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A B S T R A C T

Study Region: Eastern Nebraska, USA.
Study Focus: The objective of this research is to determine the impacts of irrigation on convective 
development. For this purpose, the study analyzed bi-hourly rawinsonde data collected during the 
Great Plains Irrigation Experiment for selected diagnostic variables during early and late growing 
season for cloudy and clear conditions. It was found that over irrigated land use observations 
recorded higher convective available potential energy and lower convective inhibition values 
compared to non-irrigated land use, along with lower dewpoint depressions. Irrigated land use 
also observed higher precipitable water during morning and clear days, while non-irrigated land 
use had higher values during the afternoon hours and non-clear days. A similar pattern can be 
seen for lapse rates for surface to 3 km, with observations over irrigated land use reported higher 
lapse rates during the morning and the evening hours and non-irrigated land use observing higher 
lapse rates during the afternoon hours. These factors, influenced by irrigated land use, contrib
uted to a favorable convective environment during the morning and evening hours while non- 
irrigated land use provided a favorable convective environment during the afternoon hours.
New hydrological insights for the region: This research shows irrigation can impact development of 
convection, their timing, and hence potentially timing of precipitation. This finding can poten
tially assist in more efficient local and regional water resources management and planning.

1. Introduction

Land use land cover change (LULCC) impacts weather and climate (Pielke et al., 2011, 2016; Mahmood et al., 2010, 2013, 2014). 
These changes can be thermodynamic, such as changes in the surface energy balance and the hydrological cycle, and physical in nature 
such as changes in terrain, vegetation, and circulations (Mahmood et al., 2004, 2006, 2012; Pielke et al., 2011, 2016; Fan et al., 2015a, 
2015b; Xu et al., 2015; Rappin et al., 2021; Phillips et al., 2022). Over the last couple of decades scientific community has placed a 
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gradually increasing emphasis on the irrigation related LULCC and its impacts on the weather and climate. Changes in temperature, 
moisture, and regional circulations have been documented for regions that adopted irrigated agriculture (Barnston and Schickedanz, 
1984; Mahmood and Hubbard, 2002; Mahmood et al., 2004, 2006, 2013; Cook et al., 2011, 2015, 2020; Sen Roy et al., 2007, 2011; 
DeAngelis et al., 2010; Pei et al., 2016; Szilagyi and Franz, 2020; McDermid et al., 2021, 2023; Rappin et al., 2021; Phillips et al., 2022; 
Brooke et al., 2023; Hu et al., 2024; Whitesel et al., 2024a). Surface temperatures and precipitation can be reduced in areas with 
widespread irrigation (Mahmood and Hubbard, 2002; Sen Roy et al., 2011; Barnston and Schickedanz, 1984; DeAngelis et al., 2010; 
Pei et al., 2016; Szilagyi and Franz, 2020). However, precipitation has been found to increase in areas downwind of the irrigated sites 
(Barnston and Schickedanz, 1984; DeAngelis et al., 2010; Pei et al., 2016; Greve et al., 2025).

For precipitation, development of convection is the key and, instability and moisture are two of the three main ingredients required 
for convection (Doswell et al., 1996; Brooks, 2007). Along with lift and shear, instability and moisture are used in a process called 
“ingredients based forecasting”, which determines if the ingredients are sufficient for convection to occur (Doswell et al., 1996). 
Variables that are used to assess instability are convective available potential energy (CAPE) (Moncrieff and Miller, 1976), convective 
inhibition (CIN) (Colby, 1984), Lifted Index (LI) (Galway, 1956), and environmental lapse rates (Carlson et al., 1983; Doswell et al., 
1985; Craven and Brooks, 2004). Variables that are used to assess moisture include dewpoint depression (DD850 mb) (Lewis, 1957) and 
precipitable water (PWAT) (Schultz, 1989; Salby, 1996). Typical operations at the National Weather Service of the United States 
involve sounding launches twice daily, once in the morning and once in the evening. An additional launch may be conducted, if 
necessary, during mid-day to assess the daytime state of the atmosphere, especially in environments predicted to favor the formation of 
severe convective storms. In other words, evolution of convective environment cannot be assessed in-between morning and evening 
soundings based on observational data. Moreover, in most, if not all, cases these soundings are not launched over an irrigated area.

Thus, lack of observational data with high spatio-temporal resolution is a weak point for the application of these diagnostic 
measures and improve our understanding of the impacts of irrigated land use on convective environment and its diurnal evolution. As a 
result, the overarching objective of this research was to investigate the daytime evolution of convective environment over irrigated and 
non-irrigated land use. For this purpose, the current study applied previously mentioned convective diagnostic variables to a large set 
of unique bi-hourly rawinsonde observations (40 per day = eight launches x five locations) collected over two 15 day periods (total 
30 day; ~1200 launches = 40 launches per day x 30 day) during the Great Plains Irrigation Experiment (GRAINEX; Rappin et al., 2021) 
in Nebraska, USA in 2018 (Fig. 1). These balloon launches were conducted over irrigated, non-irrigated, and in-between transitional 
land uses to understand their impacts on the evolution of convective environment throughout the day. Specifically, diagnostic vari
ables including CAPE, CIN, LI, 850 mb dewpoint depressions (DD850 mb), PWAT, Surface – 3 km lapse rate, and 700 mb – 500 mb lapse 
rate, are used for all launches. Subsequently, calculated data for these diagnostic variables are analyzed in a bi-hourly interval from 
dawn until dusk for irrigated, non-irrigated, and in-between transitional land uses. These meteorological diagnostic variables also 
capture impacts of atmospheric changes in moisture and heat content due to changes in land surface hydrologic conditions caused by 
human intervention (e.g., irrigation). GRAINEX is the first field campaign focused on the impact of irrigation on convective envi
ronments. An added benefit of GRAINEX is that it allowed researchers to explore the impacts of a modified land surface hydrology (i.e., 
increased soil moisture and latent heat flux or ET over irrigated land use; in this paper we have used latent heat flux and ET inter
changeably) on the convective environment. Overall, the results provide a better understanding of side-by-side evolution of convective 

Fig. 1. Map of the GRAINEX study area in southeast Nebraska. Data collection sites consisted of 12 integrated surface flux system sites (ISFS), two 
integrated sounding system sites (ISS), three Doppler on Wheels deployment locations (DOW), and 75 Environmental Monitoring, Economical 
Sensor Hubs (EMESH). Rawinsondes (weather ballons) were launched from ISS and DOW sites (Source: Whitesel 2024b).
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Fig. 2. Skew-T plots of average air temperature (red lines) and average dewpoint temperature (green lines) for non-irrigated ISS2 (solid) and 
irrigated ISS3 (dashed) for early (IOP1) (left) and peak (IOP2) growing season (right): a) 0500 LST (1100 UTC), IOP1; b) 0500 LST (1100 UTC), 
IOP2; c) 0700 LST (1300 UTC), IOP1; d) 0700 LST (1300 UTC), IOP2; e) 0900LST (1500 UTC), IOP1; f) 0900 LST (1500 UTC), IOP2; g) 1100 LST 
(1700 UTC), IOP1; h) 1100 LST (1700 UTC), IOP2; i) 1300 LST (1900 UTC), IOP1; j) 1300 LST (1900 UTC), IOP2; k) 1500 LST (2100 UTC), IOP1; l) 
1500 pm LST (2100 UTC), IOP2; m) 1700 LST (2300 UTC), IOP1; n) 1700 pm LST (2300 UTC), IOP2; o) 1900 LST (0100 UTC), IOP1; and p) 
1900 LST (0100 UTC), IOP2.
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environments over two different land uses, including, irrigated and non-irrigated.
To provide further rationale for using the GRAINEX data in this research, a daytime evolution of air temperature and dewpoint 

temperature over an irrigated and a non-irrigated areas for the entire Intense Observation Period 1 [IOP1, which represents early crop 
growing season (May 30 to June 13)] and Intense Observation Period 2 [IOP2, which represents peak crop growing season (July 16- 
July 30)] is shown in Fig. 2a-p (n = ~1200 rawinsonde launches). Compared to non-irrigated land use, higher dewpoint temperature 
was found from surface to 500 mb for most of the day over irrigated areas, observed by rawinsonde launched from the Integrated 
Sounding System 3 (ISS3) during IOP2 (Fig. 2b, d, f, h, j, l, n, p, right panels). In other words, applications of irrigation made the 
atmosphere more moist during IOP2. Rawinsonde launched from over non-irrigated land use is identified as ISS2. In addition, the 

Fig. 2. (continued).
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transition from a stable boundary layer to a well-mixed convective boundary layer can be observed in the early afternoon to early 
evening hours for both sites and during both IOPs. Air temperature at the surface was lower for both sites in IOP2 compared to IOP1, 
and air temperature from the low to middle atmosphere appeared to decrease at a slower rate during IOP2 compared to IOP1. Fig. 2a-p, 
to the best of our knowledge, is the first where bi-hourly evolution of the atmospheric variables are shown over irrigated and non- 
irrigated land use during two different and complete periods (total 30 days) of growing seasons when irrigation applications vary 
notably.

Recently, Whitesel et al. (2025) conducted research focusing on irrigation impacts on convective environments by compositing 
data for morning and afternoon. The results suggest that further analysis of diagnostic variables by bi-hourly time-resolution is needed 
for better understanding of evolution of convective environments. This realization provided further motivation for the current 
research. Again, the availability of GRAINEX data assisted in addressing this need. The following sections presents data and methods, 
results and discussion, and conclusions.

2. Data and methodology

2.1. Data collection

Rawinsonde observations from two ISS (non-irrigated ISS2 and irrigated ISS3) (Parsons et al., 1994, UCAR/NCAR - Earth Observing 
Laboratory, 1997) and three Doppler on Wheels (DOW) (Wurman et al., 2021) sites (Fig. 1) were obtained during IOP1 (May 30, 2018, 
through June 13, 2018) and IOP2 (July 16, 2018, through July 30, 2018). The three DOW rawinsonde launching sites are identified as 
irrigated DOW8, non-irrigated DOW7 and transition zone DOW6. These land uses were determined based on the dataset developed by 
Ozdogan and Gutman (2008). These GRAINEX observation locations and associated land use were further verified by in-person site 
visits prior to the field campaign. Rawinsondes from all sites were launched simultaneously every two hours from 0500 am LST (1100 
UTC) to 0700 pm LST (0100 UTC of the next day). The ISS sites launched a total of 480 balloons (8 launches x 2 sites x 30 days), and the 
DOW sites launched a total of 720 ballons (8 launches x 3 sites x 30 days). Thus, a total of about 1200 rawinsondes were launched 
during GRAINEX. The GRAINEX study area and the locations of various observation platforms that were used during the field 
campaign are shown Fig. 1. The other observation platforms used during GRAINEX include 12 Integrated Surface Flux System (ISFS) 
and 75 Environmental Monitoring Economical Sensor Hubs (EMESH). However, the observations collected by the ISFS and EMESH 
were not used for this paper. Data and results from these platforms are reported in Rappin et al. (2021) and Lachenmeier et al. (2024). 
Additional details about the field campaign can also be found in these papers (i.e., Rappin et al., 2021 and Lachenmeier et al., 2024).

2.2. Methodology

Summary of Calculated Diagnostic Variables
The diagnostic variables used for this paper are CAPE, CIN, LI, DD850 mb, PWAT, and lapse rates from the surface – 3 km, and 

700 mb – 500 mb. These diagnostic variables are proven tools for thunderstorm forecasts (Moncrieff and Miller, 1976; Colby, 1984; 
Carlson et al., 1983; Doswell et al., 1985, Salby, 1996; Craven and Brooks, 2004; Thompson, 2006).

CAPE quantifies the energy a lifted parcel carries as it ascends into the atmosphere (Moncrieff and Miller, 1976). CIN quantifies the 
energy required to lift a parcel to the Level of Free Convection (LFC) (Colby, 1984). Both CAPE and CIN can be expressed as follows 
(May et al., 2022, 2024): 

CAPE = − Rd

∫ EL

LFC

(
Tvparcel − Tvenvironment

)
dlnp (1) 

CIN = − Rd

∫ LFC

SFC

(
Tvparcel − Tvenvironment

)
dlnp (2) 

These equations are generally similar, but the limits of integration are different, with the CAPE ranging from the LFC to the 
equilibrium level (EL) and the CIN ranging from the surface to the LFC. The LI is the difference between a parcel’s temperature at 
500 mb and the environmental temperature at 500 mb, shown below (May et al., 2022, 2024): 

LI = T500mb − T500mbparcel (3) 

DD850 mb is the difference between the air temperature and dewpoint temperature at a given pressure level and it was calculated for 
850 mb (Lewis, 1957). Dew point temperature is a measure of atmospheric moistness. When the difference between the air temper
ature and dewpoint temperature is low, it suggests a more moist atmosphere. The precipitable water (PWAT) was calculated from the 
surface to 500 mb. The PWAT can be expressed as follows (May et al., 2022, 2024): 

PWAT = −
1

ρlg

∫ 500mb

SFC
rdp (4) 

where PWAT is the integral of the water vapor mixing ratio with respect to pressure. Finally, environmental lapse rates were calculated 
for two different layers: surface – 3 km and 700 mb – 500 mb levels. These lapse rates are used regularly at the Storm Prediction Center 
(Storm Prediction Center, 2024) and importance has been placed on the 700 mb – 500 mb lapse rate for severe weather forecasting 
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(Carlson et al., 1983; Doswell et al., 1985; Lanicci, 1985; Lanicci and Warner, 1991a, b, c; Craven and Brooks, 2004).

2.3. Data analysis

The above-mentioned diagnostic variables were calculated for every launched sounding from all five rawinsonde launch sites 
representing irrigated, non-irrigated, and transitional land use. The timeseries generated for each diagnostic variables were then sorted 
by the time of launch, land use and were separated by IOP (IOP1 and IOP2), cloud cover (clear and non-clear days), and by IOP and 
cloud cover together. Clear days represent when solar forcing is substantial and larger scale synoptic forcing is minimal while land use 
land cover and irrigation and resulting increased soil moisture impacts on atmosphere would be strong. On the other hand, cloudy days 
suggest both synoptic influences along with land use land cover and irrigation impacts. The main idea of these categorizations is to 
show the impacts of irrigated and non-irrigated land uses and associated land surface hydrologic conditions on the diurnal evolution of 
the selected variables first during IOP1 and IOP2, then by clear and non-clear days, and finally during clear days in IOP1 and IOP2, and 
non-clear days in IOP1 and IOP2. These categorizations were successfully used in Lachenmeier et al. (2024) and Whitesel et al. 
(2024b). Subsequently, means were calculated for each diagnostic variable (e.g., LI, CIN etc.) for each launching time and under 
various categories (e.g., IOP1, IOP2, cloudy day, non-cloudy day etc.). Statistical significance tests were also completed by comparing 
these values for irrigated and non-irrigated land use. Further details on the data analysis can be found in the following section.

Table 1 
Average LI, PWAT, DD850 mb, and surface – 3 km lapse rates by rawinsonde launch time and by IOP for all sites. All times are local standard time. 
Statistical significance tests were completed using a 95 % confidence interval (p < 0.05) for the following: Irrigated ISS3 vs Non-Irrigated ISS2 (Bold), 
Irrigated ISS3 vs. Transitional DOW6 (Italic), Irrigated ISS3 vs. Non-Irrigated DOW7 (*), and Irrigated DOW8 vs Non-Irrigated ISS2 (þ). Respective 
symbols represent statistically significant results. For brevity, significance tests were not completed for all possible combinations.

IOP1 0500 0700 0900 1100 1300 1500 1700 1900

ISS2 LI 2.2 − 0.9 − 2.9 − 3.5+ − 4.2+ − 3.8+ − 3.3+ − 3.0
PWAT 27.9 27.9þ 27.3þ 28.4þ 28.2þ 28.9þ 30.0 30.2þ

DD850 mb 9.9 9.7 12.3 9.8 8.9 10.2 10.4 7.1
ΓSFC− 3KM 3.9 4.8 5.9+ 6.5 6.8 7.1 7.1 6.0þ

ISS3 LI 1.4 − 1.3* − 3.6* − 3.6* − 3.5* − 3.5* − 4.0* − 3.9*
PWAT 26.1 25.9 25.9 26.8 27.5 28.5 28.1 28.5
DD850 mb 12.3 11.9 12.3 10.0 10.3 7.1 7.7 8.0
ΓSFC− 3KM 4.1 4.8 5.8 6.5 7.0 7.2 7.5 6.7

DOW6 LI 1.7 0.8 − 1.0 − 1.3 − 1.7 − 1.7 − 1.8 − 1.4
PWAT 27.7 26.0 25.8 26.3 26.6 28.1 28.5 28.3
DD850 mb 10.0 12.4 12.0 9.6 8.5 9.3 7.7 7.4
ΓSFC− 3KM 4.3 4.7 5.7 6.3 6.8 7.2 7.1 6.5

DOW7 LI 1.3 − 0.7* − 1.4* − 1.5* − 1.7* − 1.1* − 1.3* − 0.7*
PWAT 24.3 25.6 25.3 26.4 26.4 27.9 27.6 27.1
DD850 mb 9.4 11.5 11.2 8.8 8.3 9.5 9.6 8.1
ΓSFC− 3KM 4.1 5.0 5.8 6.5 6.9 7.2 7.0 6.6

DOW8 LI 1.7 − 0.2 − 2.2 − 2.3þ − 2.1þ − 1.4þ − 2.4þ − 2.2
PWAT 26.1 24.8+ 25.1+ 26.3+ 26.2+ 27.3+ 27.9 28.5+

DD850 mb 10.0 10.9 12.0 9.2 9.1 8.8 8.3 7.4
ΓSFC− 3KM 4.1 4.7 5.8+ 6.6 6.9 7.2 7.1 6.6+

IOP2 0500 0700 0900 1100 1300 1500 1700 1900
ISS2 LI 3.8þ 0.8 − 1.1 − 1.7+ ¡2.5þ ¡2.9þ ¡3.3þ − 2.9

PWAT 31.7 32.3 32.8 33.2 32.9þ 34.1þ 33.4 33.2
DD850 mb 9.0+ 7.1 8.3 8.0 5.5 6.5 7.1 7.0
ΓSFC− 3KM 3.7þ 4.4 5.5 6.2 6.4 6.7 6.6 5.9

ISS3 LI 1.7 0.3* − 0.9* − 2.8* − 3.4* − 4.3* − 4.5* − 3.8*
PWAT 33.6* 33.5* 33.6* 33.6* 33.2* 33.5* 34.6* 33.4*
DD850 mb 6.2 5.9 4.7 6.1 7.9 5.5 5.3 9.1
ΓSFC− 3KM 4.1 4.7 5.4 6.0 6.3 6.3 6.3* 5.8*

DOW6 LI 2.5 1.8 0.0 − 0.9 − 0.9 − 2.0 − 1.9 − 2.8
PWAT 31.3 31.2 31.9 31.0 32.5 32.2 31.7 30.2
DD850 mb 6.2 7.0 6.8 7.5 6.7 6.7 6.9 9.3
ΓSFC− 3KM 4.3 4.6 5.5 6.0 6.3 6.3 6.5 6.1

DOW7 LI 3.3 2.3* 0.2* − 0.7* − 0.5* − 1.7* − 2.3* − 2.6*
PWAT 31.5* 32.0* 31.0* 30.7* 31.1* 31.9* 30.7* 30.7*
DD850 mb 6.2 6.6 6.8 7.8 8.2 6.3 7.2 9.4
ΓSFC− 3KM 4.1 4.6 5.5 6.1 6.3 6.5 6.6* 6.1*

DOW8 LI 1.6þ 1.2 − 0.5 − 0.2+ − 0.9þ − 1.7þ − 2.4þ − 2.9
PWAT 32.5 31.5 32.5 31.5 31.9þ 32.6þ 32.4 32.1
DD850 mb 5.0+ 5.4 6.1 6.9 5.9 6.3 7.7 8.5
ΓSFC− 3KM 4.2þ 4.5 5.4 5.9 6.3 6.3 6.5 6.1
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Fig. 3. Box and whisker plots of: a) CAPE, IOP1; b) CAPE, IOP2; c) CIN, IOP1; d) CIN, IOP2; e) 700 mb – 500 mb lapse rate, IOP1; and f) 700 mb – 
500 mb lapse rate, IOP2. All times are local standard time.
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3. Results and discussion

3.1. Results

3.1.1. IOP
Table 1 shows average LI, PWAT, DD850 mb, and the surface – 3 km environmental lapse rates for all sites by IOP by every two-hour 

when a rawinsonde was launched. During IOP1, average LI values for irrigated area ISS3 (non-irrigated area ISS2) ranged from 
− 4.0–1.4 ◦C

(-4.2–2.2 ◦C) for the eight daily observation period (Table 1), with the lowest LI values observed at 0900, 1100, 1700, 1900 LST 
(1300 and 1500 LST) launch times. During IOP2, irrigated ISS3 (non-irrigated ISS2) observed average LI values ranged from − 4.5–1.7 
◦C (-3.3–3.8 ◦C) for the eight daily observation period (Table 1). The lowest LI values were typically observed between 1500 and 1900 
LST launches for both irrigated ISS3 and non-irrigated ISS2.

For all sites, average PWAT increased from IOP1 to IOP2 suggesting moistening of the atmosphere linked to higher latent heat flux 
from increased irrigation and growing crop fields. For example, at irrigated ISS3 (non-irrigated ISS2) during IOP1 observed average 
PWAT values ranged from 25.9 to 28.5 mm (27.3–30.2 mm) for eight daily launch times (0500, 0700, 0900, 1100, 1300, 1500, 1700, 
and 1900 LST rawinsonde launch times, respectively) (Table 1). ISS3 reported up to 2.0 mm less PWAT than ISS2 during IOP1 for a 
given launch time. Absence or limited irrigation during IOP1 (early growing season) over irrigated areas resulted in these lower PWAT 
values. However, during IOP2, the irrigated ISS3 site observed up to 8.7 mm higher PWAT values compared to IOP1 and up to 2.9 mm 
higher compared to over the non-irrigated ISS2 site during IOP2, for the previously mentioned observation times (Table 1).

Again, increased irrigation, moist land surface conditions, and a relatively higher latent heat flux during IOP2 (peak growing 
season) played an important role in this increase (cf., Rappin et al., 2021; Lachenmeier et al., 2024; Whitesel et al., 2024b). Irrigation 
and resulting wetter soils support a positive soil moisture–convection feedback where the PBL moistens resulting from an increased 
latent heat flux (Eltahir, 1998; Findell and Eltahir 2003a,b; Collow et al., 2014; Santanello et al., 2018; Lachenmeier et al., 2024; 
Whitesel et al., 2024b). Soil moisture modifies the surface energy and water budgets through changes of albedo and the Bowen ratio 
(the ratio of the surface sensible heat flux to the latent heat flux, or ET) or the evaporative fraction [EF, the ratio of the latent heat flux 
to the net surface flux (i.e., net radiative flux)] (Whitesel et al., 2024b). In other words, in the current research, wetter soils partitioned 
larger amounts of incoming solar radiation to latent heat flux/ET. This led to a relatively smaller sensible heat flux and a larger EF, 
which positively impacted PWAT.

These understandings are further supported by McPherson (2007) who noted that the strength of land–atmosphere interactions is 
sensitive to soil moisture. Along this line, Holt et al. (2006) previously suggested that soil moisture changes (caused by irrigation) 
affect L–A interactions due to modifications in the sensible and latent energy (or ET) partitioning, air temperature, and PBL moisture 
content. They also indicated that atmospheric response to these changes propagates upward through the boundary layer via turbulent 
transport and affects boundary layer growth, convective initiation, and precipitation amounts. Changes observed in the current study 
resulted from similar atmospheric responses linked to higher soil moisture content caused by irrigation.

Average dew point depression (DD850 mb) decreased from IOP1 to IOP2 for all sites, which suggests moistening of the atmosphere 
due to irrigation (moist land surface hydrologic condition). For example, the non-irrigated ISS2 site during IOP1 observed average 
DD850 mb values ranged between 7.1 and 12.3 ◦C for the eight daily observation period (Table 1). While during IOP2, an average 
DD850 mb value decreased noticeably, compared to IOP1. During IOP2, an observed average DD850 mb over irrigated ISS3 ranged be
tween 4.7 and 9.1 ◦C and they were up to 4.3 ◦C lower compared to non-irrigated ISS2 (Table 1). It is previously (Section 2.2) noted 
that lower DD850 mb indicates a more moist atmosphere. Hence, these lower DD850 mb values at the irrigated ISS3 during IOP2 (peak 
growing season) and when compared to non-irrigated ISS2, suggest a more moist atmosphere. This occurred due to increased soil 
moisture and latent heat flux linked to increased irrigation and an altered land surface hydrologic condition.

Surface – 3 km lapse rates for irrigated ISS3 during IOP1 ranged between 4.1 and 7.5 ◦C km− 1 and they increased throughout the 
day (Table 1). During IOP2, they ranged between 4.1 and 6.3 ◦C km− 1 (Table 1). Overall, surface – 3 km lapse rates for the ISS3 site 
decreased by up to 1.2 ◦C km− 1 compared to IOP1. During IOP2, average observed surface – 3 km lapse rates for non-irrigated ISS2 
ranged between 3.7 and 6.7 ◦C km− 1 and these values increased throughout the day (Table 1). In addition, these lapse rates were 
higher than ISS3 for most observation times except in the early morning (Table 1).

Observations from irrigated DOW8 and non-irrigated DOW7 show results that are generally similar to results from irrigated ISS3 
and non-irrigated ISS2 (Table 1). While, as expected, DOW6 shows results that are somewhat representative of transitional land use 
between irrigated and non-irrigated. For the sake of brevity detailed discussion on the findings from irrigated DOW8, non-irrigated 
DOW7, and transitional land use DOW6 is not provided here.

Fig. 3a-f shows the box and whisker plots of CAPE, CIN, and 700 mb – 500 mb lapse rates for IOP1 and IOP2. Observations suggest 
that average CAPE has decreased from IOP1 to IOP2 for all sites. For example, during IOP1, mean CAPE values for the irrigated ISS3 
ranged between 530 and 1708 J kg− 1 (Fig. 3a). During IOP2, ISS3 reported mean CAPE values between 110 and 1576 J kg− 1 (Fig. 3b). 
While for IOP2, non-irrigated ISS2 reported average CAPE values between 119 and 1110 J kg− 1 for eight daily rawinsonde launch 
times (Fig. 3a-b). Compared to irrigated ISS3, the morning values were slightly higher for non-irrigated ISS2 (a 9, 54, 91, and 14 J kg− 1 

difference), but irrigated ISS3 observed higher values of CAPE compared to over non-irrigated ISS2 during the afternoon hours (a 676, 
667, 446, and 287 J kg− 1 difference).

Average CIN values for the irrigated ISS3 site during IOP1 ranged between − 76 and − 190 (Fig. 3c). During IOP2, they ranged 
between − 24 and − 110 J kg− 1 (up to 59 J kg− 1 higher compared to IOP1) (Fig. 3d). In other words, conditions for convection 
development became more favorable over irrigated land use during IOP2 when irrigation was in full swing. Average CIN values during 
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IOP2 for the non-irrigated ISS2 site were up to 65 J kg− 1 higher compared to irrigated ISS3 (Fig. 3d). Average 700 mb – 500 mb lapse 
rates for over irrigated ISS3 ranged between 6.8 and 7.2 ◦C km− 1 for the observation times (Fig. 3e). During IOP2, they were up to 1.3 
◦C km− 1 lower compared to IOP1 (Fig. 3f). The non-irrigated ISS2 found up to 0.3 ◦C km− 1 lower lapse rates compared to ISS3 (Fig. 3f).

Overall, the transition from early (IOP1) to peak (IOP2) growing season has the largest effect on the magnitudes of all diagnostic 
variables analyzed. For example, CAPE, DD850 mb, and lapse rates from the surface – 3 km, and 700 mb – 500 mb have decreased from 
IOP1 to IOP2 for all sites. However, CAPE is higher over irrigated ISS3 and DOW8 compared to non-irrigated ISS2 and DOW7 and 
transition zone DOW6 during peak growing season (IOP2). Recall that irrigation increased notably during IOP2, which led to increased 
soil moisture (Fig. 4).

The decreases in environmental lapse rates at all levels appear to reflect another important change with the transition from IOP1 to 
IOP2. This decrease in lapse rate implies decreases in surface temperatures or increases in upper air temperatures or both when 
comparing IOP1 to IOP2. Note that Lachenmeier et al. (2024) has shown that surface temperature was lower over irrigated areas 
during GRAINEX due to higher latent and lower sensible heat flux linked to higher soil moisture and thus changed land surface hy
drology (Figs. 4 and 5).

In addition, when dewpoint temperatures increase, dewpoint depression decreases given little or no change in air temperature as 
was the case during IOP2. As noted previously, it is an indication moistening of atmosphere during IOP2 around irrigated ISS3 due to 
increased irrigation, soil moisture content (Fig. 4), and latent heat flux (Fig. 5). Precipitable water (PWAT) increased from IOP1 to 
IOP2 due to increases in irrigation and simultaneous increases in soil moisture and latent heat flux. Overall, compared to non-irrigated 

Fig. 4. Soil moisture for six irrigated and six non-irrigated ISFS sites (shown in Fig. 1) from May 30 to July 30, 2018. This figure includes early 
growing season (IOP1), peak growing season (IOP2), and the period in-between IOP1 and IOP2. Differences in soil moisture between irrigated and 
non-irrigated sites are present by the black line. Soil moisture difference continued to increase after June 19, as irrigation applications increased 
(Source: Rappin et al# 2021).

Fig. 5. Latent and sensible heat flux from irrigated and non-irrigated land use during IOP2 (peak growing season) (Source: Rappin et al# 2021).
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areas, PWAT was higher, and dewpoint depression was lower over irrigated areas during IOP2. The timing of the highest average 
values of diagnostic variables have also changed with the progression of the IOPs. For example, average CAPE for the non-irrigated 
(irrigated) ISS2 (ISS3) site peaked to 1750 J kg− 1 (1708 J kg− 1) at 1300 LST (1900 LST) during IOP1 but peaked to 1110 J kg− 1 

(1576 J kg− 1) at 1700 LST (1800 LST) during IOP2 (Table 1).
Previous studies using the GRAINEX surface data found soil moisture heterogeneity between irrigated and non-irrigated land use, 

where irrigated agriculture observed higher soil moisture (Fig. 4) (Rappin et al., 2021, 2022).
Impacts of the increased soil moisture were also observed in latent and sensible heat flux data. When compared to non-irrigated 

land use, irrigated land use shows consistently higher and lower latent and sensible flux, respectively, during IOP2 (peak growing 
season) (Fig. 5). This finding also fits with the understanding that plentiful water and a moist environment enhance latent heat flux. 
The current study suggests that human intervention via irrigation increased regional soil moisture content and created soil moisture 
heterogeneity between irrigated and non-irrigated land use, which eventually impacted latent and sensible heat fluxes over these two 
different land uses. The changes in fluxes further impacted the turbulent transfer of moisture and heat in the atmosphere, which 
influenced convective environment.

In addition, soil moisture heterogeneities can play an important role in convective initiation (Pielke, Zeng, 1989; Pielke, 2001; 
Findell and Eltahir, 2003a, b; Frye and Mote 2010a, b; Taylor et al., 2012, 2018; Lachenmeier et al., 2024; Whitesel et al., 2024 a, b; 
Paccini and Schiro, 2025). It has been shown that land surface hydrology and soil moisture differences can affect diagnostic variables 
such as CAPE and LI (Pielke, Zeng, 1989; Pielke, 2001; Frye and Mote, 2010b). In other words, increasing irrigation, and the resulting 
higher soils moisture (i.e., higher latent heat flux), can impact CAPE and LI and thus the convective environment. In this study, LI 
further decreased (larger negative) during IOP2 as irrigation increased, which suggests a more conducive convective environment. 

Table 2 
Average LI, PWAT, DD850 mb, and surface – 3 km lapse rates by rawinsonde launch time and by cloud cover for all sites. All times are local standard 
time. Statistical significance tests were completed using a 95 % confidence interval (p < 0.05) for the following: Irrigated ISS3 vs. Non-Irrigated ISS2 
(Bold), Irrigated ISS3 vs. Transitional DOW6 (Italic), Irrigated ISS3 vs. Non-Irrigated DOW7 (*), and Irrigated DOW8 vs. Non-Irrigated ISS2 (þ). 
Respective symbols represent statistically significant results. For brevity, significance tests were not completed for all possible combinations.

Clear 0500 0700 0900 1100 1300 1500 1700 1900

ISS2 LI 3.9 1.2 − 1.1 − 1.4 − 1.6þ − 1.5þ − 1.2 ¡1.3
PWAT 27.5 27.5 26.6 26.4 25.4 26.9 26.7 25.7
DD850 mb 11.6 10.1 12.2 12.1 9.3 11.1 11.3 11.8
ΓSFC− 3KM 3.4 4.3 5.4 6.3 6.6 6.8 6.7 5.9þ

ISS3 LI 3.8 1.4 − 0.7* − 1.2* − 1.3 − 1.9* − 2.6* − 3.1*
PWAT 28.5 26.6 26.6 25.6 25.8 27.1 27.6 27.5*
DD850 mb 9.2 10.1 8.5 11.4 11.9 9.3 9.8 14.2
ΓSFC− 3KM 3.5 4.4 5.5 6.0 6.3 6.7 7.0 6.4

DOW6 LI 5.0 2.8 0.9 0.4 0.6 0.1 0.1 − 0.6
PWAT 26.2 27.3 25.8 24.5 24.4 25.9 25.6 25.2
DD850 mb 7.5 10.1 10.6 11.1 10.0 9.6 11.6 15.4
ΓSFC− 3KM 3.7 4.3 5.4 6.1 6.4 6.8 6.7 6.3

DOW7 LI 4.3 3.5 0.9* 0.0* 0.7 1.5* 0.1* − 0.4*
PWAT 22.9 26.5 25.4 24.8 24.0 26.0 24.9 24.7*
DD850 mb 7.3 9.8 10.2 10.5 12.9 9.8 11.7 14.6
ΓSFC− 3KM 3.7 4.5 5.5 6.1 6.4 6.7 6.8 6.4

DOW8 LI 3.0 1.7 − 0.2 − 0.3 0.0þ − 0.2þ − 0.6 − 1.0
PWAT 27.2 26.8 26.4 24.4 25.0 26.0 26.3 25.9
DD850 mb 7.8 8.3 10.1 10.7 8.9 9.6 12.6 13.8
ΓSFC− 3KM 3.7 4.3 5.5 6.2 6.5 6.8 6.8 6.4+

Non-Clear 0500 0700 0900 1100 1300 1500 1700 1900
ISS2 LI 2.6þ − 0.7 − 2.4 − 3.1+ − 4.1+ − 4.1+ − 4.2+ − 3.7

PWAT 30.9 31.2þ 31.5þ 32.7þ 32.8þ 33.5þ 33.8þ 34.2+

DD850 mb 8.7 7.8 9.4 7.6 6.5 7.4 7.8 5.0
ΓSFC− 3KM 3.9þ 4.7 5.8 6.3 6.6þ 6.9 6.9 5.9+

ISS3 LI 0.6* − 1.3* − 2.9* − 4.0* − 4.3* − 4.7* − 4.9* − 4.2*
PWAT 30.7 31.0* 31.1* 32.2* 32.3* 32.7* 32.9 32.4
DD850 mb 9.1 8.4 8.5 6.7 8.0 5.3 5.4 6.1
ΓSFC− 3KM 4.4 4.9 5.6 6.3 6.8 6.8 6.9 6.2

DOW6 LI 1.1 0.7 − 1.2 − 1.8 − 2.1 − 2.8 − 2.8 − 2.9
PWAT 30.5 29.0 30.1 30.4 31.7 32.0 32.3 31.5
DD850 mb 8.6 9.4 9.1 7.5 6.8 7.6 5.6 4.9
ΓSFC− 3KM 4.5 4.8 5.7 6.2 6.6 6.8 6.8 6.2

DOW7 LI 1.9* 0.7* − 1.4* − 1.7* − 1.9* − 2.5* − 2.6* − 2.2*
PWAT 29.9 29.7* 29.3* 30.1* 30.7* 31.2* 31.2 30.9
DD850 mb 8.6 9.2 9.0 7.4 6.4 7.4 7.2 6.0
ΓSFC− 3KM 4.3 4.9 5.7 6.4 6.7 6.9 6.7 6.3

DOW8 LI 1.1þ − 0.1 − 1.9 − 1.7þ − 2.3þ − 2.2þ − 3.3þ − 3.3
PWAT 30.3 28.6þ 29.8þ 30.8þ 30.7þ 31.6þ 31.9þ 32.6þ

DD850 mb 7.9 8.4 8.8 6.9 7.1 6.9 5.9 5.2
ΓSFC− 3KM 4.3þ 4.8 5.6 6.3 6.7+ 6.7 6.8 6.3þ
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Compared to IOP1, during IOP2, CAPE declined for both irrigated and non-irrigated land uses. This decrease in CAPE is primarily 
linked to the lowering of lapse rates (Fig. 2) due to the steady warming of the entire atmospheric column during IOP2 (July). However, 
CAPE was much greater over irrigated areas compared to non-irrigated during IOP2, suggesting an influence of increased soil moisture 
linked to irrigation. It is also found that irrigation/increased latent heat flux resulted in decrease of the Lifting Condensation Level 
(LCL), and the Level of Free Convection (LFC) (Lachenmeier et al., 2024) and hence, an increased favorability of convection. Overall, 

Fig. 6. a-f: Box and whisker plots of: a) CAPE, clear days, b) CAPE, non-clear days, c) CIN, clear days, d) CIN, non-clear days, e) 700 mb – 500 mb 
lapse rate, clear days, and f) 700 mb – 500 mb lapse rate, non-clear days. All times are local standard time.
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the findings of this study are consistent with theoretical understanding of the role of increased soil moisture and latent heat flux due to 
irrigation and their impacts on convection.

3.1.2. Cloud Cover (Clear and non-clear days)
Table 2 shows the means of LI, PWAT, dewpoint depression at 850 mb (DD850 mb), and the surface - 3 km environmental lapse rates 

for all sites by cloud cover (clear and non-clear days). Here, we did not separate data by IOPs. During clear days, average LI values for 
the irrigated ISS3 (non-irrigated ISS2) site ranged from − 3.1–3.8 ◦C (-1.6–3.9 ◦C) for the eight daily rawinsonde launch periods 
(Table 2), with the lowest LI values being observed for the 1700 and 1900 LST (1300 and 1500 LST) launch times for the irrigated ISS3 
(non-irrigated ISS2) site. However, during non-clear days, average LI values for the irrigated ISS3 (non-irrigated ISS2) site ranged from 
− 4.9–0.6 ◦C (-4.2–2.6 ◦C) for the eight rawinsonde launches (Table 2). The lowest average LI values were typically observed for 1500 
LST and 1700 LST (1300 through 1900 LST) launch times for the irrigated ISS3 (non-irrigated ISS2) site. Thus, under both clear and 
non-clear days irrigation provided conditions more favorable for convection development.

Average PWAT values for the irrigated ISS3 (non-irrigated ISS2) site ranged from 25.6 to 28.5 mm (25.4–27.5 mm) for clear days 
and eight daily launches, with the highest PWAT values being observed at 0500 LST launch times for both sites (Table 2). During non- 
clear days, average PWAT values for the irrigated ISS3 (non-irrigated ISS2) site ranged between 30.7 and 32.9 mm (30.9 and 34.2 mm) 
for the eight daily launch period, with the highest PWAT values being observed at 1300 LST (1900 LST) launch time. Hence, under 
clear conditions PWAT was distinctly higher over irrigated land use compared to over non-irrigated. Based on the average PWAT value, 
irrigated land use provides more favorable convective development conditions during clear days.

Average DD850 mb during clear days for the irrigated ISS3 (non-irrigated ISS2) site ranged from 9.2 to 14.2 ◦C (9.3–12.2 ◦C) for the 
eight launch periods, with the highest DD850 mb being observed at the 1900 LST (0900 LST) launch time for the irrigated ISS3 (non- 
irrigated ISS2) site (Table 2). However, average DD850 mb during non-clear days for the irrigated ISS3 (non-irrigated ISS2) site ranged 
from 5.3 to 9.1 ◦C (5.0–9.4 ◦C) for the eight launch periods, with the highest DD850 mb values observed at 0500 LST (0900 LST) launch 
time for the irrigated ISS3 (non-irrigated ISS2) site. Overall, rawinsonde launches from over irrigated ISS3 observed a slightly lower 
average DD850 mb. More moist land surface conditions under irrigation played an important role in the lower average DD850 mb.

During clear days, average surface – 3 km lapse rates for the irrigated ISS3 site ranged between 3.5 and 7.0 ◦C km− 1 with a peak 
during 1700 LST. Lapse rate steadily increased up to 1700 LST (Table 2). Irrigated ISS3 lapse rates are higher for most observation 
times compared to the lapse rates over non-irrigated ISS2 during clear days, except for 1100, 1300, and 1500 LST observations 
(Table 2). During non-clear days, surface – 3 km lapse rates for irrigated ISS3 ranged between 4.4 and 6.9◦C km− 1, peaking at 1700 
LST. (Table 2). Of these, irrigated ISS3 recorded higher surface – 3 km lapse rates compared to over non-irrigated ISS2 at 0500, 0700, 
1300, and 1900 LST.

Figure 6a-f shows the daytime evolution of CAPE, CIN, and 700 mb – 500 mb lapse rates for clear and non-clear days. During clear 
days, average CAPE for non-irrigated ISS2 ranged between 324 and 1080 J kg− 1 where it steadily increased throughout the day and 
peaked at 1500 LST (Figure 6a). During non-clear days over non-irrigated ISS2, average CAPE ranged between 122 and 1374 J kg− 1 

and it was higher (up to 368) J kg− 1 at 1700 LST) for all observation times except for 0500 LST, compared to clear days. The irrigated 
ISS3 observed average CAPE between 242 and 1586 J kg− 1 during clear days and it increased throughout the day (Figure 6b). For most 
observation times, CAPE was higher over non-irrigated ISS2, compared to the irrigated ISS3 site during clear days except for at 1700 
and 1900 LST. For non-clear days, average CAPE over irrigated ISS3 was higher (up to 388 J kg− 1 at 1500 LST) compared to non- 
irrigated ISS2 for all observation periods. Overall, impacts of irrigation are evident during both clear and non-clear days.

Average CIN values for clear days and over non-irrigated ISS2 ranged between − 50 and − 191 J kg− 1 and steadily increased 
(smaller negative value) for most of the day (Figure 6c). For most observation periods (except for 0500 and 1300 LST) average CIN over 
non-irrigated ISS2 was smaller (larger negative) compared to over irrigated ISS3 (Figure 6c). During non-clear days, the non-irrigated 
ISS2 observed average CIN values between − 40 and − 164 J kg− 1 and values largely increased (smaller negative) throughout the day 
(Figure 6d). In addition, these values are smaller (larger negative) compared to ISS3 during non-clear days (Figure 6d). Thus, again, 
irrigation provided more favorable conditions for the development of convection.

During clear day morning observation times, over irrigated ISS3, average 700 mb – 500 mb lapse rates were lower compared to 
non-irrigated ISS2. During non-clear days, average values of 700 mb – 500 mb lapse rates for the irrigated ISS3 ranged between 6.4 and 
6.8 ◦C km− 1 and, generally, steadily increased throughout the day. These lapse rates for ISS3 were generally higher compared to non- 
irrigated ISS2 during clear days (Figure 6f) indicating favorability for convection.

3.1.3. Cloud cover and IOP

3.1.3.1. Clear days in IOP1 and IOP2. Supplementary Table 1 shows the average LI, PWAT, DD850 mb, and surface – 3 km lapse rates by 
for clear days in IOP1 and IOP2 for the eight rawinsonde launch times. During clear days in IOP1, average LI values for the irrigated 
ISS3 (non-irrigated ISS2) site ranged from − 2.7–3.4 ◦C (-1.8–3.4 ◦C) for the eight rawinsonde launches, with the lowest LI values being 
observed for the 1900 LST (1300 LST) launch (Supplementary Table 1). However, during clear days in IOP2, average LI values for the 
irrigated ISS3 site (non-irrigated ISS2) site ranged from − 3.8–4.3 ◦C (-1.8–4.5 ◦C) for the eight daily launches, with the lowest LI values 
observed for the 1700 and 1900 LST (1100, 1500, and 1900 LST) launches (Supplementary Table 1). Again, irrigation’s influence 
provided a more favorable environment for development of convection.

During clear days in IOP1, the irrigated ISS3 (non-irrigated ISS2) site observed average PWAT ranged from 21.4 to 26.1 mm 
(23.7–27.3 mm) for the eight rawinsonde launch times (Supplementary Table 1). These values are up to 5.9 mm lower compared to the 
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non-irrigated ISS2 site. During clear days in IOP2, the irrigated ISS3 (non-irrigated ISS2) site observed PWAT values ranging from 29.7 
to 32.5 mm (26.2–29.1 mm) for the eight rawinsonde launch times (Supplementary Table 1). In this case, over ISS3, there was up to an 
11.1 mm increase in average PWAT compared to clear days in IOP1. Moreover, there was up to 6.3 mm increase in PWAT over 
irrigated ISS3 compared to the non-irrigated ISS2 during clear days in IOP2 indicating impacts of increased land surface moisture due 
to irrigation.

In the morning hours of IOP1, average surface – 3 km lapse rates were higher over non-irrigated ISS2, while higher over irrigated 
ISS3 in the afternoon (Supplementary Table 1). During clear days in IOP2, average surface – 3 km lapse rates were higher over irrigated 
ISS3 during morning and early evening (1900) observation times while they were higher over non-irrigated ISS2 during late morning 
and afternoon (Supplementary Table 1).

Supplementary Figure 1a-f shows the box and whisker plots of CAPE, CIN, and 700 mb – 500 mb lapse rates for clear days in IOP1 
and IOP2. During clear days in IOP1, average CAPE over non-irrigated ISS2 ranged from 308 to 1401 J kg− 1 for the previously noted 
observation times (Supplementary Figure 1a). Irrigated ISS3 observed higher CAPE compared to non-irrigated ISS2 during early 
morning (0500 and 0700 LST) and early evening hours (1900 LST) during IOP1. During clear days in IOP2, irrigated ISS3 observed 
higher CAPE in the afternoon and evening hours (Supplementary Figure 1b).

Average CIN for clear days in IOP1 for the irrigated ISS3 ranged between − 10 and − 175 J kg− 1 and CIN values generally increased 
(smaller negative) through the day (Supplementary Figure 1c). For most of the day irrigated ISS3 observed lower (larger negative 
value) CIN compared to ISS2. Again, during clear days in IOP2, average CIN over irrigated ISS3 was higher (smaller negative value) 
during early morning and early afternoons (Supplementary Figure 1d).

During clear days in IOP1, average 700 mb – 500 mb lapse rates over non-irrigated ISS2 trended slightly higher or equal compared 
to ISS3 during afternoon and early evening. On the other hand, during clear days in IOP2, irrigated ISS3 observed higher average lapse 
rates compared to non-irrigated ISS2 during afternoon and early evening. Overall, all three measures capture impacts of irrigated land 
use on (increased) favorability of development of convection.

3.1.3.2. Non-clear days in IOP1 and IOP2. Supplementary Table 2 shows the average LI, PWAT, DD850 mb, and surface – 3 km lapse 
rates for non-clear days in IOP1 and IOP2 for each rawinsonde launch times. During non-clear days in IOP1, average LI values for the 
irrigated ISS3 (non-irrigated ISS2) site ranged from − 5.2–0.3 ◦C (-5.3–1.5 ◦C) during the eight launches (per day), with the lowest LI 
values being observed from 0900 to 1700 LST (1100–1500 LST) launch times (Supplementary Table 2). However, during non-clear 
days in IOP2, average LI for the irrigated ISS3 (non-irrigated ISS2) ranged from − 4.9–0.8 ◦C (-4.2–3.5 ◦C) for the eight launches, 
with the lowest LI values being observed at the 1500 and 1700 LST (1700 LST) launch times.

Average PWAT values for the irrigated ISS3 (non-irrigated ISS2) site ranged from 26.1 to 30.9 mm (27.4–33.0 mm) during non- 
clear days in IOP1, and the highest average PWAT value was observed at 1500 LST (1900 LST) (Supplementary Table 2). During 
non-clear days in IOP2, average PWAT values ranged from 33.8 to 35.4 mm (33.2–35.9 mm) (Supplementary Table 2). The highest 
PWAT value was observed at 1700 LST (1500 LST) for the irrigated ISS3 (non-irrigated ISS2).

For IOP1 and non-clear days, average DD850 mb over irrigated ISS3 was generally smaller compared to non-irrigated ISS2 during 
mid-morning through late afternoon while the opposite is true for early morning and early evening observations. Overall, the average 
DD850 mb is smaller over both irrigated and non-irrigated land use during IOP2, which is the peak growing season for crops. However, 
for five out of eight observations times DD850 mb was smaller over irrigated land use (ISS3) [compared to non-irrigated land use (ISS2)] 
pointing towards the impact of irrigation.

Supplementary Figure 2a-f shows the box and whisker plots of CAPE, CIN, and 700 mb – 500 mb lapse rates for non-clear days in 
IOP1 and IOP2. During non-clear days in IOP1, average CAPE over irrigated ISS3 ranged between 589 and 1822 kg− 1 and it steadily 
increased throughout the day (Supplementary Figure 2a). These values are higher compared to over non-irrigated ISS2, except for 
observations at 1300 and 1500 LST. During non-clear days in IOP2, average CAPE over irrigated ISS3 was noticeably higher (up to 
878 J kg− 1) compared to over non-irrigated ISS2 for observation times between 1300 and 1500 LST, indicating favorable influence of 
irrigated land use on convective environment (Supplementary Figure 2b).

During non-clear days in IOP1, average CIN values were smaller (larger negative) over irrigated ISS3 in the morning and gradually 
became larger (smaller negative) through late afternoon suggesting environment was more conducive for convective development 
(Supplementary Figure 2c). During non-clear days in IOP2, the average CIN was more conducive to convection over irrigated areas 
compared to non-irrigated, in the morning and mid- and late-afternoon.

During non-clear days in IOP1, average 700 mb – 500 mb lapse rates were greater over irrigated ISS3. Five of eight observation 
times recorded higher average 700 mb – 500 mb lapse rates (up to 0.6 ◦C km− 1) over irrigated area (ISS3). In addition, the differences 
(irrigated vs. non-irrigated) are greater in the morning soundings with slightly higher values over irrigated land use. During non-clear 
days in IOP2, for seven of eight observation times irrigated ISS3 recorded higher average 700 mb – 500 mb lapse rates (up to 0.3 ◦C 
km− 1) compared to over non-irrigated land use, suggesting more instability over irrigated areas and potentially favorable condition for 
convection development.

Overall, timing of maximum averages changed with cloud cover. For example, during clear days, the irrigated ISS3 and non- 
irrigated ISS2 reported maximum average CAPE of 1586 J kg− 1 and 1080 J kg− 1, respectively, at 1900 and 1500 LST. However, 
during non-clear days, irrigated ISS3 and non-irrigated ISS2 observed maximum average CAPE of 1749 J kg− 1 and 1374 J kg− 1, 
respectively, both at 1700 LST (Table 2). In other words, during clear days, the irrigated ISS3 site observed a maximum average CAPE 
which is 163 J kg− 1 higher and occurred two hours earlier compared to non-clear days. While the non-irrigated ISS2 site experienced 
the maximum average CAPE two hours later for clear days but it was 294 J kg− 1 higher compared to non-clear days.
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Environmental lapse rates play an important role in convective environments (Carlson et al., 1983; Doswell et al., 1985, Craven and 
Brooks, 2004) and so does precipitable water (Salby, 1996). For most cases, the irrigated sites tend to have higher surface – 3 km lapse 
rates during the early morning hours (0500, 0700 LST, for example) and early evening hours (1900 LST) compared to the non-irrigated 
sites. During non-clear days in IOP2, the irrigated ISS3 site had higher 700 – 500 mb lapse rates than the non-irrigated ISS2 site for the 
0500, 0700, 0900, 1100, 1500, and 1700 LST launch times (Supplementary Figure 2 f). The higher lapse rates, for these respective 
times in lower and mid-troposphere throughout the growing season, suggests more favorable conditions for convective development 
over irrigated areas and thus influence of land use and land cover.

During IOP2 when irrigation peaks, the irrigated site had higher average PWAT compared to the non-irrigated sites during clear 
days. Again, increased soil moisture and moist land surface hydrologic conditions, and higher latent heat flux played a role in the 
higher PWAT over irrigated ISS3. During non-clear days in IOP2, average PWAT values were higher for the irrigated sites during the 
morning hours only. A combination of higher CAPE, PWAT, and lapse rates for irrigated (non-irrigated) land use during the morning 
and evening (afternoon) hours suggest a more favorable environment for convection over irrigated (non-irrigated) land use during 
those times.

To further understand the findings of this research, results were assessed in the context of the theoretical understanding of the role 
of soil moisture/land surface hydrology and land-atmosphere interactions under irrigation. A framework which uses Convective 
Triggering Potential (CTP), and Low-Level Humidity Index (HIlow) was created to determine location for convective initiation as it 
relates to the surface energy balance and soil moisture (Findell and Eltahir, 2003a, b). This framework was successfully used alongside 
the LCL Deficit to assess convective environments over irrigated and non-irrigated cropland using GRAINEX data (Whitesel et al., 
2024b). The LCL deficit is the difference between the LCL and the planetary boundary layer height (PBLH). Under moist or wetter land 
surface conditions and higher latent heat flux (i. e, in this case human modified land surface hydrology), the LCL deficit would be lower 
and provide favorable conditions for cloud formation. Previously, results from Whitesel et al. (2024b) and Lachenmeier et al. (2024)
suggested that irrigation and resulting increase in soil moisture and higher latent heat flux would impact the convective environment, 
which further supports findings of the current research.

This paper and Rappin et al. (2021) report that with increasing applications of irrigation and as growing season progresses from 
early to peak, a binary switch like change in soil moisture occurs. Binary switch is characterized by shifting from absence or limited 
applications of irrigation to rapidly increased and extensive applications of irrigation where soil moisture increases rapidly due to 
increased irrigation (Fig. 4). It has been found that CTP, HIlow and LCL deficits decrease with this binary switch. Based on the CTP-HIlow 
framework (Findell and Eltahir, 2003a), it can be suggested that increasing irrigation influenced convective environments via modified 
heat and moisture fluxes when growing season shifted from IOP1 to IOP2. Again, results of the current study agree with the past 
studies.

Several previous GRAINEX studies have been dedicated to the analysis of the daytime evolution of the PBL and the effects of L-A 
interactions on convective environments (Rappin et al., 2021, 2022; Phillips et al., 2022; Lachenmeier et al., 2024; Whitesel et al., 
2024a, b). L-A interactions are significantly influenced by land surface hydrologic conditions such as soil moisture and latent and 
sensible heat flux (which are also dependent on soil moisture content). Applications of irrigation increase soil moisture and increase 
(decrease) latent (sensible) heat flux (Figs. 4 and 5) (Rappin et al., 2021, 2022; Lachenmeier et al., 2024). This shift in heat flux 
contributes to the moistening of the PBL and planetary boundary layer height (PBLH) is reduced as a result (Rappin et al., 2022; 
Lachenmeier et al., 2024). As noted previously, LCL and LFC have been found to be decreased with the application of irrigation, 
increased soil moisture and increased latent heat flux(Lachenmeier et al., 2024). Together they can present a favorable condition for 
convection development. In other words, the results of this study are generally in agreement with previous findings. It also needs to be 
noted that the current study provides bi-hourly evolution of daytime convective environment based on observed data and convective 
diagnostic variables, which were absent from past studies and thus a valuable contribution in scientific literature.

In a related study, Brooke et al. (2023) also noted that irrigation (i.e., increased soil moisture and latent heat flux) substantially 
impacted the development of the boundary layer and the morning transition. They have found that the mean buoyancy flux was 2.8 
times smaller over irrigated land use compared to rainfed/arid land use during morning transition. They observed a 30- to 90-minute 
delay in the near-surface buoyancy-flux crossover time over irrigated land use. Hence, through these changes irrigated land use can 
also alter potential timing of convection, as found in the current study. Recently, Wang et al. (2024) noted that under wet soil con
ditions boundary layer moisture could be sufficient to generate the required buoyancy profiles for afternoon precipitation events. 
Greve et al. (2025) found that irrigated land use caused increases in downwind afternoon precipitation. Thus, findings of the present 
research and other studies (e.g., Wang et al., 2024) provide further insights in understanding the mechanisms and pathways for 
irrigation related convection and precipitation. In short, for all of these cases, irrigation, enhanced soil moisture, and the resulting 
changes in various moisture and heat fluxes led to modification of the convective environments.

Finally, the results can assist local and regional weather forecasters. They can add irrigation impacts in the forecasting metrics, 
which could potentially improve weather forecasts. Such improvements can assist local populations in a variety of decision making 
including short and long-term hydrological managements. The latter two management decisions could include near-term irrigation 
applications, reservoir management, river forecasting etc. The improvements in these management decisions eventually will also help 
with efficient use of water resources in the region.

4. Concluding remarks

Land use land cover change (LULCC) plays a significant role in affecting the weather, climate, and hydrology. Irrigated agriculture 
is one of the most notable examples of LULCC. It changes soil moisture and the surface energy balance in such a way that it favors 
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higher latent heat flux over lower sensible heat flux, and changes albedo, moisture flux, convective environment, cloud development, 
and precipitation, among others. Despite apparent stability brought on by irrigation due to surface cooling, the increase in soil 
moisture and latent heat flux in contrast to the drier soils in non-irrigated areas can create a favorable environment for development of 
convection.

It was found that irrigated land use featured higher CAPE and lower CIN compared to the non-irrigated and transitional land use. 
Irrigated land use resulted in higher PWAT during clear days and in the mornings, late afternoons and evenings, while the non-irrigated 
land use observed higher PWAT during the afternoons and on non-clear days. Additionally, environmental lapse rates were found to be 
higher during morning and evening observations for irrigated land use during clear days and for the non-irrigated land use during 
afternoons of non-clear days. Thus, based on the analyses using storm diagnostic variables, irrigated land use promotes a more 
favorable convective environment during the morning and evening hours, while the non-irrigated land use supports a more favorable 
convective environment during the afternoon hours. Fig. 7 further summarizes the findings of this study.

Overall, this study shows the importance of conducting future research focusing on the impacts of irrigated land use on nocturnal 
convective environments. Nocturnal convection is difficult to understand since there is a lack of solar forcing to support surface-based 
processes. Irrigation also provides excess residual moisture that can be utilized for nighttime or morning convection. Thus, a field data 
collection campaign and subsequent research focusing on both nocturnal and daytime hours need to be pursued. This type of research, 
dedicated to the study of evolution of nocturnal convective environment over irrigated areas, would further complete our under
standing of its impacts. Similar types of field data collection campaign and research for other major irrigated areas can be also un
dertaken to better understand irrigation impacts on meso- and regional-scale weather and climate.
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Appendix 1. List of acronyms

CAPE Convective Available Potential Energy
CTP Convective Triggering Potential
CIN Convective Inhibition
DD850 mb Dewpoint Depression
DOW6 Doppler on Wheels 6
DOW7 Doppler on Wheels 7
DOW8 Doppler on Wheels 8
EMESH Environmental Monitoring Economical Sensor Hubs
GRAINEX Great Plains Irrigation Experiment
GP-LLJ Great Plains Low-Level Jet
ISFS Integrated Surface Flux System
IOP1 Intense Observation Period 1; Early Growing Season
IOP2 Intense Observation Period 2; Peak Growing Season
ISS2 Integrated Sounding System 2
ISS3 Integrated Sounding System 3
L-A Land-Atmosphere
LCL Lifting Condensation Level
LFC Level of Free Convection
LI Lifted Index
HIlow Low-Level Humidity Index
LULCC Land Use Land Cover Change
PBL Planetary Boundary Layer
PBLH Planetary Boundary Layer Height
PWAT Precipitable Water
SM-P Soil Moisture-Precipitation
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