewind et al. 
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2017), to better capture the changes to the GPLLJ is a promising step understanding future 

thermodynamic environments in the NNAGP. 
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Figures 

 

Figure 1: Empirical probability density distributions for convective available potential energy 
(CAPE) at (A) Glasgow, MT, USA (GGW) and (B) Bismarck, ND, USA (BIS) by decade from 1980 
- 2020. CAPE distributions simulated by the control (CTRL) and pseudo global warming (PGW) 
Weather Research and Forecasting (WRF) model runs by Liu et al., (2017) are shown in dashed 
lines. Distributions include all 00 UTC and 12 UTC soundings for the entire year for every decade 
(n=7300). Mean CAPE distributions are calculated by bootstrap-resampling observations within 
the time period with replacement, as shown in the insets. 
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Figure 2: The same as Figure 1 but for AMJJAS monthly maximum CAPE distributions for (a) 
GGW and (b) BIS. Data are fit to generalized extreme value distributions. Mean monthly maximum 
CAPE is calculated by bootstrap resampling the monthly maximum CAPE data as shown in the 
insets.. 
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Figure 3: Same as Figure 1 but for CIN. 
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Figure 4: Trends in May and June monthly mean CAPE from the ERA5 reanalysis for the 1979-
2020 period for the northern North American Great Plains (NNAGP) shown in the thick black 
line, and surrounds.  
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Figure 4b: Same as Figure 4a but for JA. 
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Figure 5a: Trends in AMJ horizontal moisture convergence from ERA5 1979-2020. 
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CHAPTER SIX 
 
 

CONCLUSION 
 
 

Agriculture in the NNAGP has shifted away from wheat-fallow rotations and toward 

systems that are more diverse and benefit – or are at least less detrimental to – soil health (Engel 

et al. 2017; Lin and Chen 2014). Some 116,000 km2 of land used to be fallow in the 1970s and is 

now planted with wheat, pulse crops, oilseeds and an increasing amount of corn and soy (Long et 

al. 2014a,b; Rosenzweig and Schipanski 2019; Maaz et al. 2018). These changes have been a ‘win-

win’ for soil health and farmers checkbooks, but have these changes positively benefited climate? 

 In Chapters 2-4, I have shown that the regional climate of the NNAGP has cooled and 

become moister as a result of the reduction in summer fallow. These changes are primarily limited 

to May and June, but other studies have found changes outside of these months on more local 

scales (Bromley et al. 2020; Betts et al. 2013c; Gameda et al. 2007) and May and June are key 

periods for wheat growth in Montana, especially winter Wheat (Vick et al., 2016). While climate 

management is likely not the primary goal of individual farmers, these changes have demonstrated 

the power of managing the landscape for climate services which can impact climate to the same 

degree as land cover change (Luyssaert et al. 2014). Landscape management is not a replacement 

for a reduction of anthropogenic emissions, but might delay the worse effects of climate change 

on a region by region basis (Seneviratne et al. 2018). Key to crop success is the avoidance of 

temperature extremes during key growth stages (Hirsch et al. 2017; DeAngelis et al. 2010), and 

the cooling trends described here also help reduce the likelihood of extreme temperatures. 
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The precipitation response to a reduction in summer fallow is more nuanced based on the 

modeling analysis here. Precipitation is increasing in the NNAGP, as shown in Chapter 2, and as 

I showed in Chapter 5 this is likely due to the enhancement of the GPLLJ and its ability to transport 

moisture, rather than changes to the land surface as shown in Chapters 3 and 4. These findings 

contrast somewhat findings by (Gerken et al. 2018c; Gameda et al. 2007; Betts et al. 2013c; 

Raddatz 1998b), and more that argued that reducing summer fallow makes convective processes 

more likely. The WRF analysis demonstrates that this is in part due to a simultaneous increase in 

CIN which balances increases in CAPE. From a climate adaptation point of view, the combination 

of increasing precipitation, longer growing seasons that are cooling (or at minimum warming 

slower), and more surface humidity make the NNAGP a better place to grow crops now than 50 

years prior (Bromley et al. 2020; Mueller et al. 2015a). Looking to the future, simulations of wheat 

yield in the NNAGP are projected to actually increase while many other areas globally are 

projected to decrease (Smith et al. 2013; Asseng et al. 2013a, 2015a). This places the NNAGP in 

a unique situation for crop growth, but it remains to be determined the degree to which an increase 

in favorable climate conditions – which retain the risk of severe drought (Gerken et al. 2018a) – 

has increased yield. As a next step, I hope to investigate the yield increase that producers 

unintentionally provided themselves by cooling and moistening the near-surface atmosphere 

during key crop growth periods to fully characterize the ‘win-win-win’ dynamic that has occurred 

as a case study in improved regional agricultural sustainability – albeit one that has an uncertain 

future. 

Climate variability might undermine the increased suitability for growing crops in the 

NNAGP. The worst drought ever recorded in parts of the NNAGP occurred in 2017, and droughts 
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are expected to increase in severity (Gerken et al. 2018a; Bonsal et al. 2020). Simultaneously, too 

much precipitation to plant or harvest fields can have delirious effects on agriculture (Stadnyk et 

al. 2016). Future research should seek to better understand precipitation variability in the NNAGP 

and seek to further constrain the impacts of land use change and land management on near-surface 

climate. 

As demonstrated in Chapter 5, the future impacts of organized convection and extreme 

precipitation in the NNAGP is not well studied. The GPLLJ is a major source of moisture for the 

MCS development in the NNAGP and changes to the GPLLJ are not well captured by global 

climate models (Tang et al. 2017). Out of the analyzed simulations, only the simulation that 

downscaled a global climate model to convection-permitting resolutions was able to accurately 

represent the GPLLJ (Hoogewind et al. 2017). This simulation projects that extreme precipitation, 

hail, and other severe convective hazards are likely to increase in the NNAGP (Trapp et al. 2019). 

More simulations using this approach are needed to assess the uncertainty in these projections. 

Since the NNAGP sits in the middle of the continent the land surface plays a critical, and still not 

well understood, role in strong convective events (Tan et al. 2018; Shrestha et al. 2012; Raddatz 

2005, 1998b). Going forward, rigorously studying the coupling between agricultural and climate 

extremes in addition to trends in agroclimatology will give producers, other land managers, and 

policymakers more of the information that they need to make sound decisions for the future of our 

region. 
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