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Abstract 

Modification of natural prairie grasslands into irrigated and non-irrigated agriculture in 

the Great Plains resulted in significant impacts on weather and climate including temperatures, 

precipitation, energy fluxes, and the planetary boundary layer (PBL) atmosphere. There has been 

lack of data and studies solely focused on impacts of irrigation on the PBL and lower 

troposphere and convective conditions. The Great Plains Irrigation Experiment (GRAINEX) 

during the 2018 growing season collected data over irrigated and non-irrigated land uses over 

Nebraska to understand their impacts. Specifically, our objective is to understand whether the 

impacts of irrigation are sustained throughout the growing season.  

The data analyzed include latent and sensible heat flux, air temperature, dew point 

temperature, equivalent temperature (moist enthalpy), PBL heights, lifting condensation level 

(LCL), level of free convection (LFC), and PBL mixing ratio. The near surface data were 

collected using ground based sensors while PBL and lower tropospheric development were 

assessed using data from ~1200 radiosonde launches.  

Results show increased partitioning of energy into latent heat compared to sensible heat 

over irrigated areas while average maximum air and dewpoint temperatures decreased and 

increased, respectively, from the early to peak growing season. Radiosonde data suggest reduced 

PBL heights at all launch sites from the early to peak growing season with larger changes over 

irrigated areas. Compared to the early growing period, LCL and LFC heights were also lower 

during the peak growing period over irrigated areas. In addition, four one-day case studies were 

completed and they further corroborate overall results.  



 
 

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 atmosphere.  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 negative impacts and achieve sustainable irrigation.  

  

 

 

 

 

 

 

 

 

 

 



 
 

The Intergovernmental Panel on Climate Change Special Report (1) noted that the 

observed average global land surface temperatures during the 2006-2015 decade were 1.53 °C 

higher than the 1850-1900 period. In the Report, the primary reason for this change has been 

linked to anthropogenic activities, specifically the increased emission of carbon dioxide (CO2) 

from various socio-economic activities (1-3). In addition to emissions of CO2, however, 

extensive alteration of natural landscapes [known as land use land cover change (LULCC)] to 

croplands, rangelands, large reservoirs, and cities also played an important role modifying local, 

regional, and potentially global climate (4-7). 

  A number of studies in the past investigated impacts of LULCC on weather and climate 

around the world (e.g., 8-14). A subset of these research addressed the role of LULCC on the 

weather and climate of the Great Plains (15-22). Climate variables impacted include surface 

short and longwave radiation and atmospheric turbulence, which impacts momentum, heat, water 

vapor and carbon dioxide fluxes (4). These impacts include those due to the widespread adoption 

of irrigation. Large-scale irrigation has become an important part of agriculture. Observation 

show that a large swath of land, used for agriculture in the High Plains Aquifer (HPA) region of 

the central U.S. (Nebraska, Kansas, Oklahoma, Texas, Wyoming, Colorado and New Mexico), is 

irrigated (23-24). It is expected that the introduction of a significant amount of additional water 

over land surface would modify weather and climate.  

In addition, regional climate tends to deviate from global average trends due to 

substantial spatial and temporal changes in water and energy fluxes (25) associated with land 

surface processes (26).  The 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 (27-28). As a result, a general cooling in daytime air 

temperatures has been observed over irrigated regions (19-20, 29-33).  

 To better understand the impacts of LULCC on near surface atmospheric conditions and 

energy exchange, several field campaigns have been conducted in the past.  They include, for 

example, the Soil Moisture–Atmosphere Coupling Experiment (SMACEX) (34) and the 

International H2O Project (IHOP_2002) (35-36). To further understand the impacts of the 

LULCC due to human intervention, the Great Plains Irrigation Experiment (GRAINEX) was 

conducted in southeastern Nebraska in 2018 (Figure 1). Results from this study have 

implications beyond the Great Plains because, globally, irrigated agriculture has expanded 

rapidly since mid-20th Century and potentially will continue to further expand over the coming 

decades to meet the global demand for food. In addition, this is the first field campaign solely 

focused on impacts of irrigation on Land-Atmosphere (L-A) interactions. Southeastern Nebraska 

is a region where non-irrigated agricultural land transitions into a significant and widespread 

irrigated agricultural land (15-16, 18). The overall goal of the GRAINEX was to collect and 

analyze data in regions of irrigated and non-irrigated agriculture in southeastern Nebraska during 

the growing season of 2018 (late May through early August).  

The specific objective of this paper is to investigate impacts of irrigated and non-irrigated 

land uses 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) using GRAINEX data. To the best 

of the authors’ knowledge, this is the first study that collected and completed a season-long 

analysis of these variables and measures over adjacent irrigated and non-irrigated land use. 

Specifically, the paper presents results from the analysis of data from the early and mid-growing 



 
 

seasons over irrigated and non-irrigated land uses and demonstrate their influence on the near 

surface meteorology. These periods are referred to as Intense Observation Period 1 (IOP 1: May 

30 through June 13, 2018; early growing season) and Intense Observation Period 2 (IOP 2: July 

16 through July 30; peak growing season). In the paper, we have interchangeably used IOP 1 and 

the early growing season and IOP 2 and the peak growing season.  

In the following sections, we provide detailed assessments of PBL evolution, equivalent 

temperature (TE), LCL, LFC, and near surface meteorology (air temperature, dew point 

temperature, heat fluxes, and equivalent temperature) during IOPs 1 and 2 under adjacent 

irrigated and non-irrigated land uses. The subsequent sections include discussion of the results 

and materials and methods used. 

 

Results  
 

Near Surface Air Temperature and Dew Point Temperature 
  

Utilizing observations at 5-minute intervals, 30-minute and daily averages were 

calculated. Minimum and maximum values were also considered during the analysis. To further 

understand changes in these variables linked to land use, averages from six locations over 

irrigated and six over non-irrigated were calculated. The results are shown in Figures 2a-c. 

 An analysis of air temperature and dew point temperature reveal notable differences in 

near-surface meteorological conditions over irrigated and non-irrigated land uses during the early 

growing season (IOP 1) and the peak growing season (IOP 2). During IOP 1, compared to over 

non-irrigated land use, average maximum air temperature was slightly higher (0.29 °C) over 

irrigated areas. However, it was 0.60 °C lower compared to non-irrigated land use for IOP 2. 

This change is visible in Figure 2a where air temperature over the non-irrigated (irrigated) land 



 
 

use (red line) was higher (lower, blue line) starting around late June. This was due to the 

applications of irrigation resulting in higher and lower latent and sensible heat fluxes (further 

discussion is provided in the following section), respectively, during the peak growth period of 

the plants.   

 Much like air temperature, the difference between dew point temperature over irrigated 

and non-irrigated croplands was small in the early growing season (IOP 1). Around the first 

week in July, when irrigation applications became more frequent, dew point temperatures at the 

irrigated sites were noticeably higher than the non-irrigated sites. It is found that average 

maximum dew point temperatures over irrigated and non-irrigated areas were 22.67 °C and 

21.57 °C during IOP 2, respectively. In other words, it was 1.10 °C higher over irrigated areas 

during IOP 2. Dew point temperature was 0.45 °C lower over irrigated areas during IOP 1. 

Figure 2b depicts this midseason shift and elevated dew point temperatures over irrigated sites 

during IOP 2.  

  

Heat Fluxes 

 During IOP 1 and 2, latent heat flux was greater than sensible heat flux over both 

irrigated and non-irrigated land uses. Further inspection reveals that difference in sensible and 

latent heat flux during the early growing season (IOP 1) was less than the difference observed 

later into the growing season (IOP 2). It was also found that daily latent heat flux was higher 

over irrigated areas compared to non-irrigated areas (Fig. 3a-b). In addition, over irrigated areas 

and compared to sensible heat fluxes, latent heat fluxes started to dominate during IOP 2 (Fig. 

3a-b). These differences can be attributed to the increased irrigation due to crop water demand.  



 
 

 When daily averages for IOP 1 (Fig. 4a) and IOP 2 (Fig. 4b) 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 latent heat flux were produced by 

precipitation events, whose onset can be identified in the air temperature, dew point temperature, 

and soil moisture observations. Given the relatively wet conditions during the early growing 

season of 2018, the response observed on 2 June (Fig. 4a) was similar to the response produced 

from irrigation application days in IOP 2 (Fig. 4b). In other words, in 2018, the early growing 

season latent heat flux was partly influenced by precipitation while during the peak growing 

season it was largely influenced by applications of irrigation. Again, it is evident that both IOP 1 

and IOP 2 produced higher and lower latent and sensible heat flux, respectively. During IOP 1 

latent and sensible heat flux over irrigated areas were 15 and 7 W m-2 higher and lower, 

respectively, compared to over non-irrigated land use (Fig. 4a). Comparable differences were 

observed but in greater magnitudes for IOP 2 where latent heat flux for irrigated areas was 

averaged 20 W m-2 higher and sensible heat flux was 17 W m-2 lower than latent and sensible 

heat fluxes from non-irrigated areas, respectively (Fig. 4b). These differences provide a clear 

indication of the changes in land-atmospheric interactions due to irrigation. 

 

Equivalent Temperature (TE) 

A comparison of TE for irrigated and non-irrigated areas shows that differences during 

IOP 1 were negligible in the early growing season (Fig. 5a). Limited irrigation applications 

played a role in these small differences. During IOP 1, average daily TE for irrigated and non-

irrigated sites were 58.78 and 58.87 °C, respectively. The highest TE for irrigated and non-

irrigated sites were 71.55 and 69.45 °C, respectively. In addition, the average TE and air 



 
 

temperature difference (TE-T) for irrigated and non-irrigated sites were 32.80 and 32.77 °C, 

respectively, during IOP 1. Moreover, the largest average daily differences between TE and air 

temperature for irrigated and non-irrigated sites were 43.39 and 41.55 °C, respectively. As the 

growing season progressed and reached a key transitional point in late June/early July from less 

irrigation to consistently higher irrigation applications over irrigated sites, a clearer increase in 

TE was observed (Fig. 5b). Irrigated site averages were noticeably higher (on the average > 2 °C) 

during IOP 2 compared to IOP 1. Specifically, during IOP 2 average daily TE for irrigated and 

non-irrigated sites were 62.0 and 59.97 °C, respectively. In addition, the average TE and air 

temperature difference for irrigated and non-irrigated sites were 38.48 and 36.04 °C, 

respectively, during IOP 2.  In an earlier study, a mean of ~60 °C TE during the summer months 

was found in Kentucky (37). On average, TE value over irrigated areas in eastern Nebraska was 

62 °C during IOP 2. In other words, due to irrigation and increased atmospheric moisture 

content, TE in eastern 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 findings that 

show increased TE over irrigated locations in Kansas and Nebraska (21).  

 

 

Planetary Boundary Layer Height (PBLH) and LCL, LFC, and PBL Mixing Ratio for 

Clear Days 

  

It is well known that LULCC impacts planetary boundary layer height (PBLH), lifting 

condensation level (LCL), level of free convection (LFC), and PBL mixing ratio (w). To 

determine the impacts, this study analyzed PBLH, LCL, LFC, and PBL w with radiosonde data 

from the three Doppler on Wheels (DOW) and two Integrated Sounding Systems (ISS) sites over 

irrigated and non-irrigated land cover. Clear and non-clear days can substantially impacts PBL 



 
 

development and PBL development measures. As a result, first, we have identified clear and 

non-clear 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 selected the clear days based on 

visual inspection of satellite data from the NASA worldview (38- 39). We specifically looked for 

the absence of clouds and found seven clear days during IOP 1 and four in IOP 2 (total 11 days). 

The remaining days (19 days) were considered as non-clear days. This section of our paper 

focuses on clear days. The following section (3.5) includes results for non-clear days. 

 

PBL Heights    

The average PBL heights (PBLH) were calculated for clear days over irrigated and non-

irrigated areas for IOP 1 and 2 using data from all radiosonde launches. The data were then 

plotted with respect to the deployment hours (Figure 6a and Table 1). As shown in Figure 1, ISS 

2 and 3 were over non-irrigated and irrigated land uses, respectively. Radiosondes also were 

launched from the mobile radar locations (DOW 6, DOW 7, and DOW 8). DOWs 7 and 8 were 

located over non-irrigated and irrigated areas and DOW 6 along the transitional area of non-

irrigated and irrigated land use (see Figure 1). Radiosonde data from the DOW 6-8 locations are 

analyzed but for brevity we present results from the DOW 6 location (hereafter DOW 6). This 

provides an opportunity to analyze data from a range of land uses, from irrigated (ISS 3), 

transitional (DOW 6), to non-irrigated (ISS 2).  

We have focused on the morning [~0700 local standard time (LST) (~1300 UTC)] to late 

afternoon/evening transition period [~1900 local standard time (~0100 UTC)] when PBL 

development can be effectively captured by the radiosonde (Table 1). Note that there is a 6-h lag 

in LST compared to UTC and hence LST = UTC – 0600.  



 
 

It is evident that PBLH was generally higher during IOP 1, as noted above. For example, 

over irrigated York, on average PBLH heights were 110, 392, 944, 1276, 1651, 1722, and 538 

for the 0700, 0900, 1100, 1300, 1500, 1700 and 1900 LST radiosonde launching times, 

respectively, during IOP 1 (Table 1; statistically significant differences are identified in the 

table). However, for IOP 2 they were 89, 317, 696, 855, 856, 1038, and 357 m over irrigated land 

use for the same times, respectively. Average PBLH over non-irrigated Rogers Farm were 201, 

427, 986, 1228, 1643, 1622, and 40 m for the same radiosonde launch times, respectively, during 

IOP 1. Rapid development of surface inversion resulted in the low PBLH (40 m) during 1900 

LST over drier Rogers Farm. The PBLH were 101, 347, 725, 1016, 1077, 978 and 438 m for the 

same launching times, respectively, during IOP 2. Similar results were found from transitional 

DOW 6 (Table 1).  Overall, the average daily PBLH were 948 and 601 m for IOP 1 and IOP 2, 

respectively, under irrigated land use while they were 878 and 669 m, respectively, for non-

irrigated. There were 347 and 209 m lowering of the PBLH, respectively, over irrigated and non-

irrigated land use from early to peak growing season. The PBLH decrease was 137 m greater 

over irrigated compared to non-irrigated land use.  

Results from these radiosonde data analyses (Fig. 6a) indicate that PBLH during the early 

part of the growing season (IOP 1) were higher over irrigated, transitional and non-irrigated land 

use as compared to the late growing season (IOP 2). Weather-wise, more active conditions and 

larger sensible heat flux (increased turbulence) led to deeper PBL during IOP 1, as was expected. 

For example, from 0500 to 1900 LST, average sensible heat flux during IOP 1 and IOP 2 were 

65 and 43 W m-2, respectively, over irrigated areas. It was 72 and 60 W m-2 for the same two 

IOPs, respectively, over non-irrigated land use. In addition, compared to the irrigated York and 

during IOP 1, the PBL grew faster (and PBLH remained higher) over non-irrigated Rogers Farm 



 
 

from 0700 to 1100 LST and collapsed quickly during the last two hours of the day. We suggest 

higher sensible heat flux and relatively drier soil moisture conditions over the non-irrigated areas 

allowed such PBL growth during the early part of a day and subsequent collapse during 

afternoon-evening transitions due to a rapid stabilization of the surface boundary layer linked to 

its larger long wave surface cooling in the drier air (relative to the irrigated location). In other 

words, land use (irrigation and non-irrigation) played an important role in evolution of the 

boundary layer.   

 

Lifting Condensation Level (LCL) 

Analysis of data suggests that at the diurnal time-scale, average LCL increased as the day 

progressed (Fig. 6b and Table 1). For example, at irrigated York average LCLs were 490, 861, 

1260, 1585, 1730, 1753, and 1313 m at 0700, 0900, 1100, 1300, 1500, 1700, and 1900 LST, 

respectively (Fig. 7b and Table 1). Over non-irrigated Rogers Farm, average LCLs were 596, 

942, 1184, 1384, 1558, 1605, and 1267 m for the same times, respectively (Fig. 6b and Table 1). 

In addition, it is also found that average LCLs were lower during IOP 2, compared to IOP 1, over 

both irrigated and non-irrigated areas. Over irrigated York, during IOP 2, average LCLs were 

203, 510, 850, 1013, 1089, 1077, and 768 m for the same radiosonde launching times, 

respectively (Fig. 6b and Table 1). Over Rogers Farm during IOP 2, LCLs for the same 

radiosonde launch times were 184, 621, 1024, 1187, 1257, 1326, and 922 m, respectively. The 

decrease of LCL increased probability of cloud formation over both irrigated and non-irrigated 

area but more so over irrigated areas because of larger decrease. In addition, over irrigated York 

and non-irrigated Rogers Farm, the average LCLs were 787 and 932 m, respectively, for IOP 2.  

In other words, compared to non-irrigated areas, on the average LCL was 145 m lower over 



 
 

irrigated areas during IOP 2.  This study also finds that the magnitude of the lowering of LCL 

during IOP 2 over irrigated areas was greater compared to non-irrigated areas. Over irrigated 

York during IOP 2, on the average, LCL was 498 m lower compared to IOP 1. While over non-

irrigated Rogers Farm, compared to IOP 1, LCL was 287 m lower during IOP 2.  

Radiosonde launching site DOW6 represents a transitional area from non-irrigated to 

irrigated land use. As a result, observations can potentially reflect impacts of both land uses. 

Overall, the LCL was higher compared to York and Rogers Farm for both IOPs (Fig. 6b and 

Table 3). The data also show that, like the other two locations/land uses and compared to IOP 1, 

the LCL was lower during IOP 2 (Fig. 6b and Table 1). 

   

Level of Free Convection (LFC)         

 Analysis of radiosonde data suggests that during IOP 1, the LFC became lower with the 

progression of day and starts to increase towards the end of the day (Fig. 6c and Table 1). 

Compared to irrigated land use, LFCs were lower over non-irrigated land use. LFCs were 

notably higher over DOW6. It is well-known that the lowering of the LFC and reduction in LFC 

and LCL differences enhances the potential of convection. Observations show that LCL 

increases as the day progressed. Hence, the simultaneous lowering of LFC and increase of LCL 

resulted in progressively smaller LFC and LCL differences that enhances the potential for 

convective cloud development.  

During IOP 1 average LFC-LCL differences were 1195 (the lowest), 1300, and 1765 m 

over irrigated, non-irrigated, and transitional land uses, respectively. During IOP 2, these 

differences were 1840, 2342, 2615 m, respectively. In other words, convection potentials were 

highest over irrigated areas during both IOP 1 and IOP 2. On a diurnal scale, based on the lowest 



 
 

LFC-LCL (413 m), convective cloud development potential was highest at 1500 LST over 

irrigated areas during IOP 1. It was the highest at 1700 LST during IOP 2 when LFC-LCL was 

1059 m. Over non-irrigated land use this potential was highest at 1500 LST for both IOP 1 and 

IOP 2 when LFC-LCL differences were 162 and 1747 m, respectively. 

 

Planetary Boundary Layer Mixing Ratio 

 Available PBL moisture content such as mixing ratio (w) can notably impact LCL and 

LFC and hence convection initiation and cloud development. It is found that the average PBL w 

was higher over irrigated land use compared to both non-irrigated and transitional land uses 

during IOP 1 and IOP 2. The PBL w for early and peak growing season over irrigated land use 

were 11.82 and 13.34 g kg-1, respectively (Fig. 6d and Table 1). They were 11.58 and 12.65 g kg-

1, respectively, for non-irrigated land use. It is clear that the increase over irrigated land use was 

greater during IOP 2 compared to over non-irrigated land use.  During IOP 1 all three land uses 

show somewhat two diurnal peaks for PBL w, one in the morning and one during the afternoon-

evening transition (Figure 6d). 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 w also 

occurred when PBLHs are at their lowest and conditions are very stable (Fig. 6a).  

 

PBLH, LCL, LFC, and PBL Mixing Ratio for Non-clear Days 

PBLH 

Analogous to clear days, the PBLH was also higher during IOP 1 for non-clear days. For 

example, over irrigated York, on average PBLH heights were 78, 342, 798, 919, 1201, 1193, and 

1129 for 0700, 0900, 1100, 1300, 1500, 1700 and 1900 LST radiosonde launching times, 



 
 

respectively, during IOP 1 (Table 2; statistically significant differences are identified in the 

table). However, during IOP 2 they were 135 (only exception), 287, 561, 675, 693, 863, and 254 

m over irrigated land use for the same times, respectively. This clearly suggests that irrigation 

impact on the lower troposphere is not limited only during clear days but also for other types of 

conditions. During IOP 1, the average PBLH over non-irrigated Rogers Farm were 124, 299, 

861, 974, 1052, 1360, and 61 m for the same radiosonde launch times, respectively. For IOP 2, 

they were 127, 265, 587, 706, 924, 894 and 257 m for the same launching times, respectively. In 

this case, early morning and early evening measurements are the only times when IOP 2 PBLH 

is higher than IOP 1 PBLH. Observations show a similar pattern for transitional zone DOW 6 

launches (Table 2).  For non-clear days, average daily PBLH were 809 and 495 m for IOP 1 and 

IOP 2, respectively, under irrigated land use while they were 676 and 537 m, respectively, for 

non-irrigated. Hence, there were 314 and 139 m reduction of PBLH over irrigated and non-

irrigated land use, respectively. Again, compared to non-irrigated land use, the lowering of 

PBLH was 175 m greater over irrigated land use. Thus, land use and irrigation forcing remains 

under non-clear days and it is an important finding. 

 

Lifting Condensation Level (LCL) 

For non-clear days, the LCL increased as the day progressed (Table 2), which is similar 

to clear days. Thus, we will keep discussion brief here and for the next two sections. Again, 

compared to IOP 1, it is found that the average LCL was lower during IOP 2, over both irrigated 

and non-irrigated areas. Average LCLs were 534 and 610 m for York and Rogers Farm, 

respectively, for IOP 2.  Compared to IOP 1, LCLs were lowered 757 and 585 m for irrigated 



 
 

York and Rogers Farm, respectively. Again, as during clear days, the magnitude of the lowering 

of LCL during IOP 2 over irrigated areas was greater compared to non-irrigated areas. 

 

Level of Free Convection (LFC)         

 Analogous to clear days, the LFC become lower with the progression of day and 

particularly through mid-afternoon (Table 2). 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 potential for convection was increased. Again, compared to IOP 1, the LFC was 

reduced notably during the IOP 2. On average, these reductions of LFCs were 1845, 1411, and 

1563 m for irrigated York, non-irrigated Rogers Farm, and transitional DOW 6 locations, 

respectively. Again, irrigation impacts are obvious for non-clear days. 

 

Planetary Boundary Layer Mixing Ratio 

 For non-clear days, the PBL w was higher over irrigated land use compared to both non-

irrigated and transitional land uses during IOP 1 and IOP 2 throughout the day. This is similar to 

diurnal changes in PBL w during clear days over these three land uses. On average, the PBL w 

for IOP 1 and IOP 2 over irrigated land use were 12.00 and 13.52 g kg-1, respectively (Table 2). 

For non-irrigated land use, they were 11.87 and 13.26 g kg-1, respectively. Again, it is evident 

that the increase over irrigated land use was greater during IOP 2 compared to over non-irrigated 

land use. 

   

 

 



 
 

Results from the Selected Dates During Early Growing Season (IOP 1)  

 To further understand and verify the overall findings in the previous sections and the 

influence of irrigated and non-irrigated land use, observations from several representative days 

were investigated. The objective is to assess whether irrigation and land use impacts are 

identifiable for different parts of the growing season when vegetation condition (crop in this 

case) and irrigation applications are dissimilar and background weather conditions were also 

different. Two dates were selected for IOP 1 and two for IOP 2. Again, our objective is to assess 

impacts of early and peak growing season land use land cover conditions (irrigation versus non-

irrigation) on the PBL and lower tropospheric convective parameters. Dates chosen for IOP 1 

include 3 June, when conditions were favorable for land-atmospheric interactions and 9 June, 

when convective activity impacted the entire study area. 

  

IOP 1: 3 June  

On 3 June, the study region was dominated by high pressure and as a result, fair weather 

and clear skies were observed. A three-day stretch of cooler air temperatures was observed 

around 3 June, which reflected in the climatological average as compared to the weeks preceding 

and following 3 June where 3 °C to 6 °C temperature departures were observed (40). It can be 

noted based on Figure 4a (bars for 3 June) that latent and sensible heat fluxes were very similar 

over both irrigated and non-irrigated areas.  

 It is found that weather conditions were favorable for observing relatively high PBLH (up 

to 2004 m). The differences observed in PBLH over irrigated York and non-irrigated Roger 

Farm were likely associated with the land use. Compared to York, the rapid growth of PBL over 

Rogers Farm with sunrise and similar rapid collapse during the afternoon (Fig. 7a) is linked to 



 
 

relatively drier land 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, compared 

to non-irrigated Rogers Farm, during the early part of the day (Fig. 7b). However, along with 

PBL, LCL rapidly lowered over non-irrigated and drier Rogers Farm during the afternoon-

evening transition. 

  

IOP 1: 9 June  

 An afternoon mesoscale convective system was 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 non-irrigated sites were observed on 9 June (approximately 3° 

C) with air temperatures over the irrigated region being higher than the non-irrigated site air 

temperatures (Fig. 2a-b). This difference is likely associated with the west to east propagation of 

the storm and the delayed early morning heating of the eastern sites (non-irrigated) due to 

residual cloud cover.  

 The highest heights of the PBL and LCL were 1625 and 1484 m, respectively and thus 

lower than those on 3 June.  It is also observed, compared to Roger Farm, that PBLH remains 

lower over irrigated York for most of the day. For example, during mid-afternoon (1300 LST) 

PBLH over irrigated York and non-irrigated Rogers Farm were 882 and 1203 m, respectively. 

Again, over non-irrigated Rogers Farm, PBLH and LCL declined more rapidly during the 

afternoon-evening transition. During the last radiosonde launch (1900 LST), PBLH over 

irrigated York and non-irrigated Rogers Farm were 906 and 50 m, respectively.   



 
 

Results from the Selected Dates During Peak Growing season (IOP 2) 

 The number of precipitation events were notably less during the second half of the 

growing season (including the IOP 2 window), resulting in increased irrigation throughout the 

entire period. As noted before, two dates were chosen for IOP 2 for further analysis. These dates 

include 19 July, which exhibited an early morning severe weather event with heavy precipitation 

simultaneously impacting irrigated and non-irrigated portions of the GRAINEX study area 

starting around 0600 UTC (1:00 a.m. Local Time), and 22 July, which is a clear day. 

  

IOP 2: 19 July  

  In the early morning hours of 19 July, a multicellular convective complex originating in 

western South Dakota moved southeast across Nebraska and into parts of Iowa, Missouri, and 

Kansas and produced precipitation. Prior to the precipitation event, higher air temperatures were 

observed over irrigated areas. Following the precipitation event, higher (lower) air temperatures 

and lower (higher) dew point temperatures were observed over non-irrigated (irrigated) areas. 

Daytime latent and sensible heat flux was clearly higher over the irrigated and non-irrigated 

sites, respectively (Fig. 4b; bars for 19 July).   

Due to the launches between sunrise and sunset, 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 non-irrigated land use (Fig. 7c). These heights are 

lower compared to soundings from 3 and 9 June of IOP 1 (Fig. 7a). For example, these heights 

were 1804 and 2007 m for irrigated and non-irrigated land use, respectively, at 1500 LST. 



 
 

Observations also suggest that PBLH and LCL of 19 July lacked a rapid increase (for example, 

like 9 or 3 June) (Fig. 7a-d). These differences were especially noticeable between late morning 

through late afternoon. Similar changes in LCL occurred compared to IOP 1 dates and for 

irrigated versus non-irrigated land uses. We suggest that this difference was due to land use and 

the availability of higher (lower) moisture over irrigated (non-irrigated) land use. 

  

IOP 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 dew point temperatures were slightly 

lower and higher, respectively, over irrigated land uses compared to non-irrigated. Daily average 

latent heat fluxes over both irrigated and non-irrigated sites were higher than sensible heat 

fluxes. However, latent flux over irrigated land use (296 W m-2) was noticeably higher compared 

to non-irrigated (254 W m-2).  PBLH remain lower than 1000 m over all locations and it is further 

reduced over irrigated land use compared to the non-irrigated and transitional. LCL also shows 

similar results and remained below 1500 m, which is further decreased compared to the IOP 1 

days (up to ~2500 m). 

 

Discussion 

 The results demonstrate that LULCC and irrigation impacts energy partitioning (latent 

and sensible heat flux), various near surface meteorological variables (air temperature, dew point 

temperature, and equivalent temperature), evolution of the planetary boundary layer (PBLH 

changes), and convective measures (LCL, LFC, and PBL mixing ratio).  These changes are 

magnified under irrigated conditions and are complex. In addition, this study finds differences in 



 
 

observations between irrigated and non-irrigated areas that are further amplified in the latter half 

of the growing season. The average maximum air temperature over irrigated areas was 2.74 °C 

lower during the peak growing season (IOP 2) than during the early part of the growing season 

(IOP 1), while dew point temperatures was 1.10 °C higher during IOP 2. In addition, difference 

between average irrigated and non-irrigated latent and sensible heat fluxes during IOP 1 were 15 

W m-2 and 7 W m-2, respectively. During IOP 2, these differences were 20 W m-2 and 17 W m-2, 

respectively. Over irrigated areas, latent heat flux was larger and sensible heat flux smaller than 

over non-irrigated areas. This difference illustrates the partitioning of energy associated with 

additional moisture over irrigated areas. 

 The changes in air temperature, dew point temperature, heat fluxes are in agreement with 

our understanding of their relationships shown by previous studies (16, 30, 41). 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 

humidity and dew point temperature.  

 Equivalent temperature (TE) calculations were completed to analyze changes associated 

with the gradual increase in irrigation throughout the growing season. As expected, TE values 

were somewhat similar at irrigated and non-irrigated sites during the early growing season (IOP 

1), but higher over irrigated areas during the peak growing season (IOP 2). For example, average 

TE differences between irrigated and non-irrigated sites were 0.11 °C and 2.03 °C during IOP 1 

and 2, respectively. Since moisture notably influences TE, higher TE over irrigated areas suggests 

a significantly higher moisture contribution as compared to the non-irrigated TE values in IOP 2. 

Again, the results are consistent with our understanding of the relationship between increased 

moisture content in the atmosphere, changes in atmospheric heat content and TE (21, 37, 42).  



 
 

To understand lower tropospheric response to irrigation, data from the radiosonde 

launches (~1200) at the three DOW locations, Rogers Farm and the York Airport 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 non-irrigated 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 increased 

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 observations also apply for the dates impacted by early morning 

convective 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 are sustained and continuous for varied land surface 

and land cover (early vs. peak growing season) and weather conditions. We suggest that this is 

an important finding. 

Results also support the understanding of connectivity between surface fluxes and 

planetary boundary layer development and stability linked to moist land surface conditions (2, 

43-47). It is well known that vegetation (in this case irrigated agriculture) has a strong influence 

on the distribution of surface fluxes and moisture, which directly impacts PBL development 

and PBLH (47-49). Higher sensible heat flux produces more turbulence and thus increases 

PBLH. Higher latent heat flux has an opposite impacts (shallow PBL/lower PBLH) which is 

observed over irrigated areas. Furthermore, previous research demonstrated that moist land 

surface condition allows higher physical evaporation and transpiration leading to higher 



 
 

atmospheric humidity and lower LCL (46). It was also reported that lower LCL is associated 

with higher precipitation (46). Smaller difference in LFC and LCL is also an indication of a 

favorable condition for convection (50-52). It is evident that over irrigated areas, LFC and LCL 

differences became smaller during mid-morning and again in the late afternoon hours. In other 

words, the potential for convection increases due to irrigation during these two periods. 

Furthermore, the LULCC and irrigation driven L-A interactions can be encapsulated in a process 

chain connecting changes in soil moisture to surface fluxes, PBL evolution, 2-meter temperature 

and humidity, and ultimately clouds and precipitation (53).       

From this study, it is clear that irrigation impacts near surface atmospheric conditions, the 

PBL, cloud development, and the lower tropospheric convective potential and can be sustained 

throughout the growing season, regardless of background atmospheric condition. Furthermore, 

these changes subsequently alter local and regional weather and climate. We suggest that the 

results are important, particularly, in the context of the rapid expansion of irrigation globally 

with the increased demand for food and can be applicable for other parts of the world. As a 

result, it is important that efforts should be ongoing and well-coordinated to determine current 

and future impacts of LULCC and irrigation on weather and climate (54-56). The conclusions of 

this research are summarized in Figure 8. Future research will include further analysis of 

GRAINEX data and related modeling research for better understanding of L-A interactions under 

irrigated and non-irrigated land use land cover. 

 

 

 



 
 

Materials and Methods 

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 (57, 58). The primary source of water is 

the High Plains Aquifer which is also known as the Ogallala Aquifer. As shown in Figure 1, an 

extensive area of irrigated cropland is found in the western part of the study area and non-

irrigated rainfed cropland is generally found to the east.  

This study included two IOPs during which all data were collected. The first phase took 

place from 30 May to 13 June (IOP 1). The second phase was from 16 July to 30 July (IOP 2). 

The window of dates for IOP 1 was chosen in an effort to observe L-A interactions amidst the 

early onset of irrigation (i.e. a rapid increase in moisture availability in both surface and 

subsurface regions). IOP 2 was chosen to capture L-A interactions during the peak growing 

season when the irrigation amount is maximized in response to crop-water demand.   

 A wide range of observational platforms were used for data collection. These included 

twelve Integrated Surface Flux Systems (ISFS) (59), two Integrated Sounding Systems (ISS) 

(60), three Doppler on Wheels (DOW) mobile radar units (61), which also deployed radiosondes 

and Environmental Monitoring, Ecological Sensor Hubs (EMESH). The National Aeronautical 

and Space Administration (NASA) also participated by collecting soil moisture data using 

radiometers mounted on a Twin Otter aircraft. 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 collected and quality of data collected by ISFS, ISS, and 



 
 

DOW are discussed in the following sections. For additional details regarding all observation 

platforms and instrumentation, we refer to https://www.eol.ucar.edu/field_projects/grainex. 

 

Integrated Surface Flux Systems (ISFS) 

 A total of 12 ISFS sites were deployed for the GRAINEX campaign. Six sites were 

deployed in irrigated crop environments, six in non-irrigated (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 

remaining six in the eastern non-irrigated part. The meteorological parameters measured at the 

ISFS sites included latent and sensible heat fluxes, air temperature, relative humidity, pressure, 

precipitation, wind speed, wind direction, incoming and outgoing solar radiation, and soil 

moisture. The entire data set was quality-controlled and released to the EOL/NCAR data portal 

as five-minute averages in NetCDF format 

(https://data.eol.ucar.edu/master_lists/generated/grainex/).  

 

Integrated Sounding Systems (ISS) 

 In addition to the ISFS sites, two ISS sites were assigned in an effort to capture anomalies 

in the PBL associated with irrigated and non-irrigated agricultural practices. One ISS site was 

located at the York Airport in York, Nebraska, a small airfield in the area. Nearby crop fields are 

extensively irrigated and radiosonde launches were conducted in an area removed from runway 

activities. The second ISS site was located at Rogers Memorial Farm (Rogers Farm), a 

University of Nebraska owned and operated test farm east of Lincoln. This site lies within the 

confines of the non-irrigated ISFS sites. Radiosonde launches took place simultaneously at two-

https://www.eol.ucar.edu/field_projects/grainex
https://data.eol.ucar.edu/master_lists/generated/grainex/


 
 

hour intervals from sunrise (Approx. 6:00 AM Local Time) to sunset (Approx. 8:00 PM Local 

Time) each day. In other words, eight radiosonde launches were completed each day from each 

site resulting in about 480 launches (8 launches x 2 sites x 30 days = 480 launches). These sites 

also operated a wind profiler, a ceilometer and collected surface meteorological observations. 

 These sites were only operational during IOP 1 and 2, therefore, this analysis of the 

GRAINEX data highlights events constrained by these time windows. This provides the most 

comprehensive data set of this type for investigation of impacts of land use, including irrigation, 

on the lower atmosphere. 

 

Doppler on Wheels (DOW) 

 Three DOW units were deployed and triangulated over a transition region between 

irrigated and non-irrigated crop land (Fig. 1). This formation was assigned in order to capture 

fine-scale transitional variability from irrigated to non-irrigated areas and vice versa. Doppler 

radar scans consisting of reflectivity and velocity fields were conducted in order to identify 

boundary formations and severe weather development within the PBL. The DOW sites also 

conducted radiosonde launches, which corresponded to the launch times of the ISS sites (8 

launches x 3 sites x 30 days = 720 launches). Analysis of the radar scans are highly anticipated to  

increase our understanding of convective development associated with irrigation. 

 

Equivalent Temperature 

 Further insight into the L-A interactions and influence of irrigation can be determined by 

using equivalent temperature (TE), a measure best utilized for expressing changes in heat content 



 
 

related to changes in moisture (i.e. moist enthalpy) (42, 37, 21). Equivalent temperature can be 

expressed as follows:  

H = CpT + Lvq ………………………………………………………………………………. (1) 

where H is moist enthalpy (J Kg-1), Cp is the isobaric specific heat of air (1005 J Kg-1K-1), T is air 

temperature (K), Lv is the latent heat of vaporization (2.5x106 Jkg-1) and q is specific humidity. 

Since mixing ratio is related to specific humidity, we have used the following expression to 

derive the latter:  

q = w / (w + 1) ……………………………………………………………………………. (2) 

where w is the mixing ratio. Mixing ratio is calculated from vapor pressure of the air and 

atmospheric pressure where vapor pressure was calculated using Bolton’s equation (62). Finally, 

to convert moist enthalpy into units of temperature (K), thereby calculating a variable that more 

completely represents atmospheric heat, which includes changes in moisture, can be expressed as 

follows:  

TE = H / Cp ……………………………………………………………………………… (3) 

TE were then compared to observed air temperatures at the individual ISFS sites and later 

averaged over the six irrigated and six non-irrigated sites separately.  

 

Lower Tropospheric Condition Analysis  

 As noted previously, approximately 40 radiosondes were launched daily during IOP1 and 

2 of the GRAINEX with a total of ~1200 for the two IOPs combined. By implementing 

radiosonde data collection into the project plan, a further understanding of lower atmospheric 



 
 

variabilities was constructed. Based on the radiosonde data from two ISS (York Airport and 

Rogers Farm) and the three DOW sites, analyses representing both irrigated and non-irrigated 

areas were used to study how the PBLH, LCL, LFC, and PBL w were impacted by irrigation.  
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Table 1. Clear day average PBL Heights (PBLH) (m), Lifting Condensation Level (LCL) (m), 

Level of Free Convection (LFC) (m), and PBL mixing ratio (w) (g kg-1) for DOW 6, Rogers 

Farm, and the York Airport during IOP 1 and IOP 2. Values correspond to Figure 6a-d. There is 

a 6-h lag in LST compared to UTC and hence LST = UTC – 0600. 

Time IOP DOW 6 

 

Rogers Farm 

(ISS2) 

York Airport 

(ISS3) 

PBLH LCL LFC w 

 

PBLH LCL LFC w PBLH LCL LFC w 

0700 

LST 
IOP 1 177 638 4296 11.12 201 596 3854 10.85 110 490 3421 12.39 

IOP 2 114 316 3011 12.92 101 184 2498 13.36 89 203 3089 13.33 

0900 

LST 
IOP 1 311 993 3211 11.26 427 942 2366 12.07 392 861 2518 12.39 

IOP 2 307 771 3102 12.47 347 621 3176 13.93 317 510 2718 14.10 

1100 

LST 
IOP 1 950 1382 2874 11.17 986 1184 2239 11.85 944 1260 2395 11.94 

IOP 2 799 1118 3414 11.28 725 1024 3463 12.58 696 850 1929 13.09 

1300 

LST 
IOP 1 1232 1661 2916 11.47 1228 1384 2061 11.94 1276 1585 2286 11.73 

IOP 2 932 1333 4469 11.36 1016 1187 4372   12.19        855 1013 2911 12.70 

1500 

LST 
IOP 1 1552 1874 2669 11.15 1643 1558 1720  11.69 1651 1730 2143 11.62 

IOP 2 1168 1486 4397 11.39 1077 1257 3004   12.29      856 1089 2832 12.94 

1700 

LST 
IOP 1 1484 1827 3003 11.30 1622 1605 1991  11.64 1722 1753 2240 10.85 

IOP 2 1142 1474 3885 11.39 978 1326 3677   12.28         1038 1077 2136 13.42 

1900 

LST 
IOP 1 1298 1615 3375 10.93 40 1267 3404 11.03 538 1313 2360 11.82 

IOP 2 534 1059 3589 12.16 438 922 2731   11.90          357 768 2775 13.81 

Mean IOP 1 1001 1427 3192 11.20 878 1219 2519 11.58 948 1285 2480 11.82 

IOP 2 714 1080 3695 11.85 669 932 3274 12.65 601 787 2627 13.34 

p < 0.1; p < 0.05 

 

 

              

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Table 2. Non-clear day average PBL Heights (PBLH) (m), Lifting Condensation Level (LCL) 

(m), Level of Free Convection (LFC) (m), and PBL mixing ratio (w) (g kg-1) for DOW 6, Rogers 

Farm, and the York Airport during IOP 1 and IOP 2. Values correspond to Figure 6a-d. There is 

a 6-h lag in LST compared to UTC and hence LST = UTC – 0600. 

Time IOP DOW 6 

 

Rogers Farm 

(ISS2) 

York Airport 

(ISS3) 

PBLH LCL LFC w 

 

PBLH LCL LFC w PBLH LCL LFC w 

0700 

LST 
IOP 1 126 654 3648 11.94 124 488 3261 12.72 78 437 3360 12.45 

IOP 2 118 256 2967 12.34 127 124 1015 12.54 135 165 1551 12.74 

0900 

LST 
IOP 1 267 1129 3032 11.71 299 960 2601 12.56 342 832 2870 12.60 

IOP 2 289 564 1988 11.91 265 440 1849 12.77 287 421 1765 12.84 

1100 

LST 
IOP 1 587 1520 3097 11.13 861 1289 2221 11.60 798 1301 2866 11.84 

IOP 2 504 787 1813 12.02 587 657 1251 12.74 561 567 1017 13.15 

1300 

LST 
IOP 1 982 1808 3578 10.58 974 1321 2044 11.40 919 1563 3249 11.46 

IOP 2 896 923 1655 12.16 706 787 1477 12.94 675 639 1252 13.58 

1500 

LST 
IOP 1 1186 2042 3398 10.45 1052 1546 3189 11.02 1201 1824 2968 11.00 

IOP 2 778 889 1582 13.07 924 763 1366 13.70 693 709 1256 14.15 

1700 

LST 
IOP 1 1351 2010 3289 11.03 1360 1553 3300 11.36 1193 1673 3208 11.65 

IOP 2 909 1016 1693 12.81 894 856 1305 13.80 863 714 1166 13.86 

1900 

LST 
IOP 1    1118 1661 4082 11.20        61 1210 2581 12.45 1129 1405 3957 12.27 

IOP 2      389   731 1485 13.67      257 642 1053   14.31 254   523 1558 14.31 

Mean IOP 1      802 1546 3446 11.15      676 1195 2742 11.87 809 1291 3211 12.00 

IOP 2      555   738 1883 12.57      537   610 1331 13.26 495   534 1366 13.52 

p < 0.1; p < 0.05 

 

 

 

 

 

 

 



 
 

 

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

of the 12 integrated surface flux system sites (ISFS), two integrated sounding system sites (ISS), 

three Doppler on Wheels deployment locations (DOW), and the 75 Environmental Monitoring, 

Economical Sensor Hubs (EMESH).  

 

 

 

 

 

 

 

 

 

 



 
 

a) 

 

b) 

 

Figure 2a-b. a) 30-minute air temperatures averaged over the 6 irrigated and 6 non-irrigated sites 

during the growing season of 2018; and b) same as a) but for dewpoint temperatures. Note: A 

comparison of irrigated and non-irrigated air temperatures during IOP 1 resulted in no statistical 

significance, but for IOP 2 comparisons resulted in statistically significant differences.  Same 

applies for dewpoint temperature. 



 
 

 

a) 

 

b) 

 

Figure 3a-b. a) 30-minute latent (LE) and sensible (H) heat flux averaged over irrigated ISFS 

sites (1-6) during the growing season of 2018; and b) same as ‘a’ but for non-irrigated ISFS sites 

(7-12). 

 

 

 



 
 

a) 

 

b) 

 

Figure 4a-b. a) Daytime (0500 LST to 1900 LST) average latent (LE) and sensible (H) heat flux 

for irrigated and non-irrigated sites during IOP 1; and b) same as ‘a’ but for IOP 2.  

 

 



 
 

a) 

 

b) 

 

Figure 5a-b. a) Daytime (0500 LST to 1900 LST) average equivalent temperature (TE) for 

irrigated and non-irrigated sites during IOP 1; and b) same as ‘a’ but for IOP 2.  
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d) 

  

Figure 6a-d. Full IOP average: a) PBLH, LCL, LFC, and PBL w for York (ISS3), Rogers Farm 

(ISS2), and DOW6 at the respective radiosonde launch times. IOP 1 and 2 is indicated by 1 and 

2. Corresponding values are in Table 3. Shades showing 2-std dev. envelop for IOP 1. For clarity 

of the figures similar envelops are not added for IOP 2. There is a 6-h lag in LST compared to 

UTC and hence LST = UTC – 0600. 
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d) 

 

 

Figure 7a-d. a) PBLH, and b) LCL for 3 June, 2018 (IOP 1); c) and d) PBLH and LCL for 19 

July, 2018 (IOP 2). There is a 6-h lag in LST compared to UTC and hence LST = UTC – 0600. 

 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. A simplified conceptual model highlighting the impacts of irrigated and non-irrigated 

land use. Note that albedo is lower over irrigated areas.  
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