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ABSTRACT
We examined climate trends in the northern North American Great Plains (NNAGP) from 1970 to 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 0.48C decade21. January in particular warmed at nearly 0.98C decade21.
The NNAGP cooled by 20.188C decade21 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 20.4 hPa decade21 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 decade21. 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 0.28C decade21 since the mid-1970s, with concurrent increases in global atmospheric moisture
Denotes content that is immediately available upon publication as open access.
Corresponding author: Gabriel T. Bromley, gabriel.bromley@
montana.edu

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 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
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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.
2014; Mueller et al. 2016; 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
lifting 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. 2007; Bonetti et al.
2015; Manoli et al. 2016), noting additional requirements
such as a minimum CAPE of ;400 J kg21 (Yin et al. 2015)
and positive convective triggering potential (Findell and
Eltahir 2003a,b). Changes in PBL processes from agricultural 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 (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
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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 1.28C since the 1970s, driven by a reduction in surface net radiation of 26 W m22 (Betts et al.
2013b). 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,b; 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 United States decreased gradually from over 160 000 to 60 000 km2 during a similar time
frame but starting in the mid-1980s (Vick et al. 2016), a
large part of which has occurred in the U.S. Northern
Great Plains (NGP) adjacent to the CP (Fig. 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 [called herein 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 to 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 (Lobell et al. 2014) and increasingly important role
in controlling water transport from the soil through transpiration (Novick et al. 2016). 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
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FIG. 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).

encompassed by the National Ecological Observatory
Network (NEON) northern plains domain in the United
States (domain 9) (Keller et al. 2008) and the Prairies
Ecozone in Canada (Fig. 1) (Wiken et al. 1996). The
entire domain largely encompasses what is often called
the ‘‘Prairie Pothole’’ region with the inclusion of
semiarid areas dominated by rangeland toward the west
(Millett et al. 2009) and the ‘‘Northern Short Grasslands’’ region 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 semiarid 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) TS 4.01 (Harris
et al. 2014). VPD was calculated by subtracting vapor
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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 it 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
appendixes.
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 18 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 RCP8.5 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 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 0.28C decade21 for the
study period calculated using the CRU database, a similar
but more conservative trend than the 0.268C decade21
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):
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sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 1 r1
,
Sadj 5 S
1 2 r1

(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 0.28C decade21 (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 appendixes.

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 0.48C decade21
(Fig. 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 0.28C decade21 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 (Fig. 3).
The southeastern NGP experienced the greatest negative trend of 20.4 hPa decade21 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 decade21 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.
Notably, P increased by 1 mm decade21 or more across
the eastern Dakotas during winter, by 2 mm decade21 or
more in western Minnesota during MAM, and by 4 mm
decade21 or more across the central and eastern Dakotas
during summer (Fig. 4).

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
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FIG. 2. Trends in 2-m air temperature Tair from 1970 to 2015 across the NNAGP 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.

analysis by climate season (Fig. 5). Median Tair across the
entire NNAGP increased by ;0.98C decade21 in January.
February experienced no significant trend and March
warmed by 0.38C decade21. April experienced no Tair
trend, but May and June cooled by about 20.28C decade21
on average. In other words, warming in March masked
cooling in May in the analysis by climatological spring
(MAM; Fig. 2). July and August have warmed by
;0.28C decade21 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 0.38–0.48C decade21, with similar mean
warming in December, slightly greater than the global
annual warming trend across the study period on the order
of 0.28C decade21.
The greatest May and June cooling trends on the order of 20.258C decade21 are found in eastern Montana,
western North Dakota, and the CP, and extend to the
Canadian Shield north of the study domain and the
Rocky Mountains to the west of the study domain
(Fig. 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 to
2015 averaged 20.18C decade21 compared to a mean
global warming of 0.38C decade21 over the same period.

VPD decreased by 20.2 hPa decade21 in May
and 20.3 hPa decade21 in June, which, coupled with
decreases in Ta, resulted in cooler and moister conditions (Fig. 6b). VPD in July and August show high
spatial variability with large positive and negative VPD
trends across different parts of the study region (Fig. 7).
The dipole feature of Fig. 3c explains why there is so
much variability in July and August: The eastern half of
the study area exhibited negative VPD trends and the
western half experienced positive trends. It was found
that P increased across the entire NNAGP at 3 and
4 mm decade21 during May and June, respectively, and
P in eastern North Dakota has increased in excess of
8 mm decade21 (Fig. 6c). October also exhibits a positive trend in P of 2 mm decade21, but trends in P during
other months are not different from zero (Fig. 8).

4. Discussion
The research conducted here demonstrates that the
annual climate of the NNAGP followed global Tair trends
from 1970 to 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
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FIG. 3. As in Fig. 2, but for vapor pressure deficit.

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
0.48C decade21 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), and P has increased during much of the warm
season, primarily in the eastern NNAGP, with the only
significant negative trend in P 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 are outside the spread of simulated trends
and the ensembles of Tair trends are higher for most
months than observations with a median of 0.68–
1.258C decade21 (Fig. 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 18
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 (Fig. 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 (Fig. 5). Stronger May and June
cooling trends result if the 1980s were chosen as a start
date (see appendix B), 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
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FIG. 4. As in Fig. 2, but for precipitation.

decrease to any particular mechanism in an empirical
study except to note that the CESM-LE fails to capture
the observations (Fig. 9), but observations are broadly
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. 2013b; Raddatz 1998)
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 all 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. 2017b).

b. Trends in precipitation

FIG. 5. Monthly trends in near-surface (2 m) air temperature
between 1970 and 2015 for the NNAGP (Fig. 1) from the CRU
dataset. The orange lines indicate the median trend and the blue
line indicates zero trend.

An increase of P occurred the eastern part of the
NNAGP during most of the warm season including climatological spring and summer (Fig. 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
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FIG. 6. May and June trends in (a) 2-m air temperature, (b) vapor pressure deficit, and (c) precipitation from 1970 to 2015 in the
NNAGP (black outline; see Fig. 1). In (a) the stippling indicates significant (p , 0.05) cooling after correction for temporal autocorrelation
[Eq. (1)] versus mean global warming of 0.28C decade21 during the commensurate period. In (b) and (c) the stippling indicates significant
trends compared to a null hypothesis of no trend.

amount occurring during the heaviest precipitation events
(Reidmiller et al. 2018; Mishra et al. 2012). Recent studies
have demonstrated that increased precipitation and precipitation intensity, especially during the early warm
season, are partly due to stronger convective systems
(Prein et al. 2017a,b; 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 on
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.

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 in
the United States, 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 (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

FIG. 7. As in Fig. 5, but for vapor pressure deficit (VPD).

FIG. 8. As in Fig. 5, but for precipitation.

c. Land-cover change
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FIG. 9. Trends in near-surface air temperature from the CESMLE. 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.

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. 2018).
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. 2016) consistent
with seasonal growth patterns of maize, a C4 plant. It is
important to note that the replacement of one landcover 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 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 atmospheric boundary layer
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 and
Snyder 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 United
States—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 versus 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. 2016). 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. 2018b)—with the exception of
parts of the U.S. portion of the NNAGP (Ficklin and
Novick 2017; Seager et al. 2018a). 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, the decrease in VPD during May and June
(Fig. 6b) is consistent with increased evapotranspiration
resulting from a larger planted area as noted. Second,
there is a significant decrease in VPD in the southeastern part of the study area during climatological summer
(Fig. 3c), which is consistent with an increase in agricultural intensification within the study region (Mueller
et al. 2016) 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 2000; Quiring and Kluver 2009) of
which locally recycled convective precipitation is an
important part (Raddatz 2000). The NNAGP is also
influenced by global oscillations including ENSO and
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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
that may be responsible for observed changes in Tair,
VPD, and P.
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 convectionpermitting climate models (CPMs) 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
(Fig. 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 2000; 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 (Dominguez
et al. 2016; Chug and Dominguez 2019). Such an effort
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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 subseasonal climate
variability is important (Asseng et al. 2015; 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 CESMLE 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 farther 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. 7). 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). Overall P has
increased across the early warm season, with the largest
positive trends found in May and June (Fig. 8). Generally, the positive trends in P are located in the eastern
half of the domain but extend outside of the study area
as well (Fig. 6c) 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 A
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 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.

APPENDIX B
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. B1). We also
used the Global Historical Climatology Network (GHCN)
dataset (Lawrimore et al. 2011) to critique the start date of
the analysis (Fig. B2). 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

FIG. B2. Near-surface (2 m) air temperature trends from 270
GHCN sites within the NNAGP. Sites with at least 75% daily data
availability from 1925 to 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 distributions of the
270 trends are shown in the violin plot for each trend start year.

analysis in 1970 results in a conservative interpretation
of observed May and June cooling trends.
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FIG. 2. Trends in 2-m air temperature Tair from 1970 to 2015 across the NNAGP 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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