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1. Introduction
In the modern agricultural economy, irrigation is a crucial practice that increases crop yields and extends arable 
land into semi-arid and arid regions (Zohaib & Choi, 2020). While globally only 20% of farmland is irrigated, 
such regions account for 40% of food production (Decker et al., 2017). Further, irrigation represents the largest 
burden on the fresh water supply, being over 70% of annual demand (Cai & Rosegrant, 2002), and is expected to 
expand on every continent except Antarctica (Zohaib & Choi, 2020). Irrigation substantially modifies all aspects 
of the hydrologic cycle including soil moisture, precipitation, and surface moisture fluxes (Huber et al., 2014; 
Kang & Eltahir, 2019; Sridhar, 2013; Yang et al., 2019). The atmospheric responses to irrigation, however, are 
complex and vary in both time and space (Cook et al., 2011; D. Lobell et al., 2009).

Much work has been devoted to understanding the atmosphere's response to widespread irrigation, and the 
topic remains an area of active research. Irrigation modifies soil moisture both locally and remotely through 
precipitation downwind of the irrigated region (Barnston & Schikedanz, 1984; Deangelis et al., 2010; Kang & 
Eltahir, 2019; Lawston et al., 2017; Moore & Rojstaczer, 2002; Nauert & Ancell, 2019; Niyogi et al., 2010). 
Moreover, irrigation reduces the Bowen ratio (the ratio of sensible to latent heat flux), producing additional 
atmospheric responses that include: reducing daytime surface temperature and increasing nighttime temperature 
(D. B. Lobell & Bonfils, 2008; Qian et al., 2013; Sorooshian et al., 2011; Sridhar, 2013; Yang et al., 2019), 

Abstract In order to understand the impact of irrigation on weather and climate, the 2018 Great 
Plains Irrigation Experiment collected comprehensive observations straddling irrigated and non-irrigated 
regions in southeast Nebraska. Using these observations, we examine how irrigation affects diurnal terrain-
generated slope circulations, specifically the slope wind. We find that irrigation applied to upslope regions of 
gently  sloping terrain reduces terrain-induced baroclinicity and the associated pressure gradient force by up 
to two-thirds. This leads to the reduction in the afternoon and evening upslope wind and is supported through 
comparisons to the High-Resolution Rapid Refresh operational model, which does not explicitly account for 
irrigation. Additionally, the presence of irrigation decreases daytime sensible heat flux (Bowen ratio reduced 
40% compared to non-irrigated regions), weakening turbulent transport of momentum. Modifications to 
the terrain-forced circulation by irrigation has the potential to affect moisture transport and thus cloud and 
precipitation formation over the Great Plains.

Plain Language Summary Agricultural irrigation alters input of heat and moisture from the land 
surface to the atmosphere, which can affect weather and climate. Irrigation is expanding on all continents 
except Antarctica and is thus a major pathway through which humans impact the environment. However, the 
observations required to study the mechanisms though which irrigation affects weather and climate are lacking. 
The Great Plains Irrigation Experiment (GRAINEX) was conducted to collect such observations near the 
boundary between irrigated and non-irrigated regions in southeast Nebraska. During the daytime, the slope of 
the Great Plains causes near-surface upslope winds and downslope winds in the atmosphere above. At night 
this pattern reverses. This wind system influences storm formation by forcing upward motion and transporting 
moisture. Using the observations from GRAINEX and comparing to a weather model we find that irrigation 
weakens this wind system, potentially affecting cloud and rain formation in this region.
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increasing atmospheric pressure (Kang & Eltahir,  2019), and modifying 
planetary boundary layer (PBL) and regional wind fields (Fast & McCor-
cle,  1991; Huber et  al.,  2014; McPherson,  2007; Ookouchi et  al.,  1984; 
Yang et al., 2020). Irrigation has also been found to increase the number and 
longevity of Great Plains' mesoscale convective systems (Qian et al., 2020) 
and increase convective available potential energy (Huber et al., 2014; Rappin 
et al., 2021; Yang et al., 2017). The strength and sign of these responses vary 
widely depending on the degree to which the surface energy budget is water 
or energy limited prior to the onset of irrigation (Cook et al., 2011).

One type of PBL circulation that may be modified by irrigation is the Great 
Plains slope wind. These winds are a diurnal mesoscale circulation that 
form due to differential atmospheric heating caused by the east-west slope 
of the Great Plains (Holton,  1967; McNider & Pielke,  1981). During the 
day, surface heating produces greater column warming in higher elevation 
(upslope) regions due to enhanced convergence of sensible heat flux. This 
produces a positive pressure perturbation and downslope winds aloft. Within 
the PBL, a compensating upslope wind forms. This process is reversed in the 
nocturnal PBL (McNider & Pielke, 1981, 1984).

The Great Plains slope wind and its associated baroclinicity and boundary layer 
structure are known to be factors in the formation and evolution of the Great 
Plains low-level jet (LLJ; Campbell et al., 2019; Gebauer & Shapiro, 2019; 
Holton, 1967; Lemone et al., 2014; Parish, 2017; Poulos et al., 2002; J. Sun 
et al., 2016). Additionally, convergence associated with mesoscale circula-
tions influences convective initiation (CI; Barthlott et al., 2006). As the LLJ 
and CI  both contribute to the rainfall distribution of the Great Plains, the 
slope wind is an important factor for regional climate. Baroclinic circulations 
like the slope wind also transport pollutants, which may have social and envi-
ronmental consequences. The intensity of the slope wind, however, depends 
substantially on surface baroclinicity and PBL thermodynamic structure (De 
Wekker & Kossmann, 2015; Souza et al., 2000). Thus, irrigation may modify 
the climate of the Great Plains and similar regions with significant baroclinic 
circulations (conceptualized in Figure 1).

Despite considerable work by previous studies, there remain gaps in under-
standing the interactions between irrigation and mesoscale circulations 
such as the slope wind. Most studies that address the effects of irrigation 
(and soil moisture) on mesoscale circulations are theoretical in nature or 
utilize relatively coarse analysis grids that often poorly represent mesoscale 
phenomena (e.g., Anthes, 1984; Arcand et al., 2019; Campbell et al., 2019; 
Huber et al., 2014; Kueppers & Snyder, 2012; Ookouchi et al., 1984; Yang 
et al., 2020). This paper proposes to fill this gap using the extensive rawin-
sonde observations collected during the 2018 Great Plains Experiment 
(GRAINEX; Rappin et  al.,  2021) in Nebraska to characterize the impacts 
of irrigation on the Great Plains diurnal slope wind. Specifically, this paper 
seeks to:

1.  Characterize the Great Plains slope wind before and after the onset of 
irrigation

2.  Understand the impacts of irrigation on thermodynamic structure of the PBL and surface baroclinicity, and
3.  Attribute modification of the Great Plains slope wind to irrigation

The remainder of this paper is organized as follows: the datasets and methodologies used during the study are 
presented in Section 2; the results are in Section 3; and the implications and conclusions of the work are in 
Section 4.

Figure 1. (a) The Great Plains Irrigation Experiment domain with topography 
shaded. Most irrigation within the study area is located west of 96.9°W 
(dashed line). Observation sites with rawinsondes are marked in red. 
Integrated Sounding Systems (ISS) 2, ISS 3 and Doppler on Wheels 6 are 
circled. ISS stations are separated by ∼100 km. (b) Terrain-generated slope 
wind circulation in non-irrigated conditions. Red line is the 850 mb pressure 
surface, tilted by differential heating along the slope. Black arrows indicate 
the resulting circulation. Latent heat flux is denoted by the blue arrow, 
while sensible heat flux is in red. Black ticks show height of upslope region. 
(c) Same as (d) but with irrigation upslope. Irrigation reduces along-slope 
baroclinicity, weakening the circulation, which is illustrated by the gray arrow.
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2. Methodology
Observations collected during GRAINEX, conducted during the growing season of 2018 in southeast Nebraska 
(Figure 1), are used to isolate the slope circulations and investigate how they are modified by irrigation. GRAINEX 
consisted of two Intensive Operation Periods (IOPs): 29th May-16th June 2018 (IOP 1) and July 17th-30th, 2018 
(IOP 2) with reduced observations between those periods (Rappin et al., 2021). IOP 1 corresponds to the early 
growing period, when irrigation is limited, and IOP 2 occurs during the mid-growing season, which is character-
ized by vigorous crop growth and substantial irrigation. The GRAINEX domain (∼100 × 100 km) straddles the 
boundary between irrigated and non-irrigated croplands with irrigation being dominant west of longitude 96.9°W 
(Figure S1 in Supporting Information S1; Xie et al., 2021).

To characterize strong land and atmospheric gradients induced by irrigation, an extensive observation network 
was deployed, including rawinsondes from 5 locations launched bi-hourly beginning at dawn (0500 Local Stand-
ard Time [LST], 1100 Coordinated Universal Time [UTC]) and ending at dusk (1900 LST, 0100 UTC) during 
both IOPs. Additionally, 12 Integrated Surface Flux System (ISFS) stations (see Text S1 in Supporting Infor-
mation S1), 2 Integrated Sounding Systems (ISS), 3 Doppler on Wheels (DOW), and 75 mesonet stations were 
deployed (Rappin et al., 2021). This study focuses on the analysis of rawinsondes released approximately along 
a west-east transect that includes ISS 2 (eastern site), DOW 6 (central site), and ISS 3 (western site). Note 
that these rawinsondes sample atmospheric conditions affected by land surface heterogeneity due to both gently 
sloping terrain and time varying irrigation effects in the western half of the transect, similar to prior studies (de 
Foy et al., 2005; Nair et al., 2011; Souza et al., 2000). DOWs 7 and 8 are not included in this analysis as they lie 
outside the west-east transect. While suitably cloudless days are limited, we additionally use a numerical experi-
ment to supplement our observational analysis. Surface energy fluxes from ISFS stations are used to characterize 
land-atmosphere interactions under the effects of irrigation.

Similar to prior baroclinic circulation studies (e.g., Souza et  al.,  2000), circulations induced by land surface 
heterogeneity (terrain & irrigation) are isolated by negating daily averages of horizontal wind components as a 
function of altitude from corresponding bi-hourly rawinsonde observations. Mathematically:

�(�, �)′ = �(�, �) − �̄(�); �(�, �)′ = �(�, �) − �̄(�) (1)

Where u is zonal wind, v is meridional wind, z is altitude, and t is time at a specific location. Overbar represents 
the daily average. The bi-hourly perturbation profiles are averaged at each site for a selected set of case days 
during each IOP. This procedure yields mean bi-hourly perturbation wind profiles for the three sites during each 
IOP. Perturbation wind speed is then computed from the perturbation wind components.

In the above-described decomposition, diurnal variation of the perturbation wind within the PBL is modulated 
by turbulent mixing of momentum and heat, while the mean wind profile is determined by the synoptic scale 
pressure gradient force (PGF; Blackadar, 1957; Souza et al., 2000; Van de Wiel et al., 2010). In order to compute 
the diurnally varying portion of the PGF, which is induced by differential heating along the transect, perturbation 
pressure is calculated for each sounding site as follows:

�(�, �)′ = �(�, �) − �̄(�) (2)

where p is observed pressure and the bar and prime denote the daily mean and perturbation from that mean 
respectively. The diurnally varying perturbation PGF is then calculated using a centered difference over the 
domain:

𝑃𝑃𝑃𝑃𝑃𝑃(𝑧𝑧𝑧 𝑧𝑧) = −
1

𝜌𝜌

𝑝𝑝′
east

(𝑧𝑧𝑧 𝑧𝑧) − 𝑝𝑝′
west

(𝑧𝑧𝑧 𝑧𝑧)

Δ𝑥𝑥
 (3)

where east and west correspond to ISS 2 and 3 respectively and Δx is the distance between those stations 
(∼100 km). Since irrigation impacts baroclinicity through alteration of PBL temperature and moisture, average 
bi-hourly altitudinal profiles of virtual temperature (Tv) are also analyzed for the case days during each IOP.

In addition, we compare results from the above-described analysis to corresponding simulated fields from the 
3 km grid-spacing High Resolution Rapid Refresh (HRRR) operational model analysis (Benjamin et al., 2016; 
Blaylock et al., 2017; Lee et al., 2019). The above-described wind and PGF decomposition are repeated for each 
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rawinsonde launch location using HRRR-simulated profiles at the closest grid point. Note, that while the HRRR 
analysis implicitly incorporates some effects of irrigation through assimilation of in-situ and remote sensing 
observations, explicit effects of enhanced soil moisture fluxes are not represented due to the lack of irrigation 
parameterization. That is, the HRRR serves as a non-irrigated control with which observations may be contrasted. 
Indeed, this is validated by comparison of ISFS sensible and latent heating observations to HRRR simulated 
values during IOPs 1 and 2 (Text S2 in Supporting Information S1). Thus, the differences in diurnal evolution 
of perturbation winds and PGF between observations and the HRRR analysis are used to evaluate the effects of 
irrigation on PBL circulations.

To minimize the impact of cloud cover on analysis, the selected set of case days for each IOP is limited to those 
with low cloud cover and similar shortwave radiative forcing based on Geostationary Operational Environmen-
tal Satellite (GOES) 16, ISFS, and HRRR data (5 days in IOP 1 and 4 days during IOP 2; Table S1 and Figure 
S2 in Supporting Information S1). Further, National Weather Service Advanced Hydrologic Prediction Service 
(AHPS) historical precipitation totals (Lawrence et al., 2003) show that rainfall in the irrigated and non-irrigated 
regions is similar (within one standard deviation) during both IOPs. Thus, the effects of irrigation are isolated 
from those of varying cloud cover and rainfall.

Finally, as case days in the observational study are somewhat limited, the case of 22 July 2018 is chosen for 
numerical experiments using the Weather Research and Forecasting (WRF) model with and without irrigation 
parameterization (Skamarock et al., 2008; Sridhar et al., 2002; X. Sun et al., 2017; Valmassoi et al., 2019). Base 
irrigation rate in the WRF model is 4 mm, and adjusted by irrigation fraction within each grid cell, according 
to 2001 Moderate Resolution Imaging Spectroradiometer irrigation fraction (Ozdogan & Gutman, 2008). A full 
description of these experiments is in Text S3 in Supporting Information S1. While the results of the numerical 
modeling study are not the focus of this work, they provide additional support for the proposed interpretation of 
the GRAINEX observations.

3. Results and Discussion
Because the focus of this study is modification of PBL circulations by irrigation, the following discussion is 
restricted to below 2,000 m above ground level (AGL). The dominant pattern of perturbation wind within the 
PBL during both IOPs is transition to downslope in the early morning before decelerating as the PBL grows 
during the day. In the afternoon and evening, the PBL perturbation wind reverses to become upslope. Analysis 
of perturbation density and perturbation vertical PGF indicate that hydrostatic balance is applicable (Text S4 in 
Supporting Information S1). Thus, the dominant factors that influence the diurnal evolution of the PBL perturba-
tion winds are diurnal variation of the PGF and turbulent mixing of momentum.

While the general behavior of the perturbation winds are similar between the two IOPs, there are differences in 
intensity and local vertical structure. Early morning perturbation wind speeds (Figure 2) are typically greater 
during IOP 1 than IOP 2 (generally 3–4 m s −1 vs. 2 m s −1) and have a much deeper maximum (∼500 vs. ∼200 m). 
This is consistent with the greater PGF during IOP 1 compared to IOP two (maximum of 4E−4 m s −2 vs. 2E−4 m 
s −2) at 0500 LST (Figure 3). The orientation of the morning perturbation wind during IOP one is predominantly 
westerly during IOP 1, but in IOP 2 the perturbation wind below 1,000 m AGL backs with height, shifting from 
easterly near the surface to west-northwest at 1,000 m. Notably, the perturbation PGF is consistently westerly 
below 1,500 m AGL during both IOPs, suggesting that other processes are responsible for the turning of the dawn 
perturbation wind.

The above-described differences affect the evolution of two perturbation wind features that are present during the 
early morning (0500 LST; 1100 UTC) of both IOPs: MS1 and MS2 (here M denotes morning and S the surface 
during IOPs 1 and 2; Figure 2) and MA1 and MA2 (here A denotes atmosphere; Figure 2). The nature of these 
features depends on the wind profile that exists during the previous evening at the onset of PBL decoupling, and 
their evolution is governed by such nighttime processes as the inertial oscillation and differential cooling along 
the slope of the GRAINEX domain (Blackadar, 1957; McNider & Pielke, 1981; Shapiro & Fedorovich, 2009). 
In particular, McNider and Pielke (1981) used a two-dimensional model to show differential heating of a slope 
during daytime produces a mesoscale PGF that accelerates the wind after sunset. They also found nighttime radi-
ative cooling along the slope reverses the slope temperature gradient, changing the sign of the thermal wind, and 
contributing to nighttime wind oscillations. Shapiro and Fedorovich (2009) developed a mathematical model that 
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combines the Blackadar mechanism with an along-slope buoyancy gradient over sloped-terrain. In each study, 
these processes modified the PBL wind profile prior to morning over sloped terrain like the Great Plains.

During IOP 1, wind speed generally increases toward the east into the non-irrigated regions, but the shape of 
the wind profiles are similar in both irrigated and non-irrigated regions. The exception is MS1, which is only 
2.5 m s −1 over ISS 3 and merges smoothly into MA1. Over ISS 2 MS1 is more distinct and is 5 m s −1. In IOP 

Figure 2. Composited perturbation wind speed for observations (black), the High Resolution Rapid Refresh (red), and the 
corresponding RMSE (blue) (a and b) are the wind profiles at local dawn (c and d) are the wind profiles at local sunset. 
Vectors indicate direction and scale with wind speed. Wind maxima of interest are boxed and labeled.
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2, however, when the irrigation gradient appears, direction of MA2 differs between ISS 3 and ISS 2. There is a 
greater downslope component over the irrigated region than over the non-irrigated ISS 2 site.

The evening perturbation winds, ES1, ES2, EA1, and EA2 (where E denotes evening during IOPs 1 and 2; 
Figure 2), are dependent on the vertical mixing of momentum during the daytime and diurnal variation of the 
PGF and baroclinicity. The upslope perturbation winds at 1900 LST are stronger during IOP 1 due to both the 
enhanced zonal PGF (especially in the lower PBL at ES1 and ES2; Figure 3c) and vertical mixing of momentum. 
The greater vertical mixing during IOP one is driven by a combination of higher sensible heat flux (Figure S3 
in Supporting Information S1) and reduced atmospheric stability (Figure 4). In fact, ISFS observations show a 
mean daytime Bowen ratio of 0.39 and 0.58 over the irrigated and non-irrigated areas respectively (Table S2 in 
Supporting Information S1), while the HRRR shows 0.42 and 0.77. The greater Bowen ratio in the model indi-
cates that the HRRR is converting additional energy into sensible heating and consequent buoyant generation of 
turbulence. During IOP 2 turbulent mixing appears to a lesser degree with winds below 750 m AGL being less 
well-mixed over the irrigated ISS 3 site than the non-irrigated ISS 2 location.

Irrigation plays a role in reducing the magnitude of both the zonal PGF (Figure 3c) and vertical mixing of momen-
tum during IOP 2. Higher soil moisture during IOP 2 produces shallower, but stronger nocturnal inversions 
compared to IOP 1 (Figures 4a and 4b). The reduced sensible heating over the irrigated upslope region (Table 
S3 in Supporting Information S1) reduces daytime differential heating along the slope, weakening generation of 
baroclinicity, which in turn weakens the PGF and subsequent slope wind circulation (Figure 1). Indeed, profiles 
of Tv differences across the GRAINEX domain indicate reduced diurnal variability of baroclinicity during IOP 2 
(Figures S4a and S4c in Supporting Information S1). For example, above the surface layer, near 250 m AGL, Tv 
difference between the ISS 3 and ISS 2 sites ranges from approximately −1.9–1.8°C (nearly 4°C range) but this 
range decreases to approximately −1.3–0.5°C in IOP 2 (Figure S4a and S4c in Supporting Information S1). The 
reduced baroclinicity during IOP 2 continues until near 1,000 m AGL. By the equation of state, the temperature 
gradient across the GRAINEX domain effects the PGF. Thus, reduced baroclinic variability reduces the diurnal 
range of the PGF during IOP 2 (Figure 3). This combined with enhanced stability over irrigated regions, and 

Figure 3. Zonal component of the perturbation pressure gradient force over the Great Plains Irrigation Experiment domain as calculated from the Integrated Sounding 
Systems rawinsondes (solid) and the High Resolution Rapid Refresh analysis (dashed) (left) Dawn and (right) sunset profiles are plotted for Intensive Operation Periods 
1 and 2.
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correspondingly weaker vertical mixing, produces weaker upslope winds in the late afternoon and evening hours 
when the PBL decouples. The ES1 upslope perturbation wind is nearly 3.0 m s −1 compared to ES2 which is less 
than 1.5 m s −1 and with almost no upslope component.

Overnight, these differing wind fields are subjected to the inertial oscillation (Blackadar,  1957; Shapiro 
et al., 2016; Van de Wiel et al., 2010), advection, and vertical mixing associated with shear-induced turbulence. 

Figure 4. Composited virtual temperature for observations (black) and the High Resolution Rapid Refresh (red) for local 
dawn (a and b) and local sunset (c and d).
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Thus, the behavior of the early morning near-surface slope flows (MS1 and MS2) and elevated jets associated 
with the remnant layer (MA1 and MA2) differ between IOP 1 and 2. Whereas features MS2 and MA2 appear 
as distinct local maxima in IOP 2, MS1 and MA1 nearly merge together. This could be due to the larger PGF at 
1900 LST during IOP 1 in combination with it shifting from upslope to downslope with height (Figure 3c). This 
enhances vertical wind shear and shear-induced turbulence, mixing westerly momentum toward the surface over-
night. Therefore, MS1 and MA1 are both westerly and blend together. During IOP 2, however, vertical variation 
of the perturbation PGF is reduced (Figure 3b), and early morning atmospheric stability is increased at both the 
surface and within the remnant layer (Figure 4), reducing vertical mixing of momentum and enabling MS2 and 
MA2 to evolve independently. These processes can explain why perturbation wind MS1 is 3–5 m s −1 downslope 
while perturbation wind MS2 is 2–3 m s −1 upslope depending on site (Figures 2a and 2b). MA1 and MA2 have 
similar magnitude (4–6 m s −1) but have reduced depth during IOP 2 due to the reduced mixing. Additional work, 
however, is required to verify that these nocturnal processes are responsible for the observed differences in the 
morning wind profiles between IOPs.

When the above analysis is repeated using the HRRR analysis wind and thermodynamic fields, several differ-
ences emerge. These include the structure of the mixed-layer and perturbation winds, the diurnal variation of the 
PGF, and the strength of the residual layer inversion. Unlike the observational analysis, where MS1 and MA1 
could be distinguished despite strong mixing, they cannot be readily identified as separate features in the HRRR 
analysis. Only one distinct jet maximum is apparent with a magnitude of 4–6 m s −1 downslope at 0500 LST 
during IOP 1. Additionally, the altitude of the jet maximum is 250–500 m lower than in the observational analysis 
(the greatest disparity is at DOW six in the center of the GRAINEX domain). As the HRRR analysis perturbation 
PGF shows good agreement with observations at 1900 LST (>2% error above 1,000 m AGL and below 250 m 
AGL), the time of PBL decoupling, other processes are likely responsible for the anomalous behavior of the 
HRRR morning wind profile. The tendency for HRRR to overestimate momentum mixing, especially within the 
nocturnal PBL (Fovell & Gallagher, 2020) could be responsible for the single jet feature. The HRRR analysis also 
shows more positive values of sensible heat flux overnight than observed, indicating the presence of enhanced 
nocturnal mixing (Figure S3 in Supporting Information S1).

During IOP 2, the 0500 LST perturbation wind profile shows differences between the HRRR and observations 
at all sites. While the tendency for wind to back with height is exhibited in both observations and the HRRR 
analysis, wind speed and direction differ. For example, MS2 and MA2 are underestimated by the HRRR analysis 
compared to observations (1.0–2.0 m s −1 vs. 2.0–3.0 m s −1 for MS2 and 3.0–3.5 m s −1 vs. 4.0–5.0 m s −1 for MA2; 
Figure 2). The discrepancies are greatest over DOW 6 and ISS 2, downslope of the irrigation. Further, MS2 and 
MA2 are northeasterly and southwesterly at all sites in observations, while the HRRR analysis shows southeast-
erly and northerly. At 1900 LST, during the time of PBL decoupling, the HRRR analysis over predicts the upslope 
intensity of ES2, even reversing the direction of the wind relative to observations over ISS 2. This is contrasted 
with IOP 1 where the HRRR simulated ES1 is in either fair agreement (DOW 6, ISS 2) or underestimated (ISS 3).

Comparison of the HRRR simulated fluxes to observations during IOP two (Figure S3c and S3d in Supporting 
Information S1) show that the HRRR overestimates sensible heat flux during the daytime (90 W m −2 excess 
during peak heating) and underestimates latent heat flux due to the lack of irrigation in the model. During 
IOP two ISFS observations show that irrigated regions have a mean daytime latent heat flux of 296 W m −2 
compared to 175 W m −2 in the HRRR. Over non-irrigated regions, these values are 240 and 160 W m −2 respec-
tively;  thus,  the HRRR underestimates mean daytime latent heat flux by −121 W m −2 over the irrigated sites 
but only by −74 W m −2 at the non-irrigated locations. This is in contrast to IOP 1 where HRRR overestimated 
latent heat flux in both regions by 57–59 W m −2 (Table S4 in Supporting Information S1), indicating that absent 
irrigation, the HRRR treats both regions similarly in terms of surface heat fluxes.

Further, the HRRR shows only an average 14% reduction in daytime mean sensible heat flux in irrigated regions 
compared to non-irrigated areas during IOP 2, but ISFS stations observed a 30% decrease (Table S3 in Support-
ing Information  S1). For latent heat flux, ISFS observations show 23% increase in daytime latent heat flux 
compared to a 5% increase in the HRRR (Table S4 in Supporting Information S1). This is in contrast to IOP 
1 where both observations and the HRRR show a 17% decrease in daytime mean sensible heat flux over the 
irrigated region relative to non-irrigated sites. IOP 1 daytime latent heat flux shows an increase of 27% and 22% 
in observations and the HRRR respectively compared to non-irrigated sites. Thus, when irrigation is active, the 
HRRR fails to capture the subsequent changes in surface heat flux. The enhanced sensible heating in the HRRR 
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compared to observations produces greater terrain-induced baroclinicity during the daytime and evening hours 
(∼0.5°C below 1,000 m AGL; Figure S4c and S4d in Supporting Information S1) and a correspondingly larger 
PGF when the PBL decouples (−1.5E−4 m s −2 vs. −1.0E−4 m s −2). This consequently affects lower-atmosphere 
Tv, perturbation PGF, the Great Plains slope wind, and operational forecasting thereof.

Discrepancies between the HRRR simulated and observed Tv profiles are noticeably greater over the irrigated ISS 
3 site than the unirrigated ISS 2 site, leading to an underestimation of the remnant layer capping inversion at 1900 
LST (Figures 4c and 4d). In fact, ISS3 average surface-850 hPa mean-layer Tv is 25.14°C across the observed case 
days at 1900 LST compared to 25.64°C in the HRRR. Over ISS 2 observations and the HRRR indicate 24.05°C 
and 24.29°C respectively. Thus, the Tv discrepancy between observations and HRRR is 0.25°C less than that over 
the irrigated ISS 3 site. This enables greater mixing of momentum within the HRRR model, broadening MA2 
compared to observations (Figure 2).

By contrasting WRF simulations with and without irrigation, we determine the influence of irrigation on surface 
heat fluxes, perturbation PGF, and the Great Plains slope wind for the day of 22 July 2018 to supplement the obser-
vational analysis. In the irrigated regions, we find that daytime sensible heat flux decreases by −17.5 W m −2, and 
latent heat flux increases by 4.6 W m −2 (Figure S5 in Supporting Information S1). In the non-irrigated regions, 
sensible heat and latent heat fluxes decrease by 0.1 and 1.1 W m −2 respectively. The decrease in sensible heat is 
consistent with prior irrigation modeling at the seasonal scale (Sridhar, 2013). Overall, trends in surface heat flux 
are similar compared to observations, but magnitudes differ.

As predicted in the conceptual model described in Figures 1b and 1c, when sensible heat in the model is pref-
erentially decreased in irrigated regions, baroclinicity across the GRAINEX domain is decreased during the 
afternoon. This is quantified by the perturbation PGF which is reduced 10%–30% during the afternoon in the 
irrigated WRF compared to the non-irrigated (Figure S6c in Supporting Information S1). By 1900 LST, however, 
perturbation PGF is similar in both simulations below 1,000 m AGL but is greater in the irrigated simulation 
above 1,000 m AGL. In the morning though, perturbation PGF below 750 m AGL switches from 0.0001 m s −2 
downslope to over 0.0002 m s −2 upslope when irrigation is turned on (Figure S6b in Supporting Information S1). 
A possible explanation is the presence of speed divergence over the GRAINEX domain. At 0700 LST, total wind 
speeds increase from a peak of less than 5 m s −1 near 250 m AGL over ISS 2–7.5 m s −1 over ISS 3 in the irrigated 
simulation and are oriented upslope (Figure S7 in Supporting Information S1). In the non-irrigated WRF, the 
total wind increases from less 5 m s −1 over ISS 2 to about 6.5 m s −1 over ISS 3. This divergence removes mass 
from the atmospheric column, reducing pressure in upslope regions. Wind speed over ISS 3 is potentially greater 
in the irrigated simulation due to reduced mixing within the PBL as seen in the observational analysis.

Resulting modifications to the dawn and evening perturbation wind are less pronounced than in the observational 
analysis and vary with location (Figure S8 in Supporting Information S1). Over irrigated regions, the 0500 LST 
wind between 250 and 750 m AGL has a greater downslope component than in the non-irrigated simulations. 
Over ISS 2 in the non-irrigation regions, however, perturbation wind in both simulations is similar. At 1900 
LST, near dusk, the irrigated WRF shows perturbation winds below 750 m AGL with little-to-no along-slope 
component. The non-irrigated simulation shows slightly upslope flow below 250 m AGL and downslope winds 
at 500 m AGL over ISS 3. At ISS 2 in the east, the irrigated WRF shows enhanced downslope winds between 
500 and 750 m AGL. Thus, the perturbation wind response to irrigation in WRF is complex and varies in space.

4. Conclusions
We utilize observations collected during the GRAINEX field campaign and numerical experiments to inves-
tigate the impacts of irrigation in upslope regions of gently sloping terrain. Our analysis shows that irrigation 
in upslope regions reduces terrain-induced differential heating with a corresponding weakening of the evening 
PGF prior to decoupling of the PBL. Comparison to HRRR analysis shows that, on average, the evening zonal 
component of the PGF within the PBL (below 1,000 m AGL) is overestimated by 100% when irrigation is not 
considered. Above the PBL, the zonal PGF is overestimated by 300% during the time of PBL decoupling. This is 
additionally supported by analysis using the WRF model, which shows a decrease in afternoon perturbation PGF 
and a complete reversal in the morning by irrigation. Due to weakening of along-slope baroclinicity, the evening 
near-surface upslope wind is nearly eliminated during IOP 2 when irrigation is prevalent compared to IOP 1 when 
the evening upslope wind approaches 3.0 m s −1.
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Further, irrigation observations from IOP 2 show that irrigated regions have 30% reduced daytime sensible heat 
flux compared to non-irrigated regions, while the operational HRRR model shows mean daytime sensible heat 
flux decreases only 14% relative to non-irrigated regions. Thus, irrigation reduces sensible heat flux, which 
helps stabilize the PBL and decreases momentum exchange between near-surface wind jets and those associated 
with the remnant layer inversion. This limits the depth of nocturnal jets that form over irrigated regions and 
reduces loss of momentum within elevated jets, increasing their strength relative to non-irrigated conditions. 
This contrasts with previous studies that find irrigation reduces the strength of nocturnal LLJs by reducing the 
along-slope temperature gradient (and subsequently the thermal wind) and reducing PBL mixing that creates an 
ageostrophic wind component (Campbell et al., 2019; Parish, 2017; Yang et al., 2020). Notably, past studies tend 
to focus on the southerly LLJ, but the jets in this work are zonal. Thus, the weakening of the along-slope temper-
ature gradient and thermal wind are not as crucial to their development as in the southerly LLJ. Future work may 
wish to explore the differences in irrigation forcing on southerly LLJs compared to zonal ones in greater detail.

Our findings show that irrigation impacts the Great Plains slope wind through two primary processes: (a) decrease 
in baroclinicity reduces along-slope PGF, weakening or even eliminating the evening near-surface slope wind and 
(b) stabilization of the PBL reduces vertical transport of momentum, narrowing nocturnal jets. These results are 
consistent with prior modeling studies and to the best of our knowledge are the first observational confirmation 
of this effect. Since the vertical profile of horizontal winds at the time of PBL decoupling evolve overnight due to 
inertial oscillations, vertical mixing of momentum, and differential advection, irrigation also affects near-surface 
and remnant layer jets. Higher stability within the nocturnal stable boundary layer over wetter soils and stronger 
remnant layer inversions over irrigated regions enable more independent evolution of these wind features.

Note, that while our study provides the first observational analysis of irrigation-induced boundary layer circu-
lations, it does not allow for quantification of all relevant forcing factors. This can only be achieved through 
combination of observational and numerical modeling analysis, which we have begun in this study, but further 
work is necessary. Additional analysis also needs to be conducted to investigate if the changes in PBL circulation 
affects cloud and precipitation formation.
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