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ABSTRACT: Modification of grasslands into irrigated and nonirrigated agriculture in the Great Plains resulted in significant
impacts on weather and climate. However, there has been lack of observational data—based studies solely focused on impacts of
irrigation on the PBL and convective conditions. The Great Plains Irrigation Experiment (GRAINEX), conducted during the
2018 growing season, collected data over irrigated and nonirrigated land uses over Nebraska to understand these impacts. Spe-
cifically, the objective was to determine whether the impacts of irrigation are sustained throughout the growing season. The data
analyzed include latent and sensible heat flux, air temperature, dewpoint temperature, equivalent temperature (moist enthalpy),
PBL height, lifting condensation level (LCL), level of free convection (LFC), and PBL mixing ratio. Results show increased par-
titioning of energy into latent heat relative to sensible heat over irrigated areas while average maximum air temperature was de-
creased and dewpoint temperature was increased from the early to peak growing season. Radiosonde data suggest reduced
planetary boundary layer (PBL) heights at all launch sites from the early to peak growing season. However, reduction of PBL
height was much greater over irrigated areas than over nonirrigated croplands. Relative to the early growing period, LCL and
LFC heights were also lower during the peak growing period over irrigated areas. Results note, for the first time, that the im-
pacts of irrigation on PBL evolution and convective environment can be sustained throughout the growing season and regard-
less of background atmospheric conditions. These are important findings and applicable to other irrigated areas in the world.

SIGNIFICANCE STATEMENT: To meet the ever-increasing demand for food, many regions of the world have
adopted widespread irrigation. The High Plains Aquifer (HPA) region, located within the Great Plains of the United
States, is one of the most extensively irrigated regions. In this study, for the first time, we have conducted a detailed
irrigation-focused land surface and atmospheric data collection campaign to determine irrigation impacts on the atmo-
sphere. This research demonstrates that irrigation significantly alters lower atmospheric characteristics and creates
favorable cloud and convection development conditions during the growing season. The results clearly show first-order
impacts of irrigation on regional weather and climate and hence warrant further attention so that we can minimize neg-
ative impacts and achieve sustainable irrigation.
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1. Introduction

A number of studies in the past investigated impacts of
land-use/land-cover change (LULCC) on weather and climate
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around the world (Gullison et al. 2007; Pielke et al. 2007,
2011, 2016; Mahmood et al. 2014; Melillo et al. 2014; IPCC
2019; McDermid et al. 2023). Climate variables impacted in-
clude temperature, moisture content, surface short- and long-
wave radiation, and atmospheric turbulence, which impacts
momentum, heat, water vapor, and carbon dioxide fluxes
(Bala et al. 2007; Paul et al. 2016; Nair et al. 2019; Yamada
and Pokhrel 2019; He et al. 2020; Kuttippurath et al. 2021;
Maeda et al. 2021). A subset of these research addressed the
role of LULCC on the weather and climate of the Great Plains
(GP) (Mahmood and Hubbard 2002; Adegoke et al. 2003;
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FiG. 1. Map of the GRAINEX study area in southeastern Nebraska. Data collection sites
consisted of the 12 integrated surface flux system sites (ISFS), 2 integrated sounding system
sites (ISS), 3 Doppler on Wheels deployment locations (DOW), and the 75 Environmental
Monitoring, Economical Sensor Hubs (EMESH).

DeAngelis et al. 2010; Qian et al. 2013, 2020; Lawston et al.
2015; Mueller et al. 2016; Alter et al. 2018; Zhang et al. 2019;
Szilagyi and Franz 2020; Yang et al. 2020, 2019). Observations
show that a large swath of land used for agriculture in the
High Plains Aquifer (HPA) region of the central United
States (South Dakota, Nebraska, Kansas, Oklahoma, Texas,
Wyoming, Colorado, and New Mexico) is irrigated (Brown
and Pervez 2014; Ajaz et al. 2020). Increased application of
water associated with irrigation modifies energy partitioning
by reducing sensible heat flux, increasing latent heat flux and
suppressing maximum air temperature values (Kang and Bryan
2011; Seneviratne et al. 2006; Huber et al. 2014; Diffenbaugh
2009). As a result, for example, a general cooling in daytime air
temperatures has been observed over irrigated regions (Gameda
et al. 2007; Mueller et al. 2017; Alter et al. 2018; Mahmood et al.
2004, 2006, 2013). Based on these observations it can also be in-
ferred that irrigation driven LULCC in the GP (and elsewhere in
the world) potentially alter planetary boundary layer evolution
and convective environment.

To further explore these unknowns and understand the im-
pacts of the LULCC due to irrigation, the Great Plains Irriga-
tion Experiment (GRAINEX) was conducted in Nebraska in
2018 (Fig. 1). Results from this study have global implications
because irrigated agriculture has expanded rapidly around
the world since the mid-twentieth century with the so-called
green revolution and potentially will continue to further ex-
pand over the coming decades to meet the global demand for
food. In addition, to the best of our knowledge, this is the first
field campaign solely focused on impacts of irrigation on
land-atmosphere (L-A) interactions. This study, for the first
time and based on observational data, identified the impacts of
irrigation on convective environment throughout the growing
season (late May through early August), as opposed to under

specific days with certain background atmospheric conditions,
and when land surface condition also changed in response to
crop growth and its water demand. In addition, the study region
represents an area where nonirrigated agricultural land transi-
tions into widespread irrigated agricultural land (Mahmood and
Hubbard 2002; Adegoke et al. 2003; Lawston et al. 2015). The
transition from one type of land use to another (nonirrigated to
irrigated in this case), provided an additional opportunity to as-
sess the impacts of these land uses on the atmosphere under a
unique setting.

The specific objective of this paper is to investigate impacts
of irrigated and nonirrigated land use on the latent and sensible
heat flux, near-surface air temperature and moisture, planetary
boundary layer (PBL) evolution, and changes in convective
measures such as lifting condensation level (LCL) and level of
free convection (LFC) under clear- and nonclear-sky condi-
tions. The current paper has built and significantly expanded
upon the findings of Rappin et al. (2021). The latter paper pro-
vided an overview of the GRAINEX field campaign, observa-
tion platforms and network; and discussed overall land surface
conditions over irrigated and nonirrigated land uses and their
influences. In addition, Rappin et al. (2021) presented detailed
assessment of evolution of the planetary boundary layer during
22-24 July 2018, over irrigated and nonirrigated areas. On the
other hand, the current paper presents results from the analysis
of data from the entire field campaign including early and midg-
rowing seasons over irrigated and nonirrigated land use and
demonstrate their influence on the near-surface meteorology.
These periods are referred to as intense observation period 1
(IOP 1: 30 May-13 June 2018; early growing season) and in-
tense observation period 2 (IOP 2: 16-30 July; peak growing
season). The window of dates for IOP 1 was chosen in an effort
to observe L-A interactions amid the early onset of irrigation
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TABLE 1. GRAINEX ISFS sites and their locations (source: Rappin et al. 2021). All sites are located in Nebraska.

Site Nearest town Lat (°N) Lon (°E) LULC Flux sensor mounting height (m)
1 Benedict 41.00 —97.54 Irrigated 6
2 York 40.88 —97.54 Irrigated 6
3 Exeter 40.66 —97.48 Irrigated 6
4 Beaver Crossing 40.78 —97.33 Irrigated 6
5 Friend 40.66 -97.33 Irrigated 6
6 Wilber 40.46 —97.03 Irrigated 6
7 Loma 41.14 -96.97 Nonirrigated 45
8 Panama 40.57 —96.46 Nonirrigated 6.5
9 Elmwood 40.82 —96.34 Nonirrigated 6.5

10 Unadilla 40.65 —96.27 Nonirrigated 6.5

11 Unadilla 40.69 -96.22 Nonirrigated 4.5

12 Cook 40.48 —96.20 Nonirrigated 5.5

(i.e., a rapid increase in moisture availability in both surface and
subsurface regions). IOP 2 was chosen to capture L-A interac-
tions during the peak growing season when the irrigation
amount is maximized in response to crop-water demand. In the
paper, IOP 1 and the early growing season and IOP 2 and the
peak growing season are used interchangeably.

2. Data and methods
a. Field campaign and observation platforms

The GRAINEX field campaign was conducted in southeast
Nebraska from late May through early August of 2018.
Nebraska, located within the North American Great Plains, is
one of the most extensively irrigated regions in the world
(Bonfils and Lobell 2007; Lobell et al. 2009). The primary
source of water is the High Plains Aquifer, which is also
known as the Ogallala Aquifer. As shown in Fig. 1, an exten-
sive area of irrigated cropland is found in the western part of
the study area and nonirrigated rainfed cropland is generally
found to the east. Corn and soybeans are prevalent crops in
the study area. During the field campaign, IOP 1 experienced
several rain events (Rappin et al. 2021). This condition also re-
sulted in periods of cooler and drier days. Like IOP 1, IOP 2
also experienced periodic sunny and partly sunny conditions
alternated by showers and thunderstorms (Rappin et al. 2021).

A wide range of observational platforms were used for data
collection. These included 12 eddy covariance Integrated Surface
Flux Systems (ISFS; NCAR Earth Observing Laboratory 1990),
2 Integrated Sounding Systems (ISS; NCAR Earth Observing
Laboratory 1997), and 3 Doppler on Wheels (DOW) mobile
radar units (Wurman et al. 2021), which also deployed radio-
sondes and Environmental Monitoring, Ecological Sensor Hubs
(EMESH; Rappin et al. 2021). The National Aeronautics and
Space Administration (NASA) also participated by collecting soil
moisture data using radiometers mounted on a Twin Otter air-
craft. This paper focuses on the analyses of data from the ISFS,
ISS, and DOW platforms, and hence we will not discuss EMESH
and NASA data. Description of the instrumentation, data col-
lected, and quality of data collected by ISFS, ISS, and DOW are
discussed in the following sections. [For additional details on all
observation platforms and instrumentation, see online (https://
www.eol.ucar.edu/field_projects/grainex).]

b. ISFS

A total of 12 ISFS sites were deployed for the GRAINEX
campaign (Tables 1 and 2). Six sites were deployed in irri-
gated crop environments, six in nonirrigated (Fig. 1). The six
irrigated sites were located in the western irrigated part of the
study area (i.e., west of the Big Blue River), and the remain-
ing six were in the eastern nonirrigated part. The meteorologi-
cal parameters measured at the ISFS sites included latent and

TABLE 2. Parameters measured at each GRAINEX ISFS site (source: Rappin et al. 2021).

Parameter Sensor Mounting height/depth (m)
Air temperature; relative humidity NCAR TRH 2
Air pressure Vaisala PTB220 and PTB2010 barometers; 2

Paroscientific nanobarometer

Fluxes of momentum, sensible and latent heat, Campbell CSAT3A/EC150 4.5-6
and carbon dioxide
Horizontal wind speed/direction Gill WindObserver 2D sonic anemometer 10
Precipitation (rain) MRI tipping bucket 2
Radiation (four components) Hukseflux NRO1 integrated radiometer 2
Soil heat capacity Hukseflux TPO1 0.025
Soil heat flux REBS HFT 0.05
Soil moisture Decagon EC-5 0.025
Soil temperature profile NCAR Tsoil 0-0.05
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TABLE 3. Measurements at the ISS location: nonirrigated Rogers Memorial Farm (latitude 40.84°N, longitude 96.47°W) and irrigated
York Municipal Airport (latitude 40.89°N, longitude 97.63°W).

System Measurement Sensor
Upper air Cloud height Vaisala CL31 and CL51 ceilometer
Sounding variables Vaisala MW41/RS 41 radiosondes
Wind profile LAP3000 915 MHz DBS radar wind profiler with RASS
Surface Pressure Vaisala PTB210

Radiation (four components)

Precipitation (rain)

Meteorological summary: temperature, relative
humidity, precipitation type, precipitation

Hukseflux NRO1
HAS tipping bucket
Lufft WS700/800 weather sensors

intensity, precipitation quantity, air pressure, wind

direction, wind speed, and radiation

sensible heat fluxes, air temperature, relative humidity, pres-
sure, precipitation, wind speed, wind direction, incoming and
outgoing solar radiation, and soil moisture. The entire dataset
was quality-controlled and released to the NCAR Earth Ob-
serving Laboratory data portal as 5-min averages in NetCDF
format (https:/www.eol.ucar.edu/observing_facilities/isfs).

c. ISS

In addition to the ISFS sites, two ISS sites were assigned in
an effort to capture anomalies in the PBL associated with irri-
gated and nonirrigated agricultural practices (Table 3). One
ISS site was located at the York Airport in York, Nebraska, a
small airfield in the area. Nearby crop fields are extensively ir-
rigated and radiosonde launches were conducted in an area
removed from runway activities. The second ISS site was lo-
cated at Rogers Memorial Farm (Rogers Farm), a test farm
east of Lincoln that is owned and operated by the University
of Nebraska. This site lies within the confines of the nonir-
rigated ISFS sites. Radiosonde launches took place simul-
taneously at 2-h intervals from sunrise [approximately
0500 local standard time (LST)] to sunset (approximately
1900 LST) each day. Thus, eight radiosonde launches were com-
pleted each day from each site resulting in about 480 launches
(8 launches X 2 sites X 30 days = 480 launches) over IOPs 1
and 2. These sites also included a wind profiler, a ceilometer and
collected surface meteorological observations. At the ISS sites,
Vaisala RS41-SGP radiosondes were utilized. Measurement
errors (=) for the Vaisala radiosonde are 0.3°C, 4%, 1.0 hPa,
10 m, and 0.15 m s~ ! for temperature, relative humidity, pres-
sure, height, and wind speed, respectively.

These sites were only operational during IOP 1 and 2,
therefore, this analysis of the GRAINEX data highlights
events constrained by these time windows. They (ISS 2 and 3)
provide the most comprehensive dataset of this type for inves-
tigation of impacts of land use, including irrigation, on the
lower atmosphere.

d. DOW

Three DOW units were deployed and located over irrigated,
nonirrigated and over a transition region between irrigated and
nonirrigated land uses (Fig. 1). The DOW sites conducted radio-
sonde launches, which corresponded to the launch times of the
ISS sites (8 launches X 3 sites X 30 days = 720 launches). The

DOW sounding sites launched Graw DFM-09 radiosondes bi-
hourly from 0500 until 1900 LST each day of the IOP. These
sondes measure temperature, relative humidity, pressure, height,
and wind speed. Observation errors () are less than 0.2°C, 4%
RH, 0.3 hPa, 10 m, and 02 ms™ !, respectively.

e. PBLH, LCL, and LFC

To compute PBL height (PBLH), the base of the lowest
temperature inversion is identified in the sounding data. If
this inversion is located at the surface (i.e., the nighttime
surface-based inversion), then the top of the inversion is iden-
tified as the PBLH. For cases where no inversion is located
below 600 hPa, then a parcel mixing method (Seidel et al.
2010) is utilized. In this methodology, a hypothetical surface
parcel is displaced vertically until the potential temperature is
equivalent to the environment. The height at which this oc-
curs is the PBLH. The 600-hPa threshold for switching from
the inversion-based method to the mixing technique is based
on visual inspection of the sounding profiles to prevent misi-
dentification of remnant layers as the PBL top. When com-
pared with hand-picked PBLHs for 240 soundings from the
ISS 3 site, this methodology produces a correlation coefficient
of 0.72, an RMSE of 498.7 m, and a mean bias of —202.1 m.
These errors are within the variability arising from differences
in daytime PBLH-identification methodology of common
techniques such as inversion height, parcel mixing, and index
of refraction techniques (Seidel et al. 2010).

LCL is computed using the MetPy python package (May et al.
2022). MetPy accomplishes this by computing LCL dewpoint
from the surface pressure. Then LCL pressure is computed us-
ing surface temperature and dewpoint. The computation is re-
peated using the new pressure, temperature, and dewpoint
values until convergence is reached. The LFC is calculated as
the first level at which a surface parcel lifted dry then moist adi-
abatically and possesses a temperature that is warmer than the
environmental temperature and above the LCL. This is consis-
tent with the definition provided in the Glossary of Meteorology
(American Meteorological Society 2022).

f- Equivalent temperature

Further insight into the L-A interactions and influence of
irrigation can be determined by using equivalent temperature
Tr (Lachenmeier 2020), a measure best utilized for expressing
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changes in heat content related to changes in moisture (i.e.,
moist enthalpy) (Pielke et al. 2004; Younger et al. 2019;
Zhang et al. 2019). Equivalent temperature can be expressed
as follows:

H=CT+ Ly, 1)

where H is moist enthalpy (J Kg™'), C,, is the isobaric specific
heat of air (1005 J Kg~' K™1), T'is air temperature (K), L, is
the latent heat of vaporization (2.5 X 10°J kg™!) and ¢ is spe-
cific humidity. Since mixing ratio is related to specific humid-
ity (American Meteorological Society 2020), we have used
the following expression to derive the latter:

qg=ri(r+1), ?2)

where r is the mixing ratio. Mixing ratio is calculated from va-
por pressure of the air and atmospheric pressure where vapor
pressure was calculated using Bolton’s equation (Bolton
1980). To convert moist enthalpy into units of temperature (K),
the following expression is used:

T, = HIC,. 3)

the Tgs were then compared with observed air temperatures
at the individual ISFS sites and later averaged over the six ir-
rigated and six nonirrigated sites separately.

3. Results

a. Near-surface air temperature and dewpoint
temperature

Utilizing observations at 5-min intervals, 30-min and daily
averages were calculated (Lachenmeier 2020). Daily mini-
mum and maximum values were also considered during the
analysis. To understand changes in these variables linked to
land use, averages from six locations over irrigated and
six over nonirrigated were calculated (Figs. 2a,b). Air and
dewpoint temperature analyses reveal notable differences in
near-surface meteorological conditions over irrigated and
nonirrigated land uses during the early growing season (IOP 1)
and the peak growing season (IOP 2). Applications of ¢ tests
show that differences are statistically significant (p < 0.05) dur-
ing IOP 2 for both air and dewpoint temperature.

During IOP 1, relative to over nonirrigated land use, aver-
age maximum air temperature was slightly higher (0.29°C)
over irrigated areas. Subsequently, transition to increased irri-
gation started and resulting lowering of temperature over irri-
gated areas have begun during the inter-IOP period. As
irrigation further increased, temperature was 0.60°C lower
over irrigated land use than over nonirrigated land use for
IOP 2 (Fig. 2a). This was due to the applications of irrigation
resulting in higher latent and lower sensible heat fluxes (fur-
ther discussion is provided in the following section) during
the peak growth period of the plants (IOP 2).

Much like air temperature, the difference between dew-
point temperature over irrigated and nonirrigated croplands
was small in the early growing season (IOP 1). Around the
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FIG. 2. Thirty-minute (a) air temperatures and (b) dewpoint tem-
peratures averaged over the six irrigated and six nonirrigated sites
during the growing season of 2018; temperature starts to decrease
and dewpoint temperature starts to increase over irrigated areas
around after 22 Jun as irrigation increases. Note that a comparison
of irrigated and nonirrigated air temperatures during IOP 1 re-
sulted in no statistical significance, but for IOP 2 comparisons re-
sulted in statistically significant differences (p < 0.05). Limited irri-
gation during IOP 1 played an important role in this result. The
same results apply for dewpoint temperature. The difference (irri-
gated minus nonirrigated) shown by the black line is the maximum
from the irrigated sites minus the maximum from the nonirrigated
sites for a given day.

first week in July, when irrigation applications became more
frequent, dewpoint temperatures at the irrigated sites were
noticeably higher than the nonirrigated sites. It is found that
average maximum dewpoint temperature over irrigated areas
was 22.67°C, and for nonirrigated areas it was 21.57°C during
IOP 2. Hence, it was 1.10°C higher over irrigated areas during
IOP 2. Dewpoint temperature was 0.45°C lower over irrigated
areas during IOP 1. Figure 2b depicts this midseason shift and el-
evated dewpoint temperatures over irrigated sites during IOP 2.

b. Heat flux

During IOP 1 and 2, latent heat flux was greater than sensi-
ble heat flux over both irrigated and nonirrigated land uses.
When daily averages for IOP 1 (Fig. 3a) and IOP 2 (Fig. 3b)
were compared, a consistent difference between latent and
sensible heat flux values was observed with latent heat fluxes
dominating the daily averages. For IOP 1, higher values of
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FIG. 3. Daytime (0500-1900 LST) average latent (LE) and sensi-
ble (H) heat flux for irrigated and nonirrigated sites during (a) IOP 1
and (b) IOP 2. For IOP 1 for irrigated and nonirrigated, LE is 187
and 172 W m ™2, respectively, and H is 65 and 72 W m ™2, respec-
tively. For IOP 2 for irrigated and nonirrigated, LE is 180 and
159 W m 2, respectively, and H is 43 and 60 W m ™, respectively.

latent heat flux were associated with higher soil moisture
linked to precipitation events, whose onset can be identified
in the air temperature, dewpoint temperature, and soil mois-
ture observations. Given the relatively wet conditions during
the early growing season of 2018, the response observed on
2 June (Fig. 3a) was similar to the response produced from irri-
gation application days in IOP 2 (Fig. 3b). Therefore, in 2018,
the early growing season latent heat flux was partly influenced
by precipitation and resultant changes in soil moisture while
during the peak growing season it was largely influenced by ap-
plications of irrigation (Rappin et al. 2022). Again, it is evident
that both IOP 1 and IOP 2 produced higher latent heat flux
while sensible heat flux was lower. During IOP 1, relative to
over nonirrigated land use, latent heat flux was 15 W m 2
higher over irrigated areas and sensible heat flux was 7 W m >
lower (Fig. 3a). Similar differences between irrigated and nonir-
rigated land use were observed during IOP 2. However, these
differences were greater in magnitudes. Latent heat flux for
irrigated areas was 20 W m™ 2 higher, on the average, than
for nonirrigated areas while sensible heat flux was 17 W m ™2
lower (Fig. 3b). Furthermore, 30-min data show statistically sig-
nificant differences (p < 0.05) in fluxes between irrigated and
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FIG. 4. Daytime (0500 to 1900 LST) average equivalent tempera-
ture Tf and air temperature difference 7r — T for irrigated and
nonirrigated sites during (a) IOP 1 and (b) IOP 2.

nonirrigated land uses during IOP 2. These differences provide
a clear indication of the changes in land-atmospheric interac-
tions due to irrigation. In addition, a further summary of the
data is provided in a Bowen ratio plot (see Fig. S1 in the on-
line supplemental material).

C. TE

It is indicated previously in the methodology section that
T provides total heat content (dry + moist) of the atmo-
sphere (Pielke et al. 2004; Younger et al. 2019). Hence, irriga-
tion should increase atmospheric moisture and moist heat
content, leading to an increase in total heat content (Zhang
et al. 2019). The T, thus, provides an additional measure for
understanding the impacts of irrigated land use (and land-use
change) on the atmosphere. A comparison of T for irrigated
and nonirrigated areas shows that differences during IOP 1
were negligible in the early growing season (Fig. 4a). Limited
irrigation applications played a role in these small differences
in Tg. During IOP 1, average daily T for irrigated sites was
58.78°C while 58.87°C was reported for nonirrigated sites. The
highest T for irrigated sites was 71.55°C and for nonirrigated
sites it was 69.45°C. In addition, the average T and air tem-
perature difference (T — T) for irrigated sites was 32.80° and
32.77°C for nonirrigated, during IOP 1. Moreover, the largest

Brought to you by NOAA Library | Unauthenticated | Downloaded 04/01/25 01:33 PM UTC



FEBRUARY 2024

5000

—— 1553-1
-®- 15532
—&— DOW6-1
~-m- DOW6-2
—A— 1552-1
k- 1S52-2

(a)

4000

3000

PBLH (m)

N
8
8
1]

711
|
T

T

1000

1100 1300

Time (LST)

1500 1700

5000

LACHENMEIER ET AL.

251

5000

( C) /R\'\ ------ -

4000

3000

LFC (m)

2000

~&— 1553-1
-®- 1553-2
~&— DOW6-1
-8~ DOW6-2
—h 1552-1
k= 1552-2

1000

0
0700 0900 1100 1300

Time (LST)

1500 1700 1900

—8— 1553-1
-@- 1S53-2
~&— DOW6-1
-8~ DOW6-2
—h— 1552-1
~k- 1552-2

4000 4

3000 +

LCL (m)

2000 +

1000 1

0900 1100 1300

Time (LST)

1500 1700 1900

o
x
=<
2
2
-
©
o
o
£
X
= 4 —= 15531
-e- 15532
-8 DOW6-1
2| -m- powe-2
—— 1552-1

~k= 1552-2

o
0700 0900 1100 1300

Time (LST)

1500 1700 1900
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LST=UTC - 6h.

average daily difference between T and air temperature for
irrigated sites was 43.39°C and, for nonirrigated sites it was
41.55°C. These differences essentially show contributions of
moisture in Tgr. As the growing season progressed and
reached a key transitional point in late June/early July from
less irrigation to consistently higher irrigation applications, a
clearer increase in Tg was observed (Fig. 4b). Irrigated site
averages were noticeably higher (on average > 2°C) during
IOP 2 than during IOP 1. Specifically, during IOP 2 average
daily T for irrigated sites was 62.0°C, while for nonirrigated
sites it was 59.97°C. Moreover, 30-min data show a statistically
significant difference (p < 0.05) of Tx between irrigated and
nonirrigated land uses during IOP 2. In addition, the average
Tk and air temperature difference for irrigated and nonirri-
gated sites were 38.48° and 36.04°C, respectively, during IOP 2.
In an earlier study, a mean of ~60°C T during the summer
months was found in Kentucky (Younger et al. 2019). On aver-
age, T value over irrigated areas in eastern Nebraska was 62°C
during IOP 2. Thus, due to irrigation and increased atmospheric
moisture content, 7 in Nebraska was as high as in the east-
central United States during similar time periods. The results
from GRAINEX observations are also consistent with the find-
ings that show increased Tg over irrigated locations in Kansas
and Nebraska (Zhang et al. 2019).

d. PBLH and LCL, LFC, and PBL mixing ratio for
clear days

Irrigation’s impacts on PBLH (Seidel et al. 2010), LCL,
LFC, and PBL mixing ratio r has not been well investigated in
the past due to the unavailability of observational data. To de-
termine the impacts, this study analyzed PBLH, LCL, LFC, and
PBL r with radiosonde data from the three DOW and two ISS
sites over irrigated and nonirrigated land cover (Figs. 5a—d).
Clear and nonclear days can substantially impact PBL develop-
ment and PBL development measures. As a result, first, we
have identified clear and nonclear days for IOP 1 and 2 and
then subsequently analyzed PBL development parameters for
these two types of days for these two periods. This research se-
lected the clear days based on visual inspection of satellite data
from the NASA Worldview (NASA 2021). For this purpose,
subhourly visible imagery from GOES-16 was manually in-
spected for lack of cloud cover during hours of strong heating
(~1000-1800 LST). Days with few to no clouds were accepted
as clear days. Days with scattered fair-weather cumulus were ac-
cepted as clear days as well, in part due to the cumuli suggesting
vigorous boundary layer mixing. This study selected five clear
days during IOP 1 and four in IOP 2 (total 9 days). The remain-
ing days (21 days) were considered as nonclear days. As indi-
cated in the introduction, the IOPs were selected carefully to
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address the objectives of this research. In addition, large sam-
pling of the atmosphere (1200 radiosonde launches in 30 days;
40 per day) ensured sufficient data representing various land
surface and atmospheric conditions. This section of our paper
focuses on clear days. The following section includes results for
nonclear days.

1) PBLH

The average PBLH were calculated for clear days over irri-
gated and nonirrigated areas for IOP 1 and 2 using data from
all radiosonde launches. The data were then plotted with re-
spect to the deployment hours (Fig. 5a and Table 4). As
shown in Fig. 1, ISS 2 was located within the nonirrigated
area and ISS 3 was over irrigated land uses. Radiosondes also
were launched from the mobile radar locations (DOW6,
DOW?7, and DOWS). DOW7 and 8 were located over nonirri-
gated and irrigated areas and DOW 6 along the transitional
area of nonirrigated and irrigated land use (see Fig. 1). Radio-
sonde data from the DOW®6-8 locations are analyzed but for
brevity we present results from the DOW®6 location. This pro-
vides an opportunity to present analysis from a range of land
uses, from irrigated (ISS 3) to transitional (DOW 6) to nonir-
rigated (ISS 2).

We have focused on the morning [~0700 LST (~1300 UTC)]
to late afternoon/evening transition period [~1900 LST
(~0100 UTC)] when PBL development can be effectively
captured by the radiosonde (Table 4). Note that there is a
6-h lag in LST relative to UTC, and hence LST = UTC — 6 h.

It is evident that PBLH was generally higher during IOP 1,
as noted above. For example, over irrigated York, on average
PBLH were 146, 413, 846, 1281, 1771, 1613, and 1134 for the
0700, 0900, 1100, 1300, 1500, 1700, and 1900 LST radiosonde
launching times, respectively, during IOP 1 (Table 4; statisti-
cally significant differences are identified in the table). How-
ever, for IOP 2 they were 141, 228, 662, 781, 835, 900, and
702 m over irrigated land use for the same times. Average
PBLH over nonirrigated Rogers Farm were 177, 531, 1052,
1257, 1568, 1561, and 1598 m for the same radiosonde launch
times during IOP 1. The PBLH were 109, 256, 702, 921, 978,
975 and 760 m for the same launching times, during IOP 2.
Similar results were found from transitional DOW6 (Table 4).
Overall, the average daily PBLH was 1029 for IOP 1 while
607 m for IOP 2 under irrigated land use. It was 1106 m dur-
ing IOP 1 and 671 m during IOP 2 for nonirrigated land use.
There were 422 and 435 m lowering of the PBLH, respec-
tively, over irrigated and nonirrigated land use from early to
peak growing season.

Results from these radiosonde data analyses (Fig. 5a) indi-
cate that PBLH during the early part of the growing season
(IOP 1) was higher over irrigated, transitional, and nonirri-
gated land use when compared with the late growing season
(IOP 2). Weatherwise, more active conditions and larger sen-
sible heat flux (increased turbulence) led to deeper PBL dur-
ing IOP 1, as was expected. For example, over irrigated areas
and from 0500 to 1900 LST, average sensible heat flux during
TIOP 1 was 65 W m™ > and for IOP 2 it was 43 W m . It was
72 and 60 W m~? for the same two IOPs over nonirrigated
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land use. In addition, relative to the irrigated York and during
IOP 1, the PBL grew faster (and PBLH remained higher)
over nonirrigated Rogers Farm from 0700 to 1100 LST. We
suggest higher sensible heat flux and relatively drier soil mois-
ture conditions over the nonirrigated areas allowed such PBL
growth during the early part of a day. In short, land use (irri-
gation and nonirrigation) played an important role in evolu-
tion of the boundary layer.

2) LCL

Analysis of data suggests that at the diurnal time scale, aver-
age LCL increased as the day progressed (Fig. 5b and Table 4).
For example, at irrigated York average LCLs were 463, 863,
1345, 1717, 1912, 2054, and 1504 m at 0700, 0900, 1100, 1300,
1500, 1700, and 1900 LST, respectively (Fig. 7b and Table 1).
Over nonirrigated Rogers Farm, average LCLs were 547, 834,
1250, 1452, 1643, 1756, and 1406 m for the same times (Fig. 6b
and Table 4). In addition, it is also found that average LCLs
were lower during IOP 2 than during IOP 1 over both irrigated
and nonirrigated areas. Over irrigated York, during IOP 2, av-
erage LCLs were 204, 511, 850, 1013, 1089, 1077, and 768 m for
the same radiosonde launching times, respectively (Fig. 6b and
Table 4). Over Rogers Farm during IOP 2, LCLs for the same
radiosonde launch times were 184, 621, 1024, 1188, 1257, 1326,
and 922 m. The decrease of LCL increased probability of cloud
formation over both irrigated and nonirrigated areas but more
so over irrigated areas because of larger decrease. In addition,
during IOP 2 the average LCL was 787 m over irrigated York
and 932 m over nonirrigated Rogers Farm. Thus, relative to
nonirrigated areas, on the average, LCL was 145 m lower over
irrigated areas during IOP 2. This study also finds that the mag-
nitude of the lowering of LCL during IOP 2 over irrigated areas
was greater than over nonirrigated areas. Over irrigated York
during IOP 2, on average, LCL was 621 m lower than during
IOP 1. Over nonirrigated Rogers Farm, relative to IOP 1, LCL
was 338 m lower during IOP 2. In short, the increased lowering
of LCL over irrigated areas provides conditions that are more
favorable for cloud formation relative to nonirrigated land use.

Radiosonde launching site DOW6 represents a transitional
area from nonirrigated to irrigated land use. As a result, ob-
servations can potentially reflect impacts of both land uses.
Overall, the LCL was higher relative to irrigated York and non-
irrigated Rogers Farm for both IOPs (Fig. 6b and Table 4). The
data also show that, like the other two locations/land uses and
relative to IOP 1, the LCL was lower during IOP 2 (Fig. 6b and
Table 4).

3) LFC

Analysis of radiosonde data suggests that during IOP 1, the
LFC became lower with the progression of day and starts to
increase toward the end of the day (Fig. 5c and Table 4).
Relative to irrigated land use, LFCs were lower over nonirri-
gated land use. LFCs were notably higher over DOW 6. It is
well known that the lowering of the LFC and reduction in
LFC and LCL differences enhances the potential of convec-
tion. Observations show that LCL increases as the day pro-
gresses. Hence, the simultaneous lowering of LFC and increase
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2018.

of LCL resulted in progressively smaller LFC and LCL dif-
ferences, which enhance the potential for convective cloud
development.

During IOP 1 average LFC-LCL differences were 1101
(the lowest), 943, and 1496 m over irrigated, nonirrigated, and
transitional land uses, respectively. During IOP 2, these dif-
ferences were 1840, 2342, 2614 m Moreover, on the average
convection potentials were the highest over irrigated areas

during IOP 2 (1840 m). On a diurnal scale, based on the
lowest LFC-LCL (164 m), convective cloud development
potential was highest at 1700 LST over irrigated areas dur-
ing IOP 1. It was the highest also at 1700 LST during IOP 2
when LFC-LCL was 1059 m. Over nonirrigated land use
this potential was highest at 1500 LST for both IOPs. The
LFC-LCL difference was 214 m during IOP land 1747 m
for IOP 2.
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4) PBL MIXING RATIO

Available PBL moisture content such as mixing ratio r can
notably impact LCL and LFC and hence convection initiation
and cloud development. It is found that the average PBL was
higher over irrigated land use than over both nonirrigated and
transitional land uses during IOP 1 and IOP 2. The PBL r for
early growing season over irrigated land use was 10.39 and in-
creased to 13.33 g kg™ ! during peak growing season (Fig. 5d and
Table 4). They were 10.71 g kg~ ! for the early and 12.71 g kg™
during peak growing season for nonirrigated land use. It is clear
that the increase over irrigated land use was greater during
IOP 2 than over nonirrigated land use. During IOP 1 all three
land uses show somewhat two diurnal peaks for PBL r, one
in the morning and one during the afternoon-evening tran-
sition (Fig. 5d). However, for IOP 2 these dual peaks are
discernable and demonstrate the impacts of irrigation and
land use. In addition, these dual peaks of PBL r also oc-
curred when PBLHs are at their lowest and conditions are
very stable (Fig. 5a).

e. PBLH, LCL, LFC, and PBL mixing ratio for
nonclear days

1) PBLH

Analogous to clear days, the PBLH was also higher during
IOP 1 for nonclear days. For example, over irrigated York, on
average PBLH heights were 124, 368, 723, 1025, 1193, 1120,
and 961 for 0700, 0900, 1100, 1300, 1500, 1700, and 1900 LST
radiosonde launching times, respectively, during IOP 1
(Table 5; statistically significant differences are identified in
the table). However, during IOP 2 they were 160, 333, 586,
659, 687, 1021, and 453 m over irrigated land use for the same
times. This clearly suggests that irrigation impacts on the
lower troposphere are not limited only during clear days but
also for other types of conditions. It is an important finding
and shows that land use and irrigation forcing can be sustained
under nonclear days and observable when background atmo-
spheric conditions are unstable.

Observations from Rogers Farm and DOW6 demonstrate
overall similar results (Table 5). For nonclear days, average
daily PBLH was 788 m for IOP 1 while it was 557 m for IOP 2
under irrigated land use. They were 817 and 574 m for the for
nonirrigated land use. Hence, there were 231 and 243 m re-
duction of PBLH over irrigated and nonirrigated land use,
respectively.

2) LCL

For nonclear days, the LCL increased as the day progressed
(Table 5), which is similar to clear days. Again, relative to
IOP 1, it is found that the average LCL was lower during IOP
2, over both irrigated and nonirrigated areas. Average LCLs
were 534 m for irrigated York and 610 m for nonirrigated
Rogers Farm during IOP 2. Relative to IOP 1, LCLs were
lowered to 681 and 550 m for irrigated York and nonirrigated
Rogers Farm, respectively. Again, as during clear days, the

TABLE 5. As in Table 4, but for the nonclear-day average.
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Nonirrigated Rogers farm (ISS2) Irrigated York (ISS3)

Transitional land use (DOW6)
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magnitude of the lowering of LCL during IOP 2 over irrigated
areas was greater than over nonirrigated areas.

3) LFC

Analogous to clear days, the LFC became lower with the
progression of day and particularly through midafternoon
(Table 5). It is also found that while the LFC was lowered
with the progression of day, the LCL was increased, and
hence LFC and LCL differences were reduced and the poten-
tial for convection was increased. Again, relative to IOP 1,
the LFC was reduced notably during IOP 2. On average,
these reductions of LFCs were 1654, 1498, and 1529 m for irri-
gated York, nonirrigated Rogers Farm, and transitional
DOW 6 locations, respectively. Again, irrigation impacts are
obvious for nonclear days.

4) PBL MIXING RATIO

For nonclear days, the PBL r was largely higher over irri-
gated land use than over both nonirrigated and transitional
land uses during IOP 1 and IOP 2 throughout the day. This is
similar to diurnal changes in PBL r during clear days over these
three land uses. On average, the PBL r for IOP 1 and IOP 2
over irrigated land use were 12.00 and 13.52 g kg™, respectively
(Table 5). For nonirrigated land use, it was 12.56 g kg~ ' for
IOP 1 and increased to 13.38 g kg~ ' for IOP 2. Again, it is evi-
dent that the increase over irrigated land use was greater during
IOP 2 than over nonirrigated land use.

f- Results from the selected dates during early growing
season (IOP 1)

To further understand and verify the overall findings pre-
sented in the previous sections and the influence of irrigated
and nonirrigated land use, observations from several repre-
sentative days were investigated (Figs. 6a—f). The objective is
to assess whether irrigation and land-use impacts are identifi-
able for different parts of the growing season (early vs peak
growing season) when crop condition and irrigation applica-
tions are dissimilar (relatively limited vs extensive irrigation)
and background weather conditions were also different. Two
dates were selected for IOP 1 and two for IOP 2. Dates cho-
sen for IOP 1 include 3 June, when conditions were favorable
for land-atmospheric interactions and 9 June, when convec-
tive activity impacted the entire study area.

1) IOP 1: 3JUNE

On 3 June, the study region was dominated by high pressure
and as a result, fair weather and clear skies were observed.
Over a 3-day period, cooler air temperatures were observed
around 3 June, which reflected in the climatological average as
compared with the weeks preceding and following 3 June where
3°-6°C temperature departures were observed (NOAA 2020).

It is found that weather conditions were favorable for rela-
tively high PBLH (up to 2004 m). In comparison with irri-
gated York, the rapid growth of PBL over nonirrigated
Rogers Farm with sunrise and similar rapid collapse during
the afternoon (Fig. 6a) is linked to relatively drier land
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FIG. 7. A simplified conceptual model of the impacts of irrigated
and nonirrigated land use. Note that albedo is lower over irrigated
land use.

surface conditions as observed in the soil moisture data (not
shown). This suggests slower development of the PBL over
irrigated areas for 3 June when land surface was wet. The
LCL shows comparable results where it remained lower over
irrigated York than over nonirrigated Rogers Farm, during
the early part of the day (Fig. 6b). However, along with PBL,
LCL rapidly lowered over nonirrigated and drier Rogers
Farm during the afternoon—evening transition.

2) IOP 1: 9 JUNE

An afternoon mesoscale convective system formed over
southern South Dakota and central Nebraska on 8 June and
propagated east to the GRAINEX study area during the early
morning of 9 June. This event produced heavy rain. Larger
differences of average air temperature between irrigated and
nonirrigated sites were observed (approximately 3°C) with air
temperatures over the irrigated region being higher than the
nonirrigated (Figs. 2a,b). This difference is likely associated
with the west to east propagation of the storm and the de-
layed early morning heating of the eastern sites (nonirrigated)
due to residual cloud cover.

The highest height of the PBL was 1625 m, while for LCL it
was 1484 m (Figs. 6¢,d) and thus lower than those on 3 June.
It is also observed, relative to Rogers Farm, that PBLH re-
mains lower over irrigated York for most of the day. For ex-
ample, during midafternoon (1300 LST) PBLH over irrigated
York and nonirrigated Rogers Farm were 882 and 1203 m, re-
spectively. Again, over nonirrigated Rogers Farm, PBLH and
LCL declined more rapidly during the afternoon—evening
transition. During the last radiosonde launch (1900 LST),
PBLH over irrigated York was 906 m and over nonirrigated
Rogers Farm it was 50 m.

g. Results from the selected dates during peak growing
season (IOP 2)

The number of precipitation events were notably less dur-
ing the second half of the growing season (including IOP 2),
resulting in increased irrigation. As noted before, two dates
were chosen for IOP 2 for further analysis. These dates
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include 19 July, which exhibited an early morning severe
weather event with heavy precipitation simultaneously im-
pacting irrigated and nonirrigated portions of the GRAINEX
study area starting around 0600 UTC (0100 LT), and 22 July,
which was a clear day.

1) IOP 2: 19 JuLYy

On this day, latent heat flux was higher over the irrigated and
sensible heat flux was higher over nonirrigated sites (Fig. 4b;
bars for 19 July). Due to the launches between sunrise and sun-
set, radiosondes were unable to capture the immediate impacts
from the early morning precipitation. However, the soundings
indicated slow PBL development for most of the day. Over
irrigated land use, PBLH remained below 699 m through
1500 LST, while it was 1007 m over nonirrigated land use
(Fig. 6¢). These heights are lower when compared with sound-
ings from 3 and 9 June of IOP 1 (Fig. 7a). Observations also
suggest that PBLH and LCL for 19 July lacked a rapid increase
(e.g., like 9 or 3 June) (Figs. 6a—f). These differences were espe-
cially noticeable between late morning through late afternoon.
We suggest that this difference was due to land use and the
availability of higher moisture over irrigated land use and lower
moisture over nonirrigated land use.

2) I0P 2: 22 JULY

Conditions on 22 July were dominated by high pressure,
with relatively clear skies following the dissipation of early
morning fog. Air and dewpoint temperatures were slightly
lower and higher over irrigated land uses than over nonirri-
gated land uses, respectively. Daily average latent heat fluxes
over both irrigated and nonirrigated sites were higher than
sensible heat fluxes. However, latent flux over irrigated land
use (296 W m2) was noticeably higher than over nonirri-
gated land use (254 W m™2). PBLH remained lower than
1000 m over all locations and it is further reduced over irri-
gated land use relative to the nonirrigated and transitional
land uses. LCL also shows similar results and remained below
1500 m, which is further decreased relative to the IOP 1 days
(up to ~2500 m).

4. Discussion

The results demonstrate that LULCC and irrigation im-
pacts energy partitioning (latent and sensible heat flux), vari-
ous near-surface meteorological variables (air temperature,
dewpoint temperature, and equivalent temperature), evolu-
tion of the planetary boundary layer (PBLH changes), con-
vective environment and their measures (LCL, LFC, and
PBL mixing ratio). These changes are magnified under irri-
gated conditions and are complex. In addition, this study finds
that differences in observations between irrigated and nonirri-
gated areas are further amplified in the latter half of the grow-
ing season. The average maximum air temperature over
irrigated areas was 2.74°C lower during the peak growing sea-
son (IOP 2) than during the early part of the growing season
(IOP 1), while average dewpoint temperature was 1.10°C
higher during IOP 2. In addition, the difference between
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average irrigated and nonirrigated latent and sensible heat
fluxes during IOP 1 were 15 and 7 W m ™2, respectively. During
IOP 2, these differences were 20 and 17 W m 2. Over irri-
gated areas, latent heat flux was larger and sensible heat flux
smaller than over nonirrigated areas. This difference illus-
trates the partitioning of energy associated with additional
moisture over irrigated areas. The availability of additional
water via irrigation allows for increased latent heat flux,
which resulted in the lowering of maximum air temperature.
Irrigation also leads to higher near-surface atmospheric hu-
midity and dewpoint temperature.

These results are consistent with previous findings that
showed a decrease in maximum temperature over irrigated
areas. For example, in a modeling study, Adegoke et al.
(2003) found 1.2°C cooling of temperature over irrigated
areas in Nebraska. In several observed climatological data-
based studies Mahmood et al. (2004, 2006, 2013) found a cool-
ing trend and up to 1.01°C cooling of mean maximum
temperature during the twentieth-century growing season
over irrigated areas in comparison with nonirrigated land use
in the Great Plains. Bonfils and Lobell (2007) also investi-
gated impacts of irrigation on temperature and found ~0.2°C
decade ™! cooling trends in temperature during second half of
the twentieth century and growing season in Nebraska.

A series of studies on the impacts of irrigation in California
also reported overall cooling and a cooling trend of tempera-
ture (Christy et al. 2006; Bonfils and Lobell 2007; Kueppers
et al. 2007, 2008; Sorooshian et al. 2014). For example, based
on an observational databased study, Christy et al. (2006)
found a 0.26°C decade ! cooling of growing season maximum
temperature due to irrigation. In addition, several model-
based studies estimated up to 7.5°C cooling of growing season
maximum temperature in California. These studies also sug-
gest that increases in latent heat flux due to irrigation resulted
in the lowering of maximum temperature. In addition, from
an observational databased research, Sen Roy et al. (2007)
found up to 0.34°C lowering of growing season maximum
temperatures over irrigated areas in India. They have also re-
ported up to 0.53°C cooling of during individual growing sea-
son months. Their modeled-based assessment also shows an
increase in latent heat flux over irrigated areas. In summary,
findings from the GRAINEX are in agreement with the previ-
ous climatological and model-based studies. In addition, in
this research we have directly demonstrated observed changes
in fluxes over irrigated areas and their impacts on the lower-
ing of maximum temperature.

As expected, T values were somewhat similar at irrigated
and nonirrigated sites during the early growing season (IOP
1), but higher over irrigated areas during the peak growing
season (IOP 2). For example, average T differences between
irrigated and nonirrigated sites were 0.11°C during IOP 1 and
2.03°C during IOP 2. Since moisture notably influences Tk,
higher Tz over irrigated areas suggests higher moisture contri-
bution as compared with the nonirrigated 7 values in IOP 2
(Pielke et al. 2004). These results are consistent with previous
findings by Younger et al. (2019), Zhang et al. (2019), and Na-
Yemeh et al. (2020). Based on the analysis of climatological
data from Nebraska and Kansas, Zhang et al. (2019) found
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that T was notably higher over irrigated land use than over
grasslands (i.e., nonirrigated) during the growing season.
Younger et al. (2019) investigated mesoscale 7 in Kentucky
using the Kentucky Mesonet (Mahmood et al. 2019) data and
found that moist atmosphere leads to higher T relative to
drier conditions. In follow-up research by Na-Yemeh et al.
(2020), moist air masses have higher Tf than do dry air
masses, and it peaks during peak growing season. These re-
sults, again, further support the findings of this paper.

Recently, Matthews et al. (2022) highlighted the impor-
tance of Tg and accounting of latent heat and atmospheric
moisture in relation to weather and climate extremes. They
have also demonstrated that climate change and related
changes in heat content can be better tracked with the use of
Tr. Matthews et al. (2022) noted that it is possible to have de-
clining air temperature (accounts for dry heat content, dry-
bulb temperature) while total heat content continues (dry and
moist heat) increase. The result presented here, based on
GRAINEX data, also clearly shows that while air tempera-
ture was decreased due to irrigation during peak growth
phase (IOP 2), Tr (i.e., total heat content) increased. This
study, potentially for the first time and from simultaneous ob-
servations shows linkages among increased latent heat flux,
decreased air temperature, and increased atmospheric heat
content (via Tg) over irrigated areas. Hence, irrigation and
other forms of LULCC can and will continue to modify atmo-
spheric heat content locally, regionally, and beyond. These
changes need to be appropriately recognized and addressed.

To understand lower-tropospheric response to irrigation,
data from the radiosonde launches (~1200) at the three
DOW locations, nonirrigated Rogers Farm and irrigated
York were also analyzed. The sounding data were used to
complete LCL, LFC, and PBLH calculations. The analyses
show the higher PBLH during IOP 1 for both irrigated and
nonirrigated land uses, associated with larger sensible heat
and increased turbulence. On the other hand, lower PBLH
was observed during IOP 2, associated with plant growth and
resultant increased latent heat flux. Increased applications of
irrigation due to higher plant-water demand, and resultant in-
creased latent heat flux led to an LFC with a tendency for
lower heights over irrigated areas.

Lower PBLH and LCL also provide increased potential for
cloud development and convective initiation. These observa-
tions also apply for the dates impacted by early morning con-
vective precipitation. Overall, irrigated areas experienced
higher latent heat flux, lower PBLH, LCL, LFC, and higher
mixing ratio. These findings suggest that irrigation impacts on
the PBL and associated convective conditions were sustained
and continuous for varied land surfaces and land covers (early
vs peak growing season) and weather conditions.

Results demonstrate connectivity between surface fluxes and
planetary boundary layer development and stability linked to
moist land surface conditions (Pielke et al. 2007; Eltahir and Pal
1996; Eltahir 1998; Findell and Eltahir 1999; Betts 2007;
Winchester et al. 2017). It is well known that vegetation (in this
case irrigated agriculture) has a strong influence on the distribu-
tion of surface fluxes and moisture, which directly impacts PBL
development and PBLH (Winchester et al. 2017; Mahmood
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et al. 2011; Nair et al. 2011). Higher sensible heat flux produces
more turbulence and thus increases PBLH. Higher latent heat
flux has an opposite impact (shallow PBL/lower PBLH), which
is observed over irrigated areas.

In a study focusing on vegetation—atmosphere interactions
in the eastern United States, Freedman et al. (2001) found
that PBLH peaked and subsequently lowered before and af-
ter the commencement of the growing season. The lowering
of PBLH was linked to increased latent heat flux. The obser-
vations from GRAINEX agree with the findings by Freedman
et al. (2001) and also show that higher latent heat flux from ir-
rigated land use further increased the lowering of PBL and
thus PBLH. Subsequent research by Mahmood et al. (2011)
shows that vegetation cover and soil moisture play important
roles in modulating height of the PBL with higher soil mois-
ture resulting in lower PBLH in the east-central United
States. They have also linked this response with the magni-
tude of latent heat flux where higher latent flux resulting in
lower PBLH. Lawston et al. (2020) investigated impacts of ir-
rigation in the Columbia River Basin in the northwestern
United States. Their study reported that irrigation impacts
PBLH and results in lower PBLH. In another study focusing
on irrigated areas of Nebraska and Kansas, they found that ir-
rigation resulted in lower PBLH. They have noted that as
evaporative fraction [ratio of latent heat flux and (latent +
sensible heat flux)] increases PBLH also lowers (Lawston et al.
2015).

In summary, findings from GRAINEX regarding the re-
sponse of the PBLH over irrigated areas are consistent with
results from other studies demonstrating its lowering with
land surface and lower atmospheric moistening through other
process (e.g., spring moistening due to increased latent heat
flux). It is also evident that the impacts are “universal” re-
gardless of geographic location. The result from the present
study also clearly shows further lowering of PBLH from IOP 1
to IOP 2 as irrigation increased rapidly with increased crop-
water demand. In addition, it is found that regardless of clear or
nonclear days, irrigation lowers the PBLH.

Furthermore, previous research demonstrated that moist
land surface condition allows higher physical evaporation and
transpiration leading to higher atmospheric humidity and
lower LCL (Betts 2007). It was also reported that lower LCL
is associated with higher precipitation (Betts 2007). Smaller
difference in LFC and LCL is also an indication of a favorable
condition for convection (Bech et al. 2011; Alter et al. 2015;
Chakraborty et al. 2018). Alter et al. (2015) succinctly dis-
cussed increased latent heat flux (and hence higher ET) leads
to more moist PBL and lowering of LCL, thus providing an
easier pathway for cloud formation. It is also noted that if
LCL is lowered too much and the depth between LCL and
LFC increases then that condition may inhibit clouds from
reaching LFC.

As noted previously, we have found in this study that the
depth between LFC and LCL declined during midmorning
and early afternoon and thus enhanced potential for convec-
tion and precipitation. These observational databased findings
are in agreement with previous modeling studies (e.g., Qian
et al. 2013; Huber et al. 2014) that show lowering of LCL and
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LFC over the irrigated areas. In short, this observational data-
based study confirms our conceptual and theoretical under-
standing of potential impacts of moist environment (in this
case irrigation) on the PBL and lower atmospheric convective
environment.

Figure 7 succinctly summarizes LULCC, irrigation (and nonir-
rigation), and linkages among various processes. It is clear that ir-
rigation impacts mesoscale and near-surface atmospheric
temperature, atmospheric and soil moisture, and atmospheric
heat content. We suggest that some of these changes can also be
observed on the regional scale. In addition, the results suggest
that irrigation impacts mesoscale convective environment regard-
less of background atmospheric condition and it is reflected in
changes in PBLH, LCL, LFC, and PBL moisture content. These
changes should also impact mesoscale cloud development and
timing of cloud development.

Furthermore, results indicate that irrigation changes meso-
scale precipitation. For example, it is found in our previous
study that a precipitation event developed and was sustained
over irrigated area and then dissipated over nonirrigated area
(Rappin et al. 2021; Fig. 8). A modeling study has been com-
pleted (Whitesel et al. 2024) for this event and results suggest
that irrigation indeed impacted precipitation. Currently, addi-
tional modeling work is under way. For the assessment of irri-
gation impacts on regional scale precipitation, new modeling
work is needed and currently under planning. However, in
the meantime, we draw upon modeling research completed
by DeAngelis et al. (2010), Harding and Snyder (2012a,b),
and Huber et al. (2014). The results from these studies suggest
that irrigation caused changes in downstream precipitation.

5. Final remarks

Novelty of the research can be found in the following:

This study, for the first time, used extensive observational
data to understand the impacts of irrigation on the plane-
tary boundary layer atmosphere and convective environ-
ment throughout the growing season. These observations
include surface fluxes and bihourly radiosonde launches,
among others.

The GRAINEX observations allowed us, for the first time,
to investigate diurnal evolution of the lower troposphere
under irrigated condition. The vast majority of the previous
work used modeled data to investigate the impacts of irri-
gation on the lower troposphere. Here, with observations,
we demonstrated and confirmed the impacts of irrigation.
This research, for the first time, evaluated the impacts of
adjacent irrigated versus nonirrigated land uses on the
lower troposphere using observed data, where nonirrigated
land use transitioned to irrigated. Remarkably, it was found
that the lower troposphere responded differently under
these two different adjacent land uses (~100 km X 100 km
area) while under generally similar atmospheric influence.

e For the first time, results show changes in diurnal PBL evolu-
tion and convective environment as the season progressed and
as irrigation applications increased due to higher crop-water
demand. In other words, this study identified intraseasonal
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variations of irrigation and their impacts on near-surface atmo-
sphere and convective environment.

e This research also shows that irrigation influences the con-
vective environment regardless of background atmospheric
condition.

Results of this study have implications in both weather
forecasting and climate research. The findings that irrigation
impacts the convective environment can be integrated into lo-
cal and regional weather forecasting rubrics. They can poten-
tially help to improve lead time for certain local and regional
conditions. These include the timing of cloud development,
diurnal variations of atmospheric humidity and heat content,
moist heat stress, and human and animal comfort, among
others.

As irrigation has been continually expanding over many
regions of the world because of demand for food, irrigation
and irrigation-driven LULCC and their impacts on climate
need to be further investigated. It is evident from this study
that there are seasonal-scale impacts of irrigation on the
atmosphere as its applications modulate due to changes in
crop-water demand linked to crop growth. In other words, the
ramification of such changes in irrigation water applications in lo-
cal, regional, and continental-scale climate needs to be assessed.
These investigations should include downstream impacts of irri-
gation as well. We suggest that the results presented here are new
and important and can be applicable for other parts of the world.
As a result, it is necessary that efforts should be ongoing and
well coordinated to determine current and future impacts of irri-
gation on weather and climate (Loveland and Mahmood 2014;
Mahmood et al. 2016; McDermid et al. 2021). The results suggests
that the future land-use policy recommendation development
process should actively include potential impacts of irrigation, in
the context of LULCC, on climate to minimize the unintended
consequences of adoption of any particular polices.
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