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ABSTRACT: Land-use land-cover change affects weather and climate. This paper quantifies land–atmosphere inter-

actions over irrigated and nonirrigated land uses during the Great Plains Irrigation Experiment (GRAINEX). Three cou-

pling metrics were used to quantify land–atmosphere interactions as they relate to convection. They include the convective

triggering potential (CTP), the low-level humidity index (HIlow), and the lifting condensation level (LCL) deficit. These

metrics were calculated from the rawinsonde data obtained from the Integrated Sounding Systems (ISSs) for Rogers Farm

and York Airport along with soundings launched from the three Doppler on Wheels (DOW) sites. Each metric was cate-

gorized by intensive observation period (IOP), cloud cover, and time of day. Results show that with higher CTP, lower

HIlow, and lower LCL deficit, conditions were more favorable for convective development over irrigated land use. When

metrics were grouped and analyzed by IOP, compared to nonirrigated land use, HIlow was found to be lower for irrigated

land use, suggesting favorable conditions for convective development. Furthermore, when metrics were grouped and ana-

lyzed by clear and nonclear days, CTP values were higher over irrigated cropland than nonirrigated land use. In addition,

compared to nonirrigated land use, the LCL deficit during the peak growing season was lower over irrigated land use, sug-

gesting a favorable condition for convection. It is found that with the transition from the early summer to the mid/peak

summer and increased irrigation, the environment became more favorable for convective development over irrigated land

use. Finally, it was found that regardless of background atmospheric conditions, irrigated land use provided a favorable

environment for convective development.

KEYWORDS: Atmosphere–land interaction; Climate; Hydrometeorology; Mesoscale processes; Soil moisture;

Diurnal effects

1. Introduction and background

Land-use land-cover change (LULCC) is an important

driver of regional weather and climate (Pielke et al. 2011;

Mahmood et al. 2010, 2014; Cook et al. 2020; McDermid et al.

2023). Human activities, such as deforestation, urbanization,

and agriculture, are the main drivers of LULCC. LULCC im-

pacts the surface energy balance, moisture budgets, and other

land surface properties (Pielke et al. 2016), which can lead to

changes in local and regional atmospheric circulations, tem-

perature, and precipitation (Mahmood et al. 2004, 2006, 2011,

2013; Shukla et al. 2014; Fan et al. 2015a,b; Xu et al. 2015;

Mueller et al. 2016, 2017; Winchester et al. 2017; Singh et al.

2018; Rodgers et al. 2018; Chen and Dirmeyer 2019; Nair et al.

2019; Zhang et al. 2019; Hu et al. 2019; Flanagan et al. 2021;

McDermid et al. 2021; Rappin et al. 2021, 2022; Phillips et al.

2022).

Irrigated agriculture is in high demand, due to the increas-

ing need for food (McDermid et al. 2023). Two effects are

found to be common with irrigation’s application: an increase

in evapotranspiration (ET) and a decrease in air temperatures

(Mahmood and Hubbard 2002; Mahmood et al. 2004, 2006;

DeAngelis et al. 2010; Cook et al. 2011, 2015, 2020; Sen Roy

et al. 2007, 2011; Alter et al. 2015, 2018; Pei et al. 2016;

McDermid 2019; Yang et al. 2019; Rappin et al. 2021). With

an increase in ET come increases in latent heat flux and de-

creases in sensible heat flux, thereby changing the surface en-

ergy balance (Mahmood et al. 2013; Rappin et al. 2021). The

decrease in sensible heat flux results in lower maximum air

temperatures. Analysis of long-term observed temperature

database studies suggests that over the Great Plains, com-

pared to nonirrigated areas and during the growing season, irri-

gation resulted in 1.018C cooling of mean maximum temperature
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(Mahmood et al. 2004, 2006, 2013) In addition, Bonfils and Lobell

(2007) found ;0.208C decade21 cooling trends in temperature

over irrigated areas during the growing season in Nebraska.

Analysis of growing season observed data found up to 2.178C in-

creased dewpoint temperatures over irrigated areas (Mahmood

et al. 2008). In an observational database study for California,

Christy et al. (2006) found a 0.268C decade21 cooling of growing

season maximum temperature due to irrigation. In a subsequent

study, Lawston et al. (2020) found up to 1.688C cooling of mean

maximum summer temperature in the Pacific northwestern

United States due to irrigation. Furthermore, historical observed

data analysis suggests up to 0.348C cooling of growing season

maximum temperatures over irrigated areas in India (Sen Roy

et al. 2007). The same study found up to 0.538C cooling of tem-

perature during individual growing season months. In a recent

research, Kang and Eltahir (2019) found that the surface tem-

perature decreased by 0.438C due to irrigation in the north cen-

tral plains of China.

However, irrigation’s effects on precipitation are more

complex. An observational data based study suggests that pre-

cipitation can be reduced in the immediate area due to the de-

crease in sensible heat lowering the likelihood of cloud

formation by reducing turbulent transfer (Szilagyi and Franz

2020). Furthermore, observed historical data suggest that in re-

gions downwind, irrigation can potentially increase precipita-

tion (Barnston and Schickedanz 1984). Sen Roy et al. (2011)

found up to 69-mm (121%) increase in total precipitation for

growing seasons due to irrigation in northwestern India. It is

also found that over the North China Plain precipitation in-

creased by 1.25 mm day21 after the full implementation of irri-

gation (Kang and Eltahir 2019).

Irrigation increases soil moisture, and a significant amount

of research has been conducted in the past focusing on soil

moisture and its role in land–atmosphere (L–A) interactions

(e.g., Ookouchi et al. 1984; Eltahir 1998; Findell and Eltahir

2003a,b; Leeper et al. 2011; Mahmood et al. 2012; Suarez et al.

2014; Santanello et al. 2018). These studies assessed, among

others, the evolution of the planetary boundary layer (PBL)

and related boundary layer processes, the role of surface

fluxes in the PBL development, and changes in various con-

vective parameters such as the lifting condensation level

(LCL) and the level of free convection (LFC). Soil moisture

impacts the surface energy and water budgets through

changes to the albedo and Bowen ratio (the ratio of the sur-

face sensible heat flux to the latent heat flux, or ET) or evapo-

rative fraction [EF, the ratio of the latent heat flux to the net

surface flux (i.e., net radiative flux)]. The wetter the soil, the

greater the amount of incoming radiation energy is parti-

tioned into ET, leading to relatively smaller values of atmo-

spheric sensible heat flux and a larger EF. Depending on the

specific humidity of the PBL, ET from moist soil can be static

or change in magnitude over multiple time scales. For exam-

ple, as ET occurs and the PBL moistens, the magnitude of EF

reduces. Large-scale circulations can therefore have a signifi-

cant impact on a process chain for L–A interactions proposed

by Santanello et al. (2018) where moist (dry) advection over

wet soil can reduce (increase) the magnitude of ET. On the

other hand, it is the soil moisture that controls the partitioning

between sensible and latent heat fluxes. When soils are wet,

the latent heat flux is determined by the available net radia-

tion and latent heat fluxes dominate, whereas when the soil is

dry, the availability of moisture controls the degree of latent

heating, which is depressed at the expense of sensible heat

fluxes.

Just as soil moisture (from irrigation or precipitation) ex-

erts a strong control on the EF, the EF exerts a strong control

on the PBL’s growth and decay. Low values of EF (e.g., large

sensible heat flux) support PBL growth, while a large EF will

significantly reduce PBL growth due to a weak buoyant heat

flux. In summary, sensible heating and small EF help to grow

the PBL, while latent heating moistens the PBL but may not

necessarily grow it to the LCL. The role of surface fluxes and

their influence on the PBL structure and evolution were fur-

ther discussed by Santanello et al. (2007, 2009, 2011, 2013,

2018, 2019). This understanding is further supported by

McPherson (2007), as she noted that the strength of land–

atmosphere interactions is sensitive to potential ET and sur-

face physical conditions including soil moisture. Holt et al.

(2006) suggested that the modification of soil moisture (e.g.,

by irrigation) changes emissivity and albedo which subse-

quently affect L–A interactions via changes in sensible and

latent energy partitioning, air temperature, and PBL moisture

content. The response propagates upward through the bound-

ary layer via turbulent transport and affects boundary layer

growth, convective initiation, and precipitation amounts.

It is noted that wet soils can lead to a shallow boundary

layer and a large moist entropy per unit mass (Eltahir 1998).

As a result, a low LFC combined with high boundary layer spe-

cific humidity may result in positive soil moisture/evaporation–

cloud formation feedback. Conversely, over regions of dry soil

the sensible heat flux dominates the latent heat flux (large

Bowen ratio) and can hinder cloud development. Overall, given

the existence of both positive and negative soil moisture–cloud

development feedbacks, it is not surprising that both positive

and negative soil moisture–precipitation (hence, irrigation–

precipitation) feedbacks have also been identified (e.g., Ford

et al. 2015a,b). The positive feedback, in which precipitation

forms preferentially over wet soils, has been found in one-

dimensional idealized models (Eltahir 1998; Findell and Eltahir

2003a,b,c) as well as in three-dimensional mesoscale models

(Schlemmer et al. 2011, 2012) and observations (Betts and Ball

1998; Taylor 2010; Berg et al. 2013).

The entire process link chain proposed by Santanello et al.

(2018) is bookmarked by the relationship between soil mois-

ture and precipitation, termed the soil moisture–precipitation

(SM–P) feedback (or termed as irrigation–precipitation for

our purpose). There are numerous complexities to local soil

moisture–ET–convective initiation–precipitation feedback.

Furthermore, a relatively large Bowen ratio leads to a deep

boundary layer and elevated LCL. In the absence of sufficient

moisture, the LFC will not descend to the lifting condensation

level and shallow convection as opposed to deep convection

will develop. On the other hand, irrigation-induced increases

in soil moisture would result in stronger latent energy fluxes

and a smaller Bowen ratio. These factors would result in a

shallow boundary layer with large moist static energy such
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that subsequent large-scale forcing would lead to significant

additional precipitation.

Research suggests that thunderstorm severity may be en-

hanced due to differential heating between areas of moist and

adjacent dry, vegetated land (Segal et al. 1988; Pielke and

Zeng 1989). Moreover, soil moisture enhancement due to ag-

riculture and irrigation significantly impacts weather and cli-

mate (e.g., Puma and Cook 2010; Wei et al. 2013). Excellent

examples of the impacts of increased soil moisture due to irri-

gation can be found in the Great Plains (GP) of North Amer-

ica (Barnston and Schickedanz 1984; Mahmood and Hubbard

2002; Adegoke et al. 2003; DeAngelis et al. 2010; Harding and

Snyder 2012a,b; Lawston et al. 2015).

Irrigation-induced increases in soil moisture can also be a

good indicator of the location of deep convection (Findell and

Eltahir 2003a,b; Frye and Mote 2010). Findell and Eltahir

(2003a,b) utilized the convective triggering potential (CTP)

and low-level humidity index (HIlow) to determine where

deep convection would initiate with respect to soil moisture,

using morning balloon sounding data. Additionally, studies

suggest that there is a negative relationship between soil mois-

ture and LCL deficits (Santanello et al. 2011). In other words,

wetter soils lead to lower LCL deficits than drier soils. This

can provide favorable conditions for cloud formation over

wetter soils, even with the reduction in turbulent transfer over

wetter soils.

In this context, the Great Plains Irrigation Experiment

(GRAINEX) aimed to better understand L–A interactions

between irrigated and nonirrigated croplands (Rappin et al.

2021). It was found that irrigated land use lowers near-surface

maximum air temperature, increases dewpoint temperature,

lowers PBL heights (PBLHs), and produces higher latent and

lower sensible heat fluxes than nonirrigated cropland (Rappin

et al. 2021, 2022; Lawston-Parker et al. 2023; Lachenmeier

et al. 2024). Further analysis of GRAINEX data found that

the irrigated land use weakens baroclinicity and mesoscale

upslope circulations in the GP and potentially influences the

GP low-level jet (Phillips et al. 2022).

The overall goal of this paper is to further understand the

changes in the convective environment over irrigated and

nonirrigated land uses by utilizing three coupling metrics.

These metrics include CTP, HIlow, and LCL deficit (Findell

and Eltahir 2003a,b; Ferguson and Wood 2011; Santanello

et al. 2018). These metrics allowed us to identify environ-

ments favorable for convection. A key advantage of the

current study is the use of a large number of radiosonde

observations launched throughout the day including the typi-

cal periods of convective development. These launches were

conducted during two distinct periods of crop/vegetation

growth and irrigation application. Findell and Eltahir (2003a,b)

used morning-only soundings in conjunction with a modeling

framework, while Ferguson and Wood (2011) primarily used

satellite data to explore L–A interactions. As such, this work

provides a new perspective on L–A interactions over irrigated

and nonirrigated land uses and soil moisture gradients

(wet–dry) utilizing in situ observations. In addition, this re-

search is complementary to Lachenmeier et al. (2024) where

the authors investigated the impacts of irrigation on the

PBLH, LCL, LFC, and PBL mixing ratio. It is found that irri-

gation lowers PBLH, LCL, and LFC and increases PBL mix-

ing ratio.

In the context of these interactions between the land and

atmosphere and the objectives of this research, the following

sections of the paper provide further background on L–A in-

teractions and discuss data used from the GRAINEX, meth-

ods applied to data, results, analysis and assessment of the

findings, and conclusions.

2. Data and methods

a. The GRAINEX field campaign and observations

A detailed description of the GRAINEX field campaign, the

data collected, and the observation platforms used is provided

in Rappin et al. (2021). Hence, only a brief description is

provided here. Data collection was completed from late

May through early August 2018 over southeast Nebraska.

Specifically, the field campaign was completed across two

15-day periods during the growing season of 2018: from

30 May through 13 June, known as the intensive observation

period 1 (IOP1); and from 16 July through 30 July, known as

the IOP2. Nebraska, located in the northern part of the North

American GP, is one of the most extensively irrigated regions

in the world (Bonfils and Lobell 2007; Lobell and Bonfils

2008). In southeast Nebraska (Fig. 1), nonirrigated land use

(eastern part of the study area) transitions to irrigated land

use (western part of the study area) as water from the High

Plains aquifer becomes available for extraction. This transi-

tion also follows the east-to-west declining precipitation gradi-

ent of the North American GP. Common crops in the study area

are corn and soybeans. During the field campaign, both IOP1

(late spring/beginning of the summer) and IOP2 (midsummer)

experienced several rain events and periods of cooler and drier

days (Rappin et al. 2021).

Data collection was completed by using a variety of obser-

vational platforms including 12 eddy covariance Integrated

Surface Flux Systems (ISFSs) (NCAR Earth Observing

Laboratory 1990), two Integrated Sounding Systems (ISSs)

(NCAR Earth Observing Laboratory 1997), three Doppler on

Wheels (DOW) mobile radar units (Wurman et al. 2021), and

75 Environmental Monitoring, Economical Sensor Hubs

(EMESHs) (Rappin et al. 2021). In addition, a Twin Otter

aircraft mounted with radiometers was flown over the study

area by the National Aeronautics and Space Administration

(NASA), which collected soil moisture data. Our current

paper focuses on data from the ISS and DOW. Thus, a dis-

cussion on data from ISFS, EMESH, and NASA is not

provided.

b. ISSs

As noted previously, there were two ISS sites from where

rawinsonde balloons were launched throughout IOP1 and

IOP2. Land use around one ISS site (ISS3 at York) was irri-

gated agriculture, while the other one (ISS2 at Rogers Farm)

was nonirrigated agriculture. For each location, the first bal-

loon was launched around 0500 local standard time (LST)
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[0600 local time (LT); 1100 UTC] and the last launch was

around 1900 LST (2000 LT; 0100 UTC, next day). They were

launched simultaneously every 2 h and every day during IOP1

and IOP2. Hence, 16 balloons were launched every day, and

overall, 480 launches (8 launches 3 2 sites 3 30 days) were

completed from the two sites. In short, this field campaign

provided the most comprehensive dataset of this type for in-

vestigation into the impacts of land use, including irrigation,

on the atmosphere.

c. DOW

Rawinsondes from three DOW locations were also launched

simultaneously with the ISS launches (8 launches 3 3 sites 3

30 days 5 720 launches). In total, about 1200 rawinsonde

launches (ISS 1 DOW sites) were completed. DOW8 was

located over irrigated land use, DOW7 was over nonirrigated,

and DOW6 was in a transitional area. For additional details

regarding all observation platforms and instrumentation, please

consult Rappin et al. (2021) and see https://www.eol.ucar.edu/

field_projects/grainex.

d. Calculation of convective triggering potential, low-level

humidity index, and LCL deficit

Calculations of CTP, HIlow, and LCL deficit were com-

pleted for ;1050 soundings from the two ISS locations and

the three DOW locations (EOL 2020). This study was focused

on the morning [0700–1100 LST (1300–1700 UTC)] and after-

noon [1300–1900 LST (1900–0100 UTC)] when L–A inter-

actions can be effectively captured by the rawinsonde dataset.

The formulation from Ferguson and Wood (2011) was used

to calculate CTP and HIlow. These metrics were originally de-

signed for morning soundings to capture the boundary layer

properties prior to the onset of daytime land surface fluxes

and to address the limitations of sounding launch frequency

from the National Weather Service (one in the morning and

one in the late afternoon). However, the wealth of sounding

data from GRAINEX allowed for the calculation of CTP and

HIlow every 2 h, which provides a unique perspective on how

CTP and HIlow evolve during the day. Ferguson and Wood

(2011) defined CTP (J kg21) as the integral of the area be-

tween the temperature sounding profile Tenv (K) and a moist

adiabat Tparcel (K) raised from the observed temperature and

humidity 100 hPa (;1 km) above ground level (AGL) to a

level 300 hPa (;3 km) AGL. AGL CTP can be expressed as

follows:

CTP 5 g

�ZPSurfStd -100

ZPSurfStd-300

Tparcel 2 Tenv

Tenv

( )

dz: (1)

In this Eq. (1), g is the gravitational acceleration (9.807 m s22)

and dz is the thickness (m) of the layer.

Based on Eq. (1), it can be stated that the CTP assists in un-

derstanding lower-tropospheric stability by measuring the de-

parture of the temperature profile from moist adiabatic

conditions in the region between 100 and 300 hPa (;1–3 km)

AGL (Findell and Eltahir 2003a,b; Santanello et al. 2018).

When the actively growing daytime PBL reaches the LFC,

deep convection can develop with sufficient moisture. For

convective triggering, it is noted that PBL moistening and a

simultaneous rapid lowering of the LFC are a more effective

mechanism for convective development when the lower atmo-

sphere is near moist adiabatic, and CTP is low (Santanello

et al. 2018). On the other hand, high sensible heat flux and

rapid PBL growth are more effective for convection develop-

ment when the low-level atmospheric profile is near dry adia-

batic, and the CTP is high. Overall, a negative CTP suggests

that the local atmosphere is too stable for convection to de-

velop (Findell and Eltahir 2003a).

Subsequently, following the formulation of Ferguson and

Wood (2011), HIlow is calculated as the sum of the dewpoint

FIG. 1. Map of the GRAINEX study area in southeast Nebraska. Data collection sites consisted

of 12 ISFSs, 2 ISSs, 3 DOW deployment locations, and 75 EMESHs.
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depressions at 50- and 150-hPa pressure AGL and can be

expressed as follows:

HIlow 5 (TPSurfStd-50 2 T
d,PSurfStd-50)

1 (TPSurfStd-150 2 Td,PSurfStd-150): (2)

In Eq. (2), TPSurfStd-p and Td,PSurfStd-p are the temperature and

dewpoint temperature at pressure pAGL, respectively.

When HIlow indicates that lower atmosphere is extremely

dry (higher value of HIlow), then moisture from the surface

evaporated into the PBL will not be available for sufficiently

enhancing the moist static energy of the PBL for convection

to occur (Findell and Eltahir 2003a,b; Santanello et al. 2018).

These types of days are identified as atmospherically con-

trolled when rain cannot be initiated by local surface pro-

cesses. Likewise, if the HIlow is close to zero, it is also

atmospherically controlled due to a very moist atmosphere,

which will likely lead to convection regardless of land surface

controls. Note that lower HIlow values suggest a moister envi-

ronment. Various ranges of favorable HIlow for different un-

derlying conditions are provided in Table 1 in the following

section.

The LCL deficit is the difference between the LCL and the

PBLH. This metric was designed to measure the deficiencies

in the growth of the planetary boundary layer due to a lack of

mixing of heat and moisture (Santanello et al. 2011). Larger

LCL deficit values indicate such deficiencies in the PBL

growth. However, when the LCL deficit is zero or negative,

the PBL has developed past the LCL and clouds will readily

form within the PBL. During wet coupling, PBLH and LCL

both can be lowered, resulting in smaller LCL deficits due

to higher latent heat flux and lower sensible heat flux over

irrigated areas and providing conditions for convection,

cloud development, and precipitation. Under dry coupling,

the LCL deficit can be lower due to higher PBLH linked to

an increase in sensible heat flux (Roundy and Santanello

2017). LCL deficits were calculated every 2 h along with

CTP and HIlow.

e. CTP–HIlow framework and LCL deficit

CTP values and corresponding HIlow values were catego-

rized following the framework of Findell and Eltahir (2003a)

and presented in Table 1. To further illustrate their role in

L–A interactions, they are also presented graphically in Fig. 2.

These categories presented in Table 1 can further be pre-

sented as follows.

Subsequently, CTP and HIlow were analyzed along with

LCL deficit for irrigated and nonirrigated land uses for IOPs

(i.e., IOP1 and IOP2), cloud cover (clear and nonclear days),

clear and nonclear days over IOP1 and IOP2, time of day

(morning and afternoon), morning and afternoon over clear

and nonclear days, and morning and afternoon over clear and

nonclear days for IOP1 and IOP2 (Table 2). Clear days were

first identified using MODIS Aqua and Terra cloud fractions

of less than 20%. MODIS Terra’s orbit carries it south to

north over the equator at approximately 1030 local time, and

Aqua follows 3 h after at 1330 local time. Thus, there are

3 h between the two satellite observations, and they are

TABLE 1. CTP–HIlow framework categories (following Findell and Eltahir 2003a).

Category Conditions Box color

Atmospherically controlled; too dry for rain CTP . 0, HIlow $ 15 Red

Atmospherically controlled; too stable for rain CTP , 0 Green

Atmospherically controlled; precipitation occurs in both wet and dry soils CTP . 0, 0 , HIlow , 5 Dark blue

Transition zone 50 , CTP , 200, 10 , HIlow , 15 Gray

Wet soil advantage CTP . 0, 5 , HIlow , 10 Blue

Dry soil advantage CTP . 200, 10 , HIlow , 15 Yellow

FIG. 2. CTP–HIlow framework categories (following Findell and Eltahir 2003a).
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concentrated in the afternoon when the boundary layer is

deepest. To ensure that other times during the day were con-

sistently low-cloud cover, GOES-16 satellite data from the

NASA worldview (NASA 2021) were manually examined.

When considering the shallow cumuli, the same threshold was

applied, and days that produced deep convection were not

counted as clear days. The rationale for including shallow cu-

muli despite potential shading effects is that they are indica-

tive of a convectively active PBL, and restricting the cloud

cover further leaves very few days upon which to conduct

analysis. This methodology has been used successfully in

other GRAINEX studies (e.g., Phillips et al. 2022).

After applying these criteria, we have found 5 clear days

during IOP1 and 4 in IOP2 (total of 9 days). The remaining

21 days were classified as nonclear days. Statistical signifi-

cance tests (t tests) were completed with a 95% confidence

level. Subsequently, t tests were completed with a 90% confi-

dence level to communicate additional important findings

which did not meet the 95% confidence level requirement.

Again, note that this study collected and analyzed a large

amount of data, representing a wide variety of conditions

through a large sampling of the atmosphere (1200 radiosonde

launches in 30 days; 40 per day) so that the objectives of the

experiment can be met.

3. Results

As noted previously, this paper aims to provide additional

understanding of the impacts of irrigation on L–A interactions

and the convective environment. Hence, analyses of coupling

metrics were completed for IOP1 and IOP2 (section 3a) to de-

termine whether periods of growing season alone can play an

important role, regardless of time of day (morning vs after-

noon) and sky condition (clear vs cloudy conditions) (Table 2).

Note that typically afternoons are more favorable for convec-

tion development, while during clear skies irrigation can play

an important role in L–A interactions (e.g., Rappin et al. 2021,

2022). Also, cloudy days could be linked to large-scale synoptic

activities, which may dampen or mask L–A interactions. Fur-

thermore, IOP1 and IOP2 represent the early and peak grow-

ing seasons, respectively, and during IOP2, irrigation becomes

widespread.

Subsequently, an analysis of coupling metrics by clear ver-

sus cloudy days, regardless of IOP1 and IOP2, was used to de-

termine whether irrigation forcing is sufficiently strong such

that the growing period did not matter. Then, the three met-

rics were analyzed by clear versus cloudy days for IOP1 and

IOP2 to determine whether growing periods along with back-

ground conditions provide an improved “signal” of land-use

forcing (regardless of time of day) on L–A interactions and

TABLE 2. Analysis and grouping of coupling metrics for different conditions to assess L–A interactions over irrigated and

nonirrigated land uses.

Category Additional description

IOP1 and IOP2 Regardless of cloud cover (clear vs nonclear days) and time of

day (morning vs afternoon)

Cloud cover: clear vs nonclear days Regardless of time of season (IOP1 and IOP2) and time of day

(morning vs afternoon)

Cloud cover: clear vs nonclear days during IOP1 and IOP2 Regardless of time of day (morning vs afternoon)

Time of day Regardless of time of season (IOP1 and IOP2) and cloud

cover (clear vs nonclear days)

Time of day (morning vs afternoon) for IOP1 and IOP2 Regardless of cloud cover (clear vs nonclear days)

Time of day (morning vs afternoon) for clear vs nonclear days Regardless of IOP1 and IOP2

Time of day (morning vs afternoon) for clear vs nonclear days

during IOP1 and IOP2

TABLE 3. Mean CTP, HIlow, and LCL deficit (LCL–PBL)

for IOP1, IOP2, clear days, and nonclear days. Statistical

significance tests for the differences in means are completed

for irrigated ISS3 vs nonirrigated ISS2, irrigated DOW8 vs

nonirrigated ISS2, and irrigated ISS3 vs transitional DOW6. For

brevity, significance tests were not completed for all possible

combinations (e.g., ISS3 vs DOW7). Bold and italicized numbers

represent those which have a p , 0.05 for the statistical

significance test.

Site name CTP (J kg21) HIlow (K) LCL deficit (m)

IOP1

ISS2 115.27 20.77 287.70

ISS3 122.25 21.32 417.13

DOW6 115.72 20.66 521.61

DOW7 109.05 20.77 551.42

DOW8 110.25 20.89 468.15

IOP2

ISS2 76.78 14.79 101.44

ISS3 96.94 11.41 35.49

DOW6 75.52 14.18 102.05

DOW7 70.86 14.50 63.66

DOW8 68.65 13.18 60.70

Clear

ISS2 50.34 22.82 203.93

ISS3 106.27 19.63 290.48

DOW6 67.97 21.70 405.87

DOW7 70.17 21.97 427.19

DOW8 73.21 20.10 312.60

Nonclear

ISS2 115.61 15.62 191.63

ISS3 111.02 14.97 199.47

DOW6 108.82 15.56 271.45

DOW7 99.68 15.77 255.82

DOW8 97.62 15.77 245.18
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the convective environment. It is expected that clear days dur-

ing IOP2 would provide the most noticeable response of the

atmosphere to irrigation.

Coupling metrics subset by time of day (morning vs after-

noon, regardless of IOP1 or IOP2); by time of day and IOP1

and IOP2; by time of day and clear versus cloudy conditions

(regardless of IOP1 and IOP2); and by time of day, IOP1 and

IOP2, and clear and cloudy conditions were also analyzed.

a. Early (IOP1) and peak (IOP2) growing seasons

Table 3 shows the mean statistics for CTP, HIlow, and LCL

deficit for IOP1 and IOP2 and by clear and nonclear days.

Differences in CTP and HIlow during IOP1 for irrigated and

nonirrigated land uses were not statistically significant.

However, differences in LCL deficit for these two land uses

were statistically significant (p , 0.05). Average LCL deficits

were the lowest (287.70 m) for the nonirrigated ISS2 site

(Table 3). Additionally, the difference between the average

values of LCL deficit among ISS2 and all other sites is very

large (up to 264 m).

During IOP2, differences in HIlow between irrigated and

nonirrigated land uses were not statistically significant. Aver-

age HIlow was the highest (lowest) for the nonirrigated ISS2

(irrigated ISS3) site at 11.41 K (14.79 K) (differences are sta-

tistically significant; p , 0.05). In other words, average HIlow
for nonirrigated ISS2 was 0.29–3.38 K higher than the other

sites (Table 3). Irrigated ISS3 (35.49 m) and DOW8 (60.70 m)

show the two lowest LCL deficit values, while nonirrigated

ISS2 shows the highest LCL deficit value (101.44 m). During

IOP2, all sites demonstrate lower LCL deficit and HIlow val-

ues compared to IOP1. Irrigated ISS3 and irrigated DOW8

depict the largest decline forced by irrigation. Overall, irri-

gated ISS3 and DOW8 show more favorable conditions for

convection than the nonirrigated areas, regardless of clear

and nonclear conditions (benign vs nonbenign; Frye and

Mote 2010) and time of day.

Figures 3a and 3b show the scatterplots of CTP andHIlow along

with colored boxes depicting categories identified in Table 1

and Fig. 2. Most observations, regardless of location, were concen-

trated in the too dry for precipitation range (CTP . 0 and

HIlow $ 15) during IOP1 (Fig. 3a). However, during IOP2,

most observations were concentrated in the wet soil advantage

(CTP . 0 and 10 , HIlow , 15). This change in the distribu-

tion of observations reflects the change in land surface condi-

tions from IOP1 to IOP2. Given the lack of irrigation during

the early growing season (IOP1) and widespread irrigation

FIG. 3. Distributions of coupling metrics using scatterplots of

CTP and HIlow for (a) IOP1 and (b) IOP2; box-and-whisker plots

of (c) CTP, (d) HIlow, and (e) LCL deficit for IOP1 and IOP2.

Dots and boxes with different colors represent radiosonde launch-

ing sites, which are identified at the top of each panel. ISS3 and

DOW8 are irrigated locations, ISS2 and DOW7 are nonirrigated

locations, and DOW6 is a transitional land-use zone (from irrigated

to nonirrigated).

FIG. 3. (Continued).
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during the peak growing season (IOP2), these results imply

that irrigation is playing an important role in modifying the

convective environment.

Figures 3c–e show the box-and-whisker plots of CTP, HIlow,

and LCL deficit, respectively. The median CTP value for irri-

gated ISS3 during IOP2 was higher than the other sites. HIlow
and LCL deficits show a noticeable lowering of their median

values for irrigated ISS3 during IOP2, indicating the influence

of irrigation. This result also suggests a moistening of the

lower atmosphere linked to irrigated land use (Rappin et al.

2021, 2022; Phillips et al. 2022).

b. Clear and nonclear days

During clear days, average CTP was the highest (lowest) over

irrigated ISS3 (nonirrigated ISS2) at 106.27 J kg21 (50.34 J kg21)

(Table 3). In other words, average CTP for irrigated ISS3 was

33.06–55.93 J kg21 higher than the other sites. Average HIlow
was the lowest (highest) over irrigated ISS3 (nonirrigated ISS2)

at 19.62 K (22.82 K). Thus, average HIlow over irrigated ISS3 was

0.43–3.2 K lower than the other sites (Table 3). Average LCL

deficits were the lowest (highest) over the nonirrigated ISS2

(DOW7) site at 203.93 m (427.19 m). Hence, average LCL

deficits at ISS2 are 86.55–223.36 m lower than the other sites

(Table 3).

Although differences in CTP, HIlow, and LCL deficit be-

tween irrigated and nonirrigated sites for nonclear days were

not statistically significant, we found an average increase in

CTP and lowering of HIlow and LCL deficit values for all sites.

Based on the observations, it is difficult to discern the influ-

ence of the land surface simply based on the large-scale atmo-

spheric setup. In other words, it is important to conduct an

analysis that also incorporates land surface conditions such as

early (IOP1) versus peak (IOP2) growing seasons, which cap-

tures the extent of the crop/vegetation cover and status of

irrigation/soil moisture.

c. Clear and nonclear days during early (IOP1) and peak

(IOP2) growing seasons

To further understand irrigation impacts, an analysis using

coupling metrics for clear and nonclear days over IOP1 and

IOP2 was completed. Table 4 shows the mean values of CTP,

HIlow, and LCL deficit along with the results of the statistical

significance testing. During clear days in IOP1, differences in

CTP between irrigated and nonirrigated land uses were statis-

tically not significant. Average HIlow during clear days in

IOP1 was the highest (lowest) for the irrigated ISS3 (nonirri-

gated ISS2) site at 19.61 K (16.54 K). In other words, irrigated

ISS3 has average HIlow values that are 0.77–3.07 K higher

than the other sites (Table 4). Average LCL deficits during

clear days in IOP1 were the highest (lowest) for the nonirri-

gated DOW7 (nonirrigated ISS2) site at 435.98 m (157.44 m).

Average LCL deficits for the nonirrigated DOW7 site are

8.7–287.24 m higher than the other sites (Table 4). Overall,

based on LCL deficit and HIlow, the nonirrigated land shows

slightly more favorability toward convective development.

During clear days in IOP2, average CTP was the highest

(lowest) for the irrigated ISS3 (nonirrigated ISS2) site at

76.99 J kg21 (228.75 J kg21). Moreover, CTP at ISS3 during

IOP2 was 55.09–105.74 J kg21 higher than the other sites

(Table 4). Average HIlow was the highest (lowest) for the non-

irrigated ISS2 (irrigated ISS3) site at 30.68 K (19.66 K). Aver-

age LCL deficit was the highest (lowest) for the nonirrigated

DOW7 (irrigated ISS3) site at 405.96 m (180.46 m) and was

36.66–225.5 m higher than the other sites (Table 4). These results

suggest that, compared to nonirrigated land use, irrigated land

use increased convective potential during IOP2 when irrigation

applications increased due to increases in crop water demand.

Average LCL deficits during nonclear days in IOP1 were

the lowest for DOW7, a nonirrigated site, at 607.26 m and

were 40.86–251.41 m higher than the other sites (Table 4). For

IOP2, this condition reversed for DOW7, which showed the

lowest average LCL deficit. However, if we consider results

from CTP, HIlow, and LCL deficit (differences are not statisti-

cally significant) for the two most well-representative irrigated

(ISS3) and nonirrigated (ISS2) sites, then during nonclear

days in IOP2 conditions were comparatively more favorable

for convection development over irrigated land use. In short,

if land-use forcing is sufficiently large, it does not matter

whether background atmospheric conditions are “benign” or

“nonbenign” (e.g., Frye and Mote 2010), and its impacts on

the convective environment are discernible.

TABLE 4. Mean CTP, HIlow, and the LCL deficit (LCL–PBL)

for clear and nonclear days during IOP1 and IOP2. Statistical

significance tests for the differences in means are completed for

irrigated ISS3 vs nonirrigated ISS2, irrigated DOW8 vs ISS2, and

irrigated ISS3 vs transitional DOW6. For brevity, significance

tests were not completed for all possible combinations (e.g., ISS3

vs DOW7). Bold values represent those which have a p , 0.1 in

t tests, while bold and italicized values represent those which

have a p , 0.05.

Site name CTP (J kg21) HIlow (K) LCL deficit (m)

Clear IOP1

ISS2 113.61 16.54 157.44

ISS3 129.69 19.61 381.09

DOW6 119.01 18.30 435.98

DOW7 108.78 18.11 444.68

DOW8 117.98 18.84 325.43

Clear IOP2

ISS2 228.75 30.68 260.39

ISS3 76.99 19.66 180.46

DOW6 5.98 25.83 369.3

DOW7 21.90 26.79 405.96

DOW8 17.24 21.69 297.01

Nonclear IOP1

ISS2 116.11 22.89 355.85

ISS3 118.53 22.18 435.98

DOW6 114.05 21.86 566.4

DOW7 109.19 22.14 607.26

DOW8 106.27 21.95 542.81

Nonclear IOP2

ISS2 115.16 9.02 36.94

ISS3 104.20 8.41 223.33

DOW6 103.74 9.45 26.39

DOW7 90.45 9.59 275.24

DOW8 89.22 9.77 235.2
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Figures 4a–c show the box-and-whisker plots of CTP, HIlow,

and LCL deficits for all sites by cloud cover and IOP. For

clear days in IOP1, median values of CTP were the highest

(slightly,200 J kg21) for the nonirrigated ISS2 location (Fig. 4a).

Median values of HIlow were the lowest (10 , HIlow , 15)

for the nonirrigated ISS2 site. Together, they indicate a transi-

tion zone (Table 1) for convection, which is expected for non-

irrigated land use during IOP1 when the land surface was

sufficiently and naturally wet (to support the rainfed crop) in

the eastern part of the study area (Fig. 4b). Median values of

LCL deficits during clear days in IOP1 were the highest (lowest)

for the transitional land-use DOW6 (nonirrigated ISS2) site.

Negative skewness was noted for the transitional land-use

DOW6 and irrigated DOW8 sites. In other words, above-

average values of LCL deficit appeared more frequently at

these sites (Fig. 4c).

For clear days in IOP2, median values for CTP were the

highest (lowest) for the irrigated ISS3 (nonirrigated ISS2) site

(Fig. 4a). Negative skew was noticed for the nonirrigated

ISS2, irrigated ISS3, and irrigated DOW8 sites (Fig. 3a). Me-

dian values of HIlow during clear days in IOP2 were the lowest

(;19 K) (highest; ;30 K) for the irrigated ISS3 (nonirrigated

ISS2) site (Fig. 4b). Median values of LCL deficits were the

lowest for the irrigated ISS3 site (Fig. 4c). Together, these met-

rics demonstrate that irrigated land use favorably impacted the

convective environment on clear days. These changes are most

visible for ISS3 (irrigated land use) and ISS2 (nonirrigated land

use).

For nonclear days in IOP1, the median value of CTP was

the highest (lowest) for the nonirrigated ISS2 (nonirrigated

DOW7) site. A slight positive skew was noted for irrigated

ISS3, transitional land-use DOW6, and nonirrigated DOW7

sites (Fig. 4a). Median values of HIlow were the highest (lowest)

for the irrigated ISS3 (nonirrigated ISS2) site (Fig. 4b). Median

values of LCL deficit during nonclear days in IOP1 were

the highest (lowest) for the nonirrigated DOW7 (nonirrigated

ISS2) site (Fig. 4c). For nonclear days in IOP2, median values

of CTP were the highest (lowest) for the irrigated ISS3 (non-

irrigated DOW7) site. The lowest median values of HIlow and

LCL deficit were found for irrigated ISS3. There was a clear

shift toward lower HIlow and LCL deficit values during IOP2

under nonclear days across all sites with the most noticeable

changes over irrigated land use (ISS3) (Table 4). Again, these

suggest irrigation forcing on the convective environment.

d. Time of day (morning vs afternoon)

CTP, HIlow, and LCL deficit were calculated by time of day

to investigate whether time of day has an influence on L–A cou-

pling. First, we analyzed the data based on time of day without

considering land use and period of the season [early growing

season (IOP1) vs peak growing season (IOP2)] (Figs. 5a–e). As

noted previously, soundings launched from 1300 to 1700 UTC

were considered morning soundings, while soundings launched

from 1900 to 0100 UTC were considered afternoon soundings.

Figures 5a–e show the distributions of coupling metrics by

time of day, with Figs. 5a and 5b showing the scatterplots of

CTP and HIlow for morning and afternoon and Figs. 5c–e

showing the box-and-whisker plots of CTP, HIlow, and LCL

deficits. For both mornings and afternoons, overall differences

in CTP, HIlow, and LCL deficit were not statistically signi-

ficant. However, the distribution for the morning is more

scattered, while the afternoon data are concentrated at

higher values signifying more mixing in the boundary layer

atmosphere.

e. Time of day and early IOP1 and peak (IOP2)

growing seasons

To further understand L–A interactions, the coupling met-

rics were analyzed by time of day and IOP1 and IOP2. Table 4

shows the mean values of CTP, HIlow, and LCL deficit. For

mornings in IOP1, differences in CTP and HIlow for irrigated

and nonirrigated land uses were statistically not significant.

FIG. 4. Box-and-whisker plots of (a) CTP, (b) HIlow, and (c) LCL

deficit by cloud cover and IOP. Boxes with different colors repre-

sent different radiosonde launching sites, which are identified at the

top of each panel. ISS3 and DOW8 are irrigated locations, ISS2 and

DOW7 are nonirrigated locations, and DOW6 is a transitional

land-use zone (from irrigated to nonirrigated).

WH I T E S E L E T A L . 1069JULY 2024

Unauthenticated | Downloaded 11/04/25 10:48 PM UTC



However, differences in LCL deficit between irrigated and

nonirrigated land uses were statistically significant (p , 0.05)

(Table 5). Average LCL deficits during the mornings of IOP1

were the highest (lowest) for the nonirrigated DOW7 (non-

irrigated ISS2) site at 617.78 m (393.41 m). In other words,

DOW7 had average LCL deficits that are 45.32–224.37 m

higher than the other sites (Table 4). Due to the drier condi-

tion and hence more sensible heat flux over nonirrigated

DOW7, both PBL and LCL heights increase, resulting in

higher LCL deficits (cf. Fig. 10; Rappin et al. 2021).

For mornings in IOP2, differences in CTP between the two

land uses were not statistically significant. Average HIlow during

mornings in IOP2 was the highest (lowest) for the transitional

land-use DOW6 (irrigated ISS3) site at 14.77 K (11.64 K)

(Table 5). The lowest HIlow value is linked to the irrigated

ISS3, while the highest HIlow value is linked to the transitional

land-use DOW6 location, suggesting impacts of land-use and

surface moistness. The differences in HIlow between irrigated

ISS3 and transitional land-use DOW6 were statistically signifi-

cant (p , 0.1). Average LCL deficits during mornings of IOP2

were the highest (lowest) for the nonirrigated DOW7 (irrigated

ISS3) site at 262.46 m (68.60 m). In other words, average LCL

deficits for the nonirrigated DOW7 site were 32.76–193.86 m

higher than all other sites. Also, the second lowest LCL deficit

value (85.18 m) was observed for irrigated DOW8. The differ-

ences in LCL deficits between irrigated and nonirrigated land

uses were statistically significant (p, 0.1). These low LCL defi-

cit and HIlow coupling metrics are an indication of irrigation’s

impact.

For afternoons in IOP1, differences in CTP, HIlow, and

LCL deficit between irrigated and nonirrigated locations were

not statistically significant. The same applies for CTP and

LCL deficit in IOP2, while HIlow shows a statistically signifi-

cant difference (p , 0.05) (Table 5). Further, LCL deficit is

noticeably lower during afternoons of IOP2 for all locations

than in the mornings of IOP1 and IOP2. Additionally, during

IOP2, CTP and HIlow were indicating a wet soil advantage for

irrigated ISS3 and irrigated DOW8 locations. It is observed

that, compared to IOP1 HIlow (.20 K), IOP2 HIlow was lower

(11.23–14.84 K) during the afternoons. Overall, it was found

that convective favorability increased for all sites during

IOP2, with irrigated land use providing higher favorability, re-

gardless of cloud conditions (clear or nonclear) (Table 5).

Figures 6a–c show the box-and-whisker plots of CTP, HIlow,

and LCL deficit by time of day and IOP. Based on the LCL

deficit and HIlow values, it is evident that afternoons of IOP2

were more favorable for convection development, which

agrees with the previous assessment linked to Table 5.

FIG. 5. Scatterplots of CTP and HIlow for (a) morning and (b) af-

ternoon; and box-and-whisker plots of (c) CTP, (d) HIlow, and

(e) LCL deficit. Dots and boxes with different colors represent ra-

diosonde launching sites, which are identified at the top of each

panel. ISS3 and DOW8 are irrigated locations, ISS2 and DOW7

are nonirrigated locations, and DOW6 is a transitional land-use

zone (from irrigated to nonirrigated).

FIG. 5. (Continued).
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f. Time of day and cloud cover (clear vs nonclear days)

Table 5 shows the average values of CTP, HIlow, and LCL

deficit regardless of IOPs. For clear mornings, the average

CTP was the highest (lowest) for irrigated ISS3 (nonirrigated

ISS2) site at 71.41 J kg21 (16.77 J kg21) (Table 6). The highest

(lowest) HIlow value was 21 K (19.60 K) for transitional land-

use DOW6 (irrigated DOW8) site. The largest (lowest) LCL

deficit was 430.48 m (242.32 m) for transitional land-use

DOW6 (irrigated DOW8) site. DOW8 was located over an

irrigated area, and coupling metrics indicate the influence

of irrigated land use. Differences in HIlow and LCL deficits

for irrigated and nonirrigated land uses during clear mornings

were statistically not significant.

Average CTP during clear afternoons is the highest (lowest)

for the irrigated ISS3 (nonirrigated ISS2) site at 132.40 J kg21

(75.51 J kg21) (Table 1 in the online supplemental material).

In addition, average HIlow during clear afternoons is the high-

est (lowest) for the nonirrigated ISS2 (irrigated ISS3) site at

24.43 K (19.39 K) (supplemental Table 1). The difference in

CTP and HIlow values between irrigated and nonirrigated land

uses and clear afternoons is statistically significant (p , 0.05).

For nonclear mornings, differences in CTP and HIlow over the

two land uses were not statistically significant. For nonclear

mornings, the average LCL deficit was the highest (lowest) for

the nonirrigated DOW7 (irrigated ISS3) site at 451.65 m

(234.38 m). Based on the CTP, HIlow, and LCL deficit, com-

pared to nonclear mornings, it appears that nonclear afternoons

are more favorable for convective development for all land-use

types during GRAINEX (supplemental Table 1).

Supplemental Figs. 1a–c show the box-and-whisker plots of

CTP, HIlow, and LCL deficits by cloud cover and time of day.

Again, compared to clear mornings, CTP values tend to be

higher during clear afternoons. Irrigated ISS3 shows the most

noticeable CTP and HIlow changes from morning to after-

noon. For clear mornings, median values of CTP were the

highest (lowest) for the ISS3 (ISS2) site.

g. Time of day and cloud cover during early (IOP1) and

peak (IOP2) growing seasons

To further understand the influence of irrigation and land

use, we assessed coupling metrics for clear mornings of IOP1

and IOP2, clear afternoons of IOP1 and IOP2, nonclear

TABLE 5. Mean CTP, HIlow, and the LCL deficit (LCL–PBL)

for morning and afternoon of IOP1 and IOP2. Statistical

significance tests for the differences in means are completed for

irrigated ISS3 vs nonirrigated ISS2, irrigated DOW8 vs ISS2, and

irrigated ISS3 vs transitional DOW6. For brevity, significance tests

were not completed for all possible combinations (e.g., ISS3 vs

DOW7). Bold values represent those which have a p , 0.1 in

t tests, while bold and italicized values represent those which have

a p , 0.05.

Site name CTP (J kg21) HIlow (K) LCL deficit (m)

Morning IOP1

ISS2 95.19 20.07 393.41

ISS3 101.45 21.22 439.25

DOW6 115.30 21.41 572.46

DOW7 102.25 21.16 617.78

DOW8 91.00 20.48 484.78

Morning IOP2

ISS2 72.62 14.73 142.00

ISS3 86.31 11.64 68.60

DOW6 72.36 14.77 229.70

DOW7 66.22 14.49 262.46

DOW8 67.83 13.66 85.18

Afternoon IOP1

ISS2 130.34 21.29 203.15

ISS3 137.85 21.40 399.44

DOW6 116.05 20.09 480.93

DOW7 114.32 20.47 498.34

DOW8 125.18 21.21 454.85

Afternoon IOP2

ISS2 79.91 14.84 70.47

ISS3 104.91 11.23 10.22

DOW6 77.93 13.72 4.58

DOW7 74.34 14.51 288.16

DOW8 69.27 12.81 41.99

FIG. 6. Box-and-whisker plots of (a) CTP, (b) HIlow, and (c) LCL

deficit by time of day and IOP. Boxes with different colors repre-

sent radiosonde launching sites, which are identified at the top of

each panel. ISS3 and DOW8 are irrigated locations, ISS2 and

DOW7 are nonirrigated locations, and DOW6 is a transitional

land-use zone (from irrigated to nonirrigated).
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mornings of IOP1 and IOP2, and nonclear afternoons of

IOP1 and IOP2. On clear days when land-use forcing is ex-

pected to be higher, it is found that LCL deficit was the lowest

(182.5 m) in the afternoon over irrigated areas (ISS3) during

IOP2 (Table 6). It is also found that CTP (66.42 J kg21) and

HIlow (17.58 K) were the highest and the lowest, respectively,

over irrigated land use (ISS3) than the other locations in the

afternoon during IOP2 (Table 6). The difference between irri-

gated and nonirrigated land uses for CTP and HIlow was sta-

tistically significant. Similar results were found during IOP2

clear mornings; however, the difference between irrigated

and nonirrigated land uses is not statistically significant. These

results are further shown in Figs. 7a–c.

For nonclear days of IOP1 and IOP2 when larger-scale

influences were prominent, land-use influence on the atmo-

sphere and its convective environment was not as clear. How-

ever, both the afternoon and mornings of IOP2 show clearer

land-use influence via lower HIlow and LCL deficit and rela-

tively higher CTP. Further assessment shows that the second

lowest HIlow and the second highest CTP during the after-

noon hours of IOP2 occurred over irrigated areas, coincident

with a negative LCL deficit, suggesting favorable conditions

for cloud development. Hence, irrigation impacts are discern-

ible even when a large-scale atmospheric influence is present.

A further summary of the results is presented in Figs. 8a–l

with a focus on IOP2 when irrigation impacts are most promi-

nent. The CTP and HIlow values and observed data from the

three DOW sites were used and supplemented by two nearby

National Weather Service operated radars (the KOAX and

KUEX; National Centers for Environmental Information 2022).

These data were used to determine whether convection was pos-

sible and identify the observed convection. Data were aggre-

gated under three categories: no convection possible (NCP),

convection observed (CO), and convection possible but not

observed (CPNO). When a CTP value was negative and/or a

HIlow value was 15 or higher, it was concluded that conditions

were not favorable for convection. In other words, the atmo-

sphere was either too dry or too stable for precipitation to oc-

cur (Table 1). When a CTP and HIlow value fulfilled any of the

other categories, but there was no convection observed from a

2-h span between soundings, then it was identified that convec-

tion was possible, but not observed (CPNO). Otherwise, there

was observed convection (CO).

Overall (without separating the data between clear and

nonclear days and between morning and afternoon), it is

found that, compared to nonirrigated land use, total CO was

only 1% higher over irrigated areas during IOP2 (Figs. 8a,b).

However, compared to nonirrigated land use, CPNO observa-

tions were 4% higher over irrigated land use (Figs. 8a,b). In

addition, when we separate the data by clear and nonclear

days, we have found that CPNO was 28% higher over irri-

gated areas (Figs. 8c,d).

On the other hand, when coupling metrics and radar obser-

vations were assessed for all mornings, the frequency of CO

and CPNO was 4% higher while that of NCP was 9% lower

for irrigated land use (Figs. 8e,f). Thus, in this case, irrigated

TABLE 6. Mean CTP, HIlow, and LCL deficit (LCL–PBL) for clear morning of IOP1 and IOP2, clear afternoon of IOP1 and IOP2,

nonclear morning of IOP1 and IOP2, and nonclear afternoon of IOP1 and IOP2. Statistical significance tests for the differences in

means are completed for irrigated ISS3 vs nonirrigated ISS2, irrigated DOW8 vs ISS2, and irrigated ISS3 vs transitional DOW6. For

brevity, significance tests were not completed for all possible combinations (e.g., ISS3 vs DOW7). Bold values represent those which

have a p # 0.1 in t tests, while bold and italicized values represent those which have a p # 0.05.

Site name CTP (J kg21) HIlow (K) LCL deficit (m) Site name CTP (J kg21) HIlow (K) LCL deficit (m)

Clear morning IOP1 Clear morning IOP2

ISS2 54.33 13.94 284.71 ISS2 230.18 29.10 254.33

ISS3 55.69 17.96 429.43 ISS3 91.07 22.43 177.75

DOW6 55.26 16.49 509.46 DOW6 21.57 26.27 338.34

DOW7 48.75 15.25 458.92 DOW7 23.80 27.23 390.13

DOW8 47.42 16.75 325.27 DOW8 38.67 23.17 145.53

Clear afternoon IOP1 Clear afternoon IOP2

ISS2 158.06 18.48 68.35 ISS2 227.68 31.86 264.94

ISS3 185.19 20.84 347.25 ISS3 66.42 17.58 182.5

DOW6 163.64 19.56 384.55 DOW6 25.72 25.50 392.52

DOW7 153.80 20.25 434.71 DOW7 20.48 26.46 417.84

DOW8 170.90 20.40 325.55 DOW8 1.16 20.58 410.62

Nonclear morning IOP1 Nonclear morning IOP2

ISS2 115.62 23.14 444.13 ISS2 110.00 9.51 91.07

ISS3 124.34 22.85 443.83 ISS3 84.58 7.72 24.93

DOW6 143.31 23.70 601.86 DOW6 92.68 10.18 186.25

DOW7 129.00 24.12 691.91 DOW7 83.19 9.40 211.40

DOW8 112.79 22.34 559.22 DOW8 79.49 9.86 61.05

Nonclear afternoon IOP1 Nonclear afternoon IOP2

ISS2 116.47 22.70 280.17 ISS2 119.03 8.65 29.31

ISS3 114.18 21.68 429.26 ISS3 118.91 8.92 260.46

DOW6 90.32 20.37 536.00 DOW6 112.25 8.89 2154.58

DOW7 93.55 20.59 534.71 DOW7 95.89 9.73 2295.74

DOW8 101.12 21.64 528.74 DOW8 96.52 9.71 2109.24
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FIG. 7. Box-and-whisker plots of (a) CTP, (b) HIlow, and (c) LCL deficit by IOP, cloud cover,

and time of day. Boxes with different colors represent radiosonde launching sites, which are

identified at the top of each panel. ISS3 and DOW8 are irrigated locations, ISS2 and DOW7

are nonirrigated locations, and DOW6 is a transitional land-use zone (from irrigated to

nonirrigated).
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FIG. 8. Convective possibilities for (a) ISS2, IOP2; (b) ISS3, IOP2; (c) ISS2, clear IOP2; (d) ISS3, clear IOP2;

(e) ISS2, morning IOP2; (f) ISS3, morning IOP2; (g) ISS2, afternoon IOP2; (h) ISS3, afternoon IOP2; (i) ISS2, clear

morning IOP2; (j) ISS3, clear morning IOP2; (k) ISS2, clear afternoon IOP2; and (l) ISS3, clear afternoon IOP2. NCP

is no convection possible, CO is convection observed, and CPNO is convection possible but not observed. ISS3 and

ISS2 are irrigated and nonirrigated locations, respectively.
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land use favors convection. For all afternoons (not separating

between clear and nonclear days), irrigated land use favors

convection slightly more (CO 1 CPNO) than nonirrigated

land use (Figs. 8g,h). However, when we assess observations

from clear mornings, the frequency of CPNO was 25% higher

over irrigated areas (Figs. 9i,j), while it was 31% higher during

afternoons (Figs. 8k,l). Hence, irrigated land use was favoring

convective development during clear conditions, regardless of

morning or afternoon.

4. Discussion

L–A interactions are complex. Irrigated LULCC and the

resultant increase in soil moisture add further intricacies to

this relationship. The unique GRAINEX dataset allowed us,

for the first time, to investigate L–A interactions over irrigated

and nonirrigated conditions side by side and for different atmo-

spheric conditions (clear vs cloudy, with the latter sometimes

under larger-scale synoptic and advective influences), different

periods of the growing season, and throughout the day (e.g.,

morning vs afternoon). Irrigation, and the resultant increase in

soil moisture, creates a wet soil advantage and favors wet cou-

pling due to modified heat flux partitioning and via L–A feed-

back (Roundy and Santanello 2017).

This paper quantified L–A interactions under a wide vari-

ety of conditions using a framework developed by Findell and

Eltahir (2003a,b) and the formulation modified by Ferguson

and Wood (2011). A key advantage of this study is that it

used radiosonde data collected throughout the day (eight ob-

servations per day) as opposed to only morning data (one ob-

servation per day) used by Findell and Eltahir (2003a,b).

Hence, the data collected during GRAINEX allowed us to

expand on Findell and Eltahir (2003a,b) and investigate L–A

interactions and irrigation’s influence during the latter part of

the day (e.g., afternoon) when convection typically develops.

However, it should be noted that the CTP methodology of

Findell and Eltahir (2003a,b) was developed with morning

soundings in mind, in which the effect of the residual thermo-

dynamic structure from the previous night is included. While

the morning CTP can still be interpreted using the theoretical

framework developed by Findell and Eltahir (2003a), the

CTP from the afternoon soundings is different given that the

boundary layer has already developed at that point. CTP dur-

ing the afternoon still represents the same physical quantity

as the morning CTP; however, the interpretation of the value

is different given that CTP is no longer representative of

the residual boundary layer’s properties, but rather of the de-

veloped boundary layer of that day. So, rather than looking at

CTP as representing the potential for convection later in the

day, it is representative of how the boundary layer developed

through the day (toward a dry adiabatic profile in the case of

larger CTP values compared to the morning or maintaining a

moist adiabatic profile in the case of smaller afternoon CTP

values). Thus, the afternoon CTP aids in the identification of

when sensible (in the case of larger afternoon CTP values) or

latent (in the case of smaller afternoon CTP values) heat

fluxes are driving boundary layer property changes through-

out the day.

It is well known that favorable conditions for convective de-

velopment (and precipitation) can occur due to 1) advection

of moisture linked to large-scale circulation, 2) utilization of

moisture linked to local sources including land use (irrigation

FIG. 9. Summary of the impacts of LULCC on L–A coupling metrics and convective outcomes.
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in this case), and 3) a combination of both. It is also possible

that the large-scale influence dominates and overshadows/

suppresses local (e.g., land use/irrigation) influences on low-

level atmospheric development and any resultant precipita-

tion. In this study, it was found that irrigation’s influence can

be sufficiently large so that it provides favorable environment

for convection and cloud development under a variety of

conditions.

Results suggest that, with a few exceptions, the transition

from the early growing season (early June/early summer) to

the peak growing season (late July/peak summer) leads to a

decline in CTP, HIlow, and LCL deficits. In other words, as

we moved from IOP1 to IOP2, average CTP, HIlow, and LCL

deficits all decreased. Although CTP declined, it was well

above zero in all cases. As a result, the CTP values during

IOP2, along with lower HIlow and LCL deficit, offered overall

favorable conditions for convection. Additionally, with the

transition from the early summer (IOP1) to the peak summer

(IOP2) and increased irrigation, conditions became more fa-

vorable for convective development over irrigated land use.

Note that ISS2 and ISS3 are located over nonirrigated and ir-

rigated land uses, respectively. The DOW sites are located in

the irrigated (DOW8), nonirrigated (DOW7), and boundary

between irrigated and nonirrigated land uses (transitional)

(DOW6). LCL deficits during IOP1 were the lowest for nonir-

rigated land use and the highest for the transition zone be-

tween irrigated and nonirrigated land uses. During IOP1,

naturally occurring soil moisture was higher over nonirrigated

land use (e.g., Fig. 3c, Rappin et al. 2021), which supports

rainfed agriculture. This also leads to higher ET and results in

a lower LCL deficit. On the other hand, for IOP2, HIlow
values for irrigated ISS3 were the lowest of all the sites. This

suggests that the increase in moisture due to irrigation re-

sulted in lower HIlow for the ISS3 site than all other sites.

Thus, land use impacted the convective environment with the

effect further evident during IOP2 when irrigation is wide-

spread (e.g., Fig. 3c; Rappin et al. 2021).

After aggregating the metrics by IOPs, LCL deficit and

HIlow show a statistically significant difference between irri-

gated and nonirrigated land uses for clear days during IOP1

and IOP2. Similar results were found for CTP but only during

IOP2. Clear days in IOP1 observed higher HIlow over irri-

gated land use than the other sites. Additionally, over irri-

gated land use, LCL deficits were higher than nonirrigated

land use. This changed with clear days in IOP2 where HIlow
and LCL deficits were lower over irrigated land use than non-

irrigated land use. For nonclear days in IOP1 and IOP2, dif-

ferences in CTP and HIlow were not statistically significant

between irrigated and nonirrigated land uses. However, LCL

deficits showed statistically significant differences during non-

clear days in IOP1, with irrigated land use reporting lower

LCL deficits than nonirrigated cropland. These results were

impacted by the presence of synoptic forcing causing similari-

ties in the results.

Analyzing the metrics by day with and without cloud cover

(i.e., clear vs nonclear) allows for an understanding of cloud

cover impacts on CTP, HIlow, and LCL deficits in the context

of land use (irrigated vs nonirrigated). Note that cloud cover

can indicate the presence of large-scale synoptic influence. It

is found that during cloudy days (regardless of time of the

growing season; i.e., IOP1 or IOP2), differences in CTP,

HIlow, and LCL deficits over irrigated versus nonirrigated

land uses are statistically not significant. On the other hand,

for clear days, differences in CTP, HIlow, and LCL deficits

over irrigated and nonirrigated land uses are statistically sig-

nificant. The CTP and HIlow values for the transitional land-

use area were generally in between, compared to values from

irrigated and nonirrigated areas.

Aggregating and analyzing the metrics by time of day shows

increases in CTP for the ISS sites from morning to afternoon.

These changes were not observed in the DOW sites. Changes

in HIlow from morning to afternoon were negligible for all

sites. As expected, LCL deficits decreased from morning to

afternoon with the diurnal cycle enhancing mixing, and thus,

PBLH increased and the LCL deficit decreased.

Analyzing the data by time of day and IOP, it was found

that the difference in morning CTP values between irrigated

and nonirrigated land uses was not statistically significant for

IOP1 and IOP2. However, differences in LCL deficit between

irrigated and nonirrigated land uses for IOP1 and IOP2

mornings were statistically significant. LCL deficits during

mornings in IOP1 (IOP2) were the lowest for nonirrigated

(irrigated) land use. The LCL deficit values for the afternoons

were notably lower for all sites during IOP2 when irrigation

was widespread. However, nonirrigated ISS2 and irrigated

ISS3 observed the highest and one of the lowest LCL deficit

values, respectively. Compared to IOP1 and overall, HIlow
values were favorably lower during IOP2. The irrigated ISS3

and DOW8 sites observed two of the lowest values of HIlow in

the morning and afternoon, indicating more favorable condi-

tions for convection over irrigated land use.

The role of cloud cover and time of day was also considered

in the context of L–A interactions. Differences in CTP be-

tween irrigated and nonirrigated sites were statistically signifi-

cant for both clear mornings and clear afternoons, where CTP

values were higher for irrigated land use than for nonirrigated

land use. For clear afternoons, HIlow was favorably lower

over irrigated land use than nonirrigated land use. For non-

clear mornings and afternoons, observed differences for CTP

and HIlow over irrigated and nonirrigated land uses were sta-

tistically not significant. However, the LCL deficits during

nonclear mornings were statistically significantly different,

with irrigated land use observing a lower LCL deficit than

nonirrigated land use. Again, it is evident that under clear

conditions irrigated land use provides a more favorable envi-

ronment for convective development. After further analyzing

the coupling metrics by IOPs, cloud cover, and time of day,

results show similar impacts. Based on the CTP and LCL defi-

cit, it can be noted that even under nonclear conditions (i.e.,

under large-scale synoptic influence) the influence of irriga-

tion for convective development is noticeable.

Overall, there is one sustained factor that influenced these

three L–A coupling metrics and thus the convective environ-

ment: irrigation and the related increase in surface moisture.

Increases in surface moisture lead to increases in CTP and fa-

vorable decreases in HIlow and LCL deficit over irrigated land
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use. The impacts of irrigation are most prominent during

IOP2 (in other words the peak growing period) when the ap-

plication of irrigation increases, leading to increased soil mois-

ture. It is clear that land use and vegetation cover/crop

growth phases (represented by IOP1 and IOP2) are a domi-

nant influence on L–A interactions and altered convective

potential.

5. Summary remarks

LULCC and substantial irrigation expansion took place

during the second half of the twentieth century in Nebraska

and elsewhere. To better understand the impacts of irrigation

on L–A interactions, the GRAINEX field campaign was con-

ducted. The data from the field campaign were used to calcu-

late three L–A coupling/interaction metrics, including CTP,

HIlow, and LCL deficit to quantify the influence of irrigated

and nonirrigated land uses on the lower atmosphere and

convection.

Composites of CTP, HIlow, and LCL deficits were calcu-

lated for two 15-day periods of the growing season of 2018.

Over 1000 soundings launched over these two periods (total

of 30 days) were used to calculate CTP, HIlow, and LCL defi-

cit. As shown in Table 2, these calculations (i.e., metrics) were

then grouped by IOP (IOP1 and IOP2), cloud cover (clear

and nonclear days), cloud cover (clear and nonclear days dur-

ing IOP1 and IOP2), time of day, time of day (morning and

afternoon) for IOP1 and IOP2, and time of day (morning and

afternoon) for clear and nonclear days, and time of day

(morning and afternoon) for clear and nonclear days during

IOP1 and IOP2. The analyses were completed to further un-

derstand the land surface influence on the convective environ-

ment. We recognize that in some cases, “clean” separation of

clear versus nonclear days may not be as clean. Nonetheless,

we are confident that our results are satisfactory because they

agree with the conceptual understanding of L–A interactions

under irrigated and nonirrigated land uses.

This study finds that with higher CTP, lower HIlow, and

lower LCL deficit, irrigated land use will yield a more favor-

able environment for convection. When separated by IOPs,

HIlow was found to be lower for irrigated cropland than for

nonirrigated land use (Table 3). When separated by cloud

cover, CTP values were found to be higher over irrigated

cropland than nonirrigated land use. Compared to nonirri-

gated land use, LCL deficits during the peak growing season

(IOP2) are favorably lower over irrigated land use, which is

conducive for convection (Tables 4–6). Figure 9 summarizes

the findings of this research.

Irrigation’s relationship with weather and climate is complex,

but the observations from GRAINEX and analyses completed

for this research have made this relationship clearer. However,

further analysis of GRAINEX data and supporting mesoscale

modeling research needs to be undertaken to gather new insight

into mesoscale circulations in the context of LULCC and irriga-

tion. In addition, a “climatology” is established for one growing

season. Analysis of data for additional growing seasons would

be helpful to better understand the connections between irriga-

tion, land use, and convection.

In this vein, nocturnal convection is common for south-central

and southeast Nebraska (Reif and Bluestein 2017; Geerts et al.

2017). It is shown in this and other GRAINEX data-based stud-

ies (Rappin et al. 2021; Lachenmeier et al. 2024) that irrigation

can result in higher near-surface and lower-tropospheric mois-

ture content. We suggest that the elevated moisture content due

to irrigation may potentially interact with nocturnal processes

and impact nocturnal convection. The radiosonde observations

during GRAINEX were primarily focused on daytime. In the

future, new research using nighttime observations would assist

in further understanding the role of irrigation on nocturnal con-

vection. Future research may also include modeling studies to

understand the impacts of irrigation on selected and representa-

tive weather conditions. Moreover, seasonal-scale modeling re-

search needs to be undertaken to better understand the

downstream impacts of irrigation on precipitation.
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