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Introduction 

This supporting issue includes figures and tables that support the data analysis 
contained within the manuscript but are not essential for understanding the presented 
work. Included data are surface energy fluxes, vertical profiles of baroclinicity, vertical 
pressure gradient force, and near-surface pressure from GRAINEX observations and the 
HRRR analysis. 

These data are composited across the identified clear sky days of the GRAINEX 
campaign to provide average conditions. Additionally, the clear sky days used in the 
analysis are listed in this document. 

Textual sections include details of the surface flux stations deployed during GRAINEX, a 
surface flux argument for the lack of irrigation in the HRRR to justify its use in isolating 
the effects of irrigation, and a description of how the hydrostatic state of the atmosphere 
over the GRAINEX domain was determined. Additionally, a description of the numerical 
experiments is included. 
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Text 

Text S1. 

Data from 10 Integrated Surface Flux System (ISFS) stations are considered in this study. While 

12 stations were deployed in the GRAINEX domain, 2 were located at the boundary between the 

irrigated and non-irrigated cropland and assumed characteristics from both regions (Rappin et al., 

2021). Thus, these 2 boundary stations are not included in the analysis. The ISFS measured 2 m 

temperature, pressure, and relative humidity. Additionally, wind speed and direction are 

measured at 10 m, and sensible and latent heat fluxes between 4 and 7 m. ISFS observations 

are available on 5-minute intervals. 

Text S2. 

In the manuscript, it is suggested that irrigation is largely lacking from the HRRR analysis due to 

its lack of irrigation parameterization and soil moisture observation assimilation. This is supported 

by analysis of surface heat fluxes in both observations and the HRRR (Supplemental Figure S2). 

In ISFS observations, peak latent heat flux (LH) shows an increase from 400 to 450 W m-2 over 

irrigated sites and 300 to 350 Wm-2 over non-irrigated sites. Concurrently, over irrigated areas, 

peak sensible heat flux (SH) declines from 140 to 100 W m-2. Over the eastern half of the domain 

(non-irrigated), this decrease is from 200 to 150 W m-2.  In HRRR analysis these trends are 

reversed. LH declines from 450 to 260 W m-2 from IOP 1 to IOP 2 over the irrigated sites and 360 

to 250 over the non-irrigated sites. SH shows only a modest increase in the west, 175 to 200 W 

m-2 and remains between 200-225 W m-2 over the eastern, non-irrigated sites during this period. 

The HRRR analysis’ sharp decrease in peak LH between IOPs clearly indicates that irrigation is 

not present within the model. 

Text S3. 
 
The numerical experiment portion of this study utilizes the Weather Research and Forecasting 

(WRF) model (Skamarock et al., 2008; Sridhar et al., 2002) to simulate a single case day, 22 July 

2018, for additional analysis. The model uses a coarse domain with 5 km grid-spacing and an 

inner domain with 1 km grid-spacing centered over the GRAINEX study region (Figure S9). The 
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outer grid is 360x361, and the inner grid is 301x301. Both domains have 45 vertical levels. Model 

simulations begins at local midnight on 21 July 2018 for 24 hours of spin-up and are initialized 

with HRRR analysis. For irrigation parameterization, the sprinkler option is selected (Valmassoi et 

al., 2019), as irrigation in Nebraska is primarily center-pivot systems. Other parameterizations are 

listed in Table S4. 

 

Two simulations are conducted. In the Irrigated Control simulation, 4 mm of irrigation water is 

applied over an 8 hour period beginning at 0600 LST each day. In each grid cell this amount is 

multiplied by the irrigation fraction (i.e. a cell with 50% irrigation fraction receives 2 mm of water). 

Irrigation fraction within each cell is derived from the 2001 Ozdogan data set (Ozdogan & 

Gutman, 2008). The Non-Irrigated Experiment is identical to the Irrigated Control but does not 

include irrigation. Output from these simulations are compared and contrasted with conclusions 

from the observational portion of the study. For validation, surface sensible and latent heat fluxes 

are compared to diurnal ISFS observations at the irrigated and non-irrigated sites. We report 

RMSE of 41.5 and 30.1 W m-2 for sensible and latent heat flux respectively in the irrigated regions 

compared to diurnal ISFS observations. At the non-irrigated ISFS sites, WRF RMSE are 41.8 and 

49.3 W m-2 for sensible and latent heat flux respectively. These errors are comparable to previous 

WRF studies in agricultural regions (Sridhar et al., 2002; Sun et al., 2017). Additionally, 

correlation coefficients range from 0.92-0.97. 

 
Text S4 

When determining whether the observed circulation is hydrostatic, two methods are used. First, 

the vertical perturbation pressure gradient force is compared to density perturbations, ρ’. ρ’ is 

computed as: 

𝜌′ = 𝜌 − 𝜌0     (𝑆1) 

where ρ0 is the base state density and ρ is the instantaneous density over ISS 3. The base state 

density is computed by creating daily averages from the ISS 2 rawinsonde observations. 

Hydrostatic balance is then assessed according to: 
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𝜕𝑝′

𝜕𝑧
+ 𝜌′𝑔 = 0      (𝑆2) 

where p’ is the perturbation pressure, calculated analogously to ρ’, z is height, and g is gravity. 

Figure S10 shows the average 1500 LST vertical ρ’g and pressure gradient profiles and 

demonstrates that the atmosphere is in hydrostatic balance. This holds true for all rawinsonde 

launch times. Similar results are also found using the HRRR analysis. 

 

Second, to compute the non-hydrostatic pressure change across the GRAINEX domain, the 

hydrostatic pressure decrease due to elevation is subtracted from the observed decrease in 

surface pressure between ISS 2 (east) and ISS 3 (west): 

Δ𝑃𝑁𝐻 = (PISS3 − 𝑃𝐼𝑆𝑆2) − 𝑃𝐼𝑆𝑆2 ∗ exp (
−𝑔 Δ𝑧

𝑅𝑑 𝑇𝑣 
)      (𝑆3) 

where p is pressure, g is gravity, Δz is the elevation change, Rd is the dry air gas constant, and 𝑇𝑣 

is the pressure-weighted mean virtual temperature between the stations. Average time series of 

the total and non-hydrostatic pressure changes (Figure S11) show that the non-hydrostatic 

pressure change is nearly two orders of magnitude less than the observed change. Additionally, 

the computed non-hydrostatic pressure change is on the order of instrument error. Thus, it is 

concluded that the atmosphere over the GRAINEX domain is predominantly hydrostatic.  
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Figures 

 
Figure S1. Map of the GRAINEX domain with 1997-2017 irrigation frequency shaded. Irrigation 
frequency is determined by counting the years that a pixel is irrigated (Xie et al., 2021). GRAINEX 
stations and the city of Lincoln are marked with sounding sites in red. ISS 2, ISS 3, and DOW 6 
are the sounding stations used in this study.  

ISS 3 
ISS 2 

DOW 6 
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Figure S2. Mean diurnal curves of down-welling solar radiation from ISFS and the HRRR 
analysis with nighttime shaded. Means are computed by averaging the stations in each region 
first and then compositing the resulting time series. ISFS data are smoothed using a 30 minute 
rolling average. The HRRR data are hourly. 

(a) (b) 

(c) (d) 
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Figure S3. Mean near-surface sensible (SH) and latent heat (LH) fluxes measured by the 
Integrated Surface Flux System (ISFS) stations and HRRR analysis for IOP 1 and IOP 2. 
Sensible heat flux is in red, and latent heat flux is in blue. Shading indicates nighttime. ISFS data 
are smoothed using a 30 minute rolling average. The HRRR data are hourly. 

 

(a) (b) 

(c) (d) 



 

 

8 

 

 
Figure S4. Mean difference in virtual temperature between ISS 2 and ISS 3 (ISS 2 minus ISS 3) 
from observations (a, c) and the HRRR analysis (b, d). 
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Figure S5. Mean near-surface sensible (SH) and latent heat (LH) fluxes from the Integrated 
Surface Flux System (ISFS) stations and WRF simulations for the irrigated and non-irrigated 
regions. For comparison, only the WRF grid points nearest the ISFS stations are considered. 
Shading indicates nighttime. ISFS data are smoothed using a 30 minute rolling average. The 
WRF data are every 15 minutes. WRF irrigation amount is noted in the legend. 

  

(a) (b) 

(c) (d) 
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Figure S6. Zonal component of the perturbation pressure gradient force over the GRAINEX 
domain as calculated from the WRF at ISS sites. Perturbation pressure gradient force is shown 
for the non-irrigated (black) and irrigated (blue) simulations. Legend labels indicate irrigation 
amount. 
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Figure S7. Total wind speed over ISS 3 (left), DOW 6 (middle), and ISS 2 (right) for the non-
irrigated (black) and irrigated (blue) WRF simulations. Legend labels indicate irrigation amount. 
Vectors sow wind direction. Upslope is to the left. 



 

 

12 

 

 
Figure S8. Perturbation wind speed for the non-irrigated (black) and irrigated (blue) WRF 
simulations. Legend labels indicate irrigation amount. Vectors show wind direction. Row (a) is for 
local dawn, and row (b) is at local sunset. Upslope is to the left. 
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Figure S9. Map of the WRF domain used in the Irrigated Control and Non-Irrigated Experiment. 
The coarse grid uses 5km grid-spacing, and the inner domain (red) uses 1 km grid-spacing. 
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Figure S10. Mean vertical profiles of perturbation density (solid) and perturbation vertical 
pressure gradient (dashed) for IOPs 1 (left) and 2 (right) at 1500 LST (2100 UTC). The vertical 
force balance is in blue. Vertical pressure gradient has a 120 (10 pts) meter sliding average 
applied for smoothing. 
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Figure S11. Mean time series of the observed (black), hydrostatic (red), and non-hydrostatic 
(blue) pressure change between the western (ISS 3) and eastern (ISS 2) sites for IOPs 1 
(bottom) and 2 (top). 
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Tables 
 
Table S1. Selected clear days during the GRAINEX campaign. Days were selected using a 
combination of GOES-16 visual satellite imagery and surface flux analysis. 

IOP 1 IOP 2 

30 May 2018 19 July 2018 

2 June 2018 21 July 2018 

3 June 2018 22 July 2018 

5 June 2018 24 July 2018 

10 June 2018  

 

Table S2. Mean daytime Bowen Ratio from ISFS observations and HRRR analysis for IOPs 1 
and 2 over irrigated and non-irrigated regions. 

IOP 1 Irrigated Non-irrigated 

ISFS 0.39 0.58 

HRRR 0.42 0.77 

IOP 2   
ISFS 0.24 0.39 

HRRR 0.76 0.93 

 

Table S3. Mean daytime Sensible Heat Flux from ISFS observations and HRRR analysis for 
IOPs 1 and 2 over irrigated and non-irrigated regions. 

IOP 1 
Irrigated 
(W m-2) 

Non-irrigated 
(W m-2) 

ISFS 95.12 115.19 

HRRR 110.02 133.64 

IOP 2   

ISFS 66.13 95.13 

HRRR 121.33 141.51 

 

Table S4. Mean daytime Latent Heat Flux from ISFS observations and HRRR analysis for IOPs 1 
and 2 over irrigated and non-irrigated regions. 

IOP 1 
Irrigated 
(W m-2) 

Non-irrigated 
(W m-2) 

ISFS 276.62 217.90 

HRRR 335.28 274.83 

IOP 2   

ISFS 296.21 240.23 

HRRR 175.07 166.43 
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Table S5. WRF parameterization schemes 

Microphysics Thompson 

Cumulus 
 

Grell-Freitas 
(5km grid only) 

Longwave RRTMG 

Shortwave RRTMG 

Boundary Layer MYNN 3rd level TKE 

Surface Layer 
 

Janjic Eta 
Monin-Obukhov 

Surface NOAH 

 


