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ABSTRACT: Irrigation has the potential to modify local weather and regional climate through a repartitioning of water among the surface, soil, and
atmosphere with the potential to drastically change the terrestrial energy budget
in agricultural areas. This study uses local observations, satellite remote sensing, and numerical modeling to 1) explore whether irrigation has historically
impacted summer maximum temperatures in the Columbia Plateau, 2) characterize the current extent of irrigation impacts to soil moisture (SM) and land
surface temperature (LST), and 3) better understand the downstream extent of
irrigation’s influence on near-surface temperature, humidity, and boundary
layer development. Analysis of historical daily maximum temperature (TMAX)
observations showed that the three Global Historical Climate Network (GHCN)
sites downwind of Columbia Basin Project (CBP) irrigation experienced statistically significant cooling of the mean summer TMAX by 0.88–1.68C in the
post-CBP (1968–98) as compared to pre-CBP expansion (1908–38) period,
opposite the background climate signal. Remote sensing observations of soil
moisture and land surface temperatures in more recent years show wetter soil
(;18%–25%) and cooler land surface temperatures over the irrigated areas.
Simulations using NASA’s Land Information System (LIS) coupled to the
Weather Research and Forecasting (WRF) Model support the historical analysis, confirming that under the most common summer wind flow regime, irrigation cooling can extend as far downwind as the locations of these stations.
Taken together, these results suggest that irrigation expansion may have contributed to a reduction in summertime temperatures and heat extremes within
and downwind of the CBP area. This supports a regional impact of irrigation
across the study area.
KEYWORDS: Atmosphere-land interaction; Hydrometeorology; Soil moisture;
Numerical analysis/modeling

1. Introduction
Irrigation has the potential to modify local weather and regional climate through
a repartitioning of water among the surface, soil, and atmosphere with the potential
to drastically change the terrestrial energy budget in agricultural areas (Qian et al.
2013). Vegetation cover and soil moisture primarily control water and energy
fluxes from the surface into the planetary boundary layer (PBL), providing a
pathway for irrigation to affect PBL growth and entrainment, and ultimately clouds
and precipitation (Alter et al. 2015; Harding and Snyder 2012). This means the
effects of irrigation could be particularly important in semiarid regions where
irrigation not only affects soil moisture, but also enables the thriving of nonnative
crops and vegetation.
One such semiarid, irrigated region exists in the Pacific Northwest, United
States. The Columbia Basin Project (CBP) is a federally managed series of dams,
reservoirs, and canals that deliver irrigation water from the Columbia River to
central Washington and have made this otherwise desertlike landscape into an
agriculturally productive region. The project was initially authorized in the early
1930s by U.S. President Franklin D. Roosevelt, but the first deliveries of irrigation
water ultimately occurred between 1948 and 1952, beginning decades of explosive
growth of irrigated agriculture in the region (Simonds and Linenberger 1998).
The main objective of this work is to determine the impact of irrigation on
summertime maximum temperatures and extremes in the vicinity of the Columbia
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Basin Project in Washington, United States. This goal is achieved through analysis
of daily climate records, remote sensing data, and a series of high-resolution model
simulations that explicitly represent irrigation and use realistic initial and boundary
conditions. The semiarid climate of central Washington is typical of many other
irrigated regions in the western United States (e.g., California Central Valley,
Snake River Valley, Idaho) and around the world (e.g., northern Spain). Thus, by
quantifying the impacts of widespread irrigation implementation on the ambient
temperature over this region, the role of human practices that impact the water and
energy cycles can be understood. This is particularly important as these regions
tend to be highly dependent on irrigation for food security and are therefore particularly vulnerable to episodes of drought and water scarcity. The paper is organized as follows: section 2 describes relevant background information about
irrigation impacts on weather and climate, as well as the history of the Columbia
Basin Project. Section 3 presents the datasets and methods employed and section 4
describes the results of the observational and modeling analyses. A discussion of
the limitations and future directions is presented in section 5, followed by conclusions in section 6.

2. Background
2.1. Irrigation impacts on temperature
Irrigation increases soil moisture, a fundamental state variable connecting the
water, carbon, and energy cycles (Entekhabi et al. 2004). Soil moisture is the first
‘‘link’’ in the process chain that relates changes in soil moisture to clouds and
precipitation via feedbacks and interactions with surface fluxes, near-surface
temperature and humidity, and PBL growth and entrainment (Santanello et al.
2018). Although the impact of irrigation on soil moisture and fluxes is relatively
well understood, as wetter soil resulting from irrigation partitions more energy into
latent than sensible heat fluxes (Adegoke et al. 2003; Qian et al. 2013; Lawston
et al. 2015), to what extent these flux changes impact air temperature and humidity
is uncertain. For example, estimates of the irrigation cooling effect in California’s
Central Valley alone range from 1.1 to 8.0 K (Huang and Ullrich 2016; Kueppers
and Snyder 2012; Yang et al. 2017; Sorooshian et al. 2011). At least some of the
variability in these irrigation cooling estimates can be attributed to different model
configurations (e.g., type, resolution, irrigation scheme), but the variety of results
underscores the need for a full examination of the feedbacks and interactions
within the PBL to truly characterize the severity and downwind influence of irrigation’s impact on temperature.
Modeling tends to be the method of choice for irrigation impact studies, as data
availability within irrigated areas is often lacking, making observation-focused
work more difficult. Nevertheless, several studies have been able to use station and
other data to show an irrigation cooling effect. Lobell and Bonfils (2008) used a
linear regression model to relate irrigated area trends with changes in maximum
and minimum temperatures in California’s Central Valley, estimating up to 58C
cooling in the most heavily irrigated areas. Other research has shown an irrigation
cooling effect in the Texas Panhandle of 18C on damp, cool days and 28C on dry,
hot days (Barnston and Schickedanz 1984) and an approximately 18C cooling was
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found in Nebraska following irrigation expansion (Mahmood et al. 2004, 2006).
Other studies, at the global scale, indicate the role of irrigation in assimilation
systems. For example, Tuinenburg and de Vries (2017) showed positive correlations between the soil moisture additions to the ERA-Interim and annual cycles of
irrigation, positing that irrigation may act to cool the screen-level observations (2-m
temperature and humidity) in heavily irrigated areas, especially in regions of little
precipitation and intensive irrigation.
Irrigation’s first impact on the atmosphere is at the local scale, but large-scale,
perennial irrigation activities can influence climate on seasonal and longer time
scales. The greatest growth in irrigation occurred in the mid-twentieth century,
concurrent with increases in greenhouse gas concentrations, leading some to hypothesize that past irrigation expansion may have mitigated anthropogenic
warming (Kueppers et al. 2007; Lobell et al. 2009; Cook et al. 2010). In fact,
Thiery et al. (2017) concluded that irrigation has reduced exposure to heat extremes in the past, but a recent slowdown in irrigation intensity could contribute to
greater heat stress in the future. This is supported in part by Kang and Eltahir
(2018), who showed that the increased frequency of heat waves driven by climate
change, coupled with added humidity from irrigation, could pose a significant
future risk to human health in the North China Plain.

2.2. The CBP
The CBP is managed by the U.S. Bureau of Reclamation (USBR) and was one of
the first and largest projects undertaken in its mission to encourage development in
the western United States. The original CBP proposal called for the irrigation of
approximately 1 million acres of dryland in the Columbia Plateau, but complications and escalating costs restricted the actual irrigated acreage to about 670 000
acres [Columbia Basin Development League (CBDL) 2018]. The construction of
the Grand Coulee Dam, completed in 1942, created the reservoir and hydroelectric
power necessary to provide irrigation to the Plateau. The pumping stations and
canals were completed next, allowing the first water delivery from the Columbia
River to about 5400 acres in 1948, and the first water pumped from the Grand
Coulee Dam to around 66 000 acres in 1952 (CBDL 2018). In the 1960s, many
within the original CBP limits who were promised irrigation water by the project
were issued groundwater permits instead. Today, irrigated agriculture still thrives
as the area produces high-value crops, such as cherries and mint, and boasts an
abundance of wineries (USBR 2008).
The dramatic increase in irrigated land made possible by the CBP spurred some
of the first studies investigating irrigation’s potential impact on weather and climate. In the 1970s, a series of correspondences appeared in Science between
Fowler and Helvey (1974) and Eddy (1975) in which the two groups disagreed
about whether irrigation had impacted climate in the Columbia basin. Stidd implied that irrigation water from the CBP is recycled at least once as rainfall, with
the greatest precipitation likely falling in the foothills of the adjacent mountains.
Results from Stidd’s earlier work (Stidd 1967) showed that July and August rainfall
in the Columbia Plateau is sensitive to additional moisture input from local
evapotranspiration. In contrast, Fowler and Helvey (1974) concluded that
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widespread climatic effects due to irrigation are likely small, finding changes in
July minimum, maximum, and mean temperature and precipitation trends were
minimal when comparing pre- and postirrigation periods (i.e., 1924–50 and 1951–
70, respectively).
We aim to revisit and comprehensively investigate the role of Columbia Basin
Project’s irrigation on temperature, aided by 30 additional years of in situ data, and
new modeling and satellite technologies. In particular, we use in situ observations,
satellite remote sensing, and numerical modeling to 1) explore whether irrigation
has historically impacted summer maximum temperatures in the Columbia
Plateau, 2) characterize the current extent of irrigation impacts to soil moisture
(SM) and land surface temperature (LST), and 3) better understand the downstream
extent of irrigation’s influence on near-surface temperature, humidity, and boundary
layer development.

3. Data and methods
3.1. Historical temperature data
We use maximum daily temperature (TMAX) from the Global Historical
Climatology Network-Daily database (GHCN-D; Menne et al. 2012a,b), version
3.2, to investigate temperature trends prior to and after CBP irrigation expansion.
The GHCN-D dataset is a collection of global, land-based daily climate records
that have undergone a suite of quality checks and contains the most comprehensive
collection of daily summaries currently available for the United States. There are
seven GHCN stations in the vicinity of the CBP with observations dating back to
the early 1900s, including Ellensburg, Waterville, Wilbur, Odessa, Ritzville,
Kennewick, and Dayton (Figure 1; sites a–g, respectively). As shown in the Figure 1,
most of the GHCN stations are near, but not directly within, the CBP boundaries.
Given the irrigation commencement window of 1948–52, we analyze the distribution of summertime (JJA) maximum temperatures, number of extreme heat
days, and temperature trends for the 30-yr periods of 1908–38 and 1968–98,
hereafter, referred to as ‘‘pre-CBP’’ and ‘‘post-CBP’’ expansion periods, respectively. These two time periods were chosen for several reasons:
1) The latter period includes the three peak decades of irrigation extent,
giving sufficient time for any potential irrigation effects to ramp up.
2) There were no large data gaps during these periods for most stations.
3) Previous studies and reports on climate of the U.S. Pacific Northwest indicate
that the 1968–98 period was warmer regionally than the earlier period
(Abatzoglou et al. 2014; Kunkel et al. 2013). This implies that any cooling
detected in the post-CBP period is not due to the background climate.
In addition to the GHCN, we analyze more recent (i.e., mid-1980s to the present)
weather station observations from the USBR’s Pacific Northwest Cooperative
Agricultural Weather Network, called AgriMet (USBR 2016). The observations
recorded at each automated site vary by station but typically include 15-min
temperature and dewpoint, hourly wind speed and direction, and cumulative precipitation. We use the AgriMet data to determine the prevailing wind flow in the
region and to evaluate the results of the model simulations.
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Figure 1. True reflectance image of the central Washington study area [Google Earth
Pro, version 7.3.2.5776 (20 Jul 2018). Othello, Washington, United States.
46846 9 51.850N, 119824 9 41.010W. Eye alt 230.13 mi. Image Landsat/
Copernicus 2018 [13 Jun 2019)]. The black line marks the boundaries of the
Columbia Basin Project (USBR 2008). Yellow markers and letters indicate
the locations of the GHCN sites used in the analysis and are as follows
(a) Ellensburg, (b) Waterville, (c) Wilbur, (d) Odessa, (e) Ritzville,
(f) Kennewick, and (g) Dayton. Inset shows the study area location in relation to the northwest coast of the United States.

3.2. Satellite remote sensing data and analysis
Before the impacts of irrigation can be communicated to the atmosphere, the first
and most direct effect of irrigation occurs to the SM and, subsequently, LST. Thus,
we use datasets from two satellite remote sensing platforms to analyze regional
changes to SM and LST. Although the period of record is limited compared to the
historical climate network dataset, satellite remote sensing offers the advantage of
spatially continuous observations. Here we analyze the near-surface (0–5 cm) SM
from the Soil Moisture Active Passive (SMAP; Entekhabi et al. 2010) satellite and
the LST from the Moderate Resolution Imaging Spectroradiometer (MODIS;
Wan 2013) on board the Terra satellite. The SMAP satellite uses a passive, L-band
microwave radiometer and a retrieval algorithm to estimate SM from observed
brightness temperature. We use SMAP Level 3 Enhanced, version 1, soil moisture
retrievals (O’Neill et al. 2018), available since April 2015 at 1–3-day temporal
resolution and gridded at 9 km spatial resolution, but with a native resolution of
36 km. The MODIS Terra LST, Collection 6, is used and features 1-km spatial
resolution and daily temporal resolution.
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We analyze the remotely sensed datasets by calculating the average SM from
SMAP and LST from MODIS for each pixel for the month of July. In addition,
yearly time series of SM and LST at irrigated and nonirrigated pixels are generated
to explore contrasts over time within and outside of the irrigated regions.
3.3. Regional modeling
The satellite remote sensing analysis provides insight into the bulk, regional
response of SM and LST to irrigation, while the GHCN-D datasets allows for longterm analysis of air temperature trends in the region. To better understand the
process-level connections between irrigation, SM changes, and daily summertime
weather in the study area via boundary layer processes and feedbacks that link
the land surface and atmosphere, a series of regional modeling simulations are
conducted.
3.3.1. Model configuration

The modeling systems used are NASA’s Land Information System (LIS; Kumar
et al. 2006), version 7.1, and NASA’s Unified Weather Research and Forecasting
model (NU-WRF; Peters-Lidard et al. 2015), version 8. LIS is a land surface
modeling and data assimilation framework that allows users to complete long-term,
land-only simulations using one of a number of land surface models (LSMs) to
‘‘spin up’’ surface states and fluxes (Rodell et al. 2005) on the same grid to be used
by WRF. In this study, we use the Noah LSM, version 3.3 (Chen and Dudhia 2001)
within the LIS framework. NU-WRF contains all features of NCAR’s standard
WRF Model, but includes additional physics options and the ability to run coupled
simulations with LIS (herein, LIS-WRF). The LIS and NU-WRF modeling systems have proven to be effective tools for investigating soil moisture–boundary
layer interactions (Santanello et al. 2011, 2013, 2019) and irrigation impacts on the
atmosphere (Lawston et al. 2015, 2017).
The LIS-WRF Model configuration for this study uses two nested domains at
9- and 3-km spatial resolution centered on the Columbia Plateau in Washington
and Oregon, United States (see Figure S1 in the online supplemental material).
Each running domain contains 249 3 315 grid points and 42 vertical levels. There
are 18 model levels in the 1-km column closest to the ground, including 6 levels in
the first 100 m. The fine vertical resolution in the lower boundary is more amenable
to planetary boundary layer schemes based on turbulent kinetic energy. As such,
the Mellor–Yamada–Nakanishi–Niino level 2.5 (MYNN2.5; Nakanishi and Niino
2006) PBL and surface-layer schemes are used.
The landcover dataset is from the MODIS International Geosphere–Biosphere
Program (MODIS-IGBP) and the greenness and leaf area index (LAI) inputs are
from NCEP climatological datasets. These datasets have shown positive performance in previous studies using the Noah LSM in the LIS framework (Lawston
et al. 2015). The atmospheric boundary and initial conditions in the coupled runs
are provided by the analysis fields from the North American Mesoscale Forecast
System (NAM) at 6-hourly intervals and 12-km spatial resolution. Land surface
initial conditions come from 3-yr, land-only Noah LSM spinups forced by data
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from the National Land Data Assimilation System–Phase 2 (NLDAS-2; Xia et al.
2012) and the Global Data Assimilation System (GDAS), for the U.S. and international regions, respectively. Previous studies with these models and methods
have shown a spinup time of 3 years is sufficient for the near-surface variables to
reach equilibrium (Lawston et al. 2015).
Control (CTRL) and irrigated (IRR) land-only simulations are completed, in
which the only difference is that irrigation is enabled in the IRR run. Irrigation is
simulated via a sprinkler parameterization that has been used extensively in previous studies, including a robust evaluation of the triggering and thresholds
(Lawston et al. 2017). The sprinkler irrigation algorithm is used in this study as
sprinkler systems are the most common irrigation method in this region [National
Agricultural Statistics Survey (NASS) 2014]. The sprinkler scheme applies irrigation water as precipitation in the morning when the soil moisture availability
drops below 50% of field capacity (Ozdogan et al. 2010). An irrigation intensity
(i.e., spatial frequency) dataset is required to determine the location of irrigation
and to scale the amount of water applied to a grid cell in the event that it is not
100% irrigated. In this study, we use the Global Rainfed and Irrigation Paddy
Cropland (GRIPC; Salmon et al. 2015) irrigation intensity dataset. This highspatial-resolution (aggregated to 1 km) dataset is derived from a combination of
sources, including remote sensing, climate data, and crop inventories.
3.3.2. Experimental design

Three 2-day case studies were chosen from the month of July 2015, for which
CTRL and IRR coupled LIS-WRF runs were completed. The summer of 2015
featured prolonged dryness and above-average heat. Abnormally dry conditions in
June worsened to severe drought in July 2015, according to the U.S. Drought
Monitor (Svoboda et al. 2002). The average July high temperature for TriCities
Airport in Pasco, Washington, is 32.948C (91.38F), based on temperature records
from 1981 to 2010 (NCEI 2019), but July 2015 marked 12 days over 37.88C
(1008F), the highest topping out at 428C (1088F; Weather Underground 2019). The
hot and dry weather experienced in 2015 represents the ideal conditions for irrigation application. The selected cases studies, 1–3 July, 16–18 July, and 23–25
July, are rain-free days that feature different wind flow patterns and represent a
range of irrigation requirements (Figure S2). The case study of 1–3 July featured
high rates (;10 mm day21) of irrigation in the northern CBP and little irrigation
applied near the Oregon border, while the other case studies showed more widespread irrigation. Rain-free conditions persisted throughout the month, leading to
consistent irrigation triggering and greater soil moisture differences between the
IRR and CTRL simulations in the 16–18 July and 23–25 July cases (as shown in
Figure S3). Overall, irrigation increases the top-layer soil moisture by anywhere
from 30% (i.e., 1–3 July) to as much as 70% in some grid cells (i.e., 23–25 July).
The LIS-WRF simulations are run for a total of 54 h per case study. As the focus
of this work is on daytime maximum temperatures and boundary layer development, the analysis is concentrated on the daytime hours. The 54-h total run time
results in two diurnal cycles per case study, for a total of six daytime periods.
Model output from the second domain at 3-km resolution is analyzed for the study
area (defined in Figure 1).
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4. Results
4.1. Historical climate results
The locations of the seven GHCN stations are shown in Figure 2a along with
present day map of areas equipped for irrigation (Salmon et al. 2015) and colored
lines that indicate county boundaries. The county colors correspond to Figure 2b,
which presents the irrigation acreage from 1890 to 2012, from the USDA Census of
Agriculture for the seven most heavily irrigated counties in Washington. The CBP
boundaries (Figure 1) span Grant, Franklin, and Adams Counties. Considerable
increases in irrigation extent are apparent in these counties in the 1950s following
the completion of the CBP infrastructure. In comparison, the other counties display
modest and varying trends in irrigation acreage as a result of much smaller, localscale irrigation project development.
Figure 3 shows histograms of JJA daily TMAX values for the pre-CBP and postCBP periods. At five of the seven sites, the distribution noticeably shifts toward cooler
temperatures, and the mean is significantly different at the 99% confidence level,
using a Student’s t test. The two sites farthest from irrigation, Dayton and Waterville,
show nonsignificant cooling and significant warming, respectively. The number of
extreme heat days, defined as those days exceeding the 90th percentile for the period
of record (Martinez-Austria and Bandala 2017), is also calculated for each station and
provided in Table 1. Waterville experiences a 5.3% increase in extreme heat days,
while Odessa, Ellensburg, and Ritzville show a less than 4% decrease in the number
of extreme heat days. Kennewick and Dayton, despite experiencing reduced average
JJA TMAX, feature a small increase in the number of extreme heat days.
Figure 4 shows the JJA average TMAX at each GHCN site for each year from
1908 to 2002 with trendlines highlighting the pre- and post-CBP expansion periods. A regionwide cool period in the midcentury (i.e., 1940–50) due to natural
climate variability is apparent to varying degrees at each of the stations, with the
higher elevation stations (Waterville and Wilbur) experiencing greater cooling.
When comparing the pre- and post-CBP periods, Odessa, Wilbur, and Ritzville
display the most notable reduction in the post-CBP temperature mean. Odessa, the
closest station downwind of the CBP, shows a cooling trend of 20.058C yr21 that
corresponds to an increasing irrigation trend of about 6000 acres yr21 (Figure 2c).
Waterville and Dayton show warming and nonsignificant cooling, respectively, of
the mean maximum temperature in the post-CBP period.
Figures 5a and 6a present the Northwest U.S. (i.e., Washington, Oregon, Idaho)
temperature anomalies adapted from Kunkel et al. (2013, their Figure 4). These
anomalies were calculated by Kunkel et al. using NOAA’S NCDC temperature
dataset with a reference period of 1901–60. The temperature dataset includes the
NWS Cooperative Observer Network (COOP) observations as well as a 5-kmresolution gridded, bias-corrected monthly station dataset based on the GHCN
observations, now known as nCLIMDIV dataset (Vose et al. 2014). These anomalies provide perspective on the regionwide temperature trends for the periods of
interest, allowing us to understand the local temperature changes in context of the
background regional climate.
Figure 5a shows an increasing trend in Northwest U.S. DJF temperature
anomalies from 1895 to 2011. In particular, the pre-CBP average anomaly is
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Figure 2. (a) Map of the greater CBP region where gray shading shows present-day
irrigation extent (i.e., areas equipped for irrigation) and counties with the
greatest irrigation acreage are outlined. (b) Irrigation acreage through
time as reported in the USDA Census of Agriculture; colors correspond to
counties outlined in (a).

20.38C, while the post-CBP anomaly is 0.78C, indicating that the regional climate
in the post-CBP 30-yr period was on average warmer than the pre-CBP period. The
analysis of average DJF TMAX at each of the GHCN sites is consistent with
the regional climate anomalies, showing warmer average temperatures in the
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Figure 3. Histograms showing the distribution of June–August (JJA) daily maximum
temperatures for the 30-yr periods of 1908–38 (solid) and 1968–98
(hatched) for the seven GHCN sites in Washington: (a) Ellensburg, (b)
Waterville, (c) Wilbur, (d) Odessa, (e) Ritzville, (f) Kennewick, and (g)
Dayton. Blue (red) coloring denotes that the 1968–98 distribution is significantly cooler (warmer) than the 1908–38 distribution at the 99% confidence level.

Unauthenticated | Downloaded 01/09/23 06:16 AM UTC

Earth Interactions

d

Volume 24 (2020)

d

Paper No. 1

d

Page 12

Table 1. Table of JJA means (8C) and heat extremes for the GHCN stations. An
extreme heat day is defined as a day in which the temperature exceeds the 90th
percentile of all JJA extremes in the period of record. An asterisk denotes statistical
significance at the 99% confidence interval.
JJA mean (8C)
Ellensburg
Waterville
Wilbur
Odessa
Ritzville
Kennewick
Dayton

No. of extreme heat days

Pre

Post

Difference

28.0
26.3
28.3
29.9
29.8
31.3
28.7

27.2
26.8
27.4
28.8
28.1
30.9
28.6

20.76*
0.51*
20.87*
21.12*
21.67*
20.37*
20.07

Pre
357
224
364
352
258
266
284

(13%)
(8.8%)
(13.1%)
(12.4%)
(12.4%)
(9.5%)
(10%)

Post
310
376
325
262
247
305
363

(11.2%)
(14.2%)
(11.9%)
(9.2%)
(8.7%)
(11.1%)
(12.9%)

Difference
21.7%
5.3%
21.2%
23.2%
23.7%
1.6%
2.9%

post-CBP period. Five of the seven sites show statistically significant warming of
the mean at the 99% confidence level (Figure 5b). In DJF, when there is no irrigation, the local temperature signal at the GHCN sites is consistent with the regional temperature signal.
Figure 6 presents the same analysis but for JJA mean TMAX. The regional
temperature anomalies from NOAA show a slight warming in the post-CBP period.
However, five of the six GHCN sites show statistically significant cooling in the
average JJA TMAX for the post-CBP period. Figure 6c shows wind roses derived
from all available years of JJA AgriMet data at seven sites in the study area. These
sites are different from the GHCN locations, but they are in close enough proximity
to provide a prevailing wind flow pattern for the region. The three GHCN sites that
exhibit the greatest cooling, Odessa, Ritzville, and Wilbur, have a prevailing JJA
wind direction from the southwest (Figure 6c) and are therefore most often
downwind of CBP irrigation. The Ellensburg and Kennewick sites also show
statistically significant cooling. Although these sites are not downwind of the CBP
irrigation, they are in close proximity to other irrigation projects, not analyzed in
this study. The Waterville site, upwind of CBP irrigation and not within close
proximity to other irrigation projects, shows a statistically significant warming
more in line with the regional temperature anomalies. At Dayton, a slight but
nonsignificant cooling is present.
4.2. Satellite remote sensing results
The climate data analysis indicates a significant local impact of irrigation on
climate that corresponds with the implementation of irrigation over the region.
Next, we use satellite remote sensing datasets to better understand the current
extent of irrigation impacts to SM and LST. The SMAP data record begins in April
2015. As a result, we show results for 2016, as it is the first full year in which there
are both SMAP SM and MODIS Terra LST data available.
Figure 7a presents the average daily daytime (;1200 local time) MODIS LST
for the month of July for the study region. Only data that have ‘‘good’’ quality flags
are used in the average LST calculation. The bright green colors at the center of the
valley show that the LST in the irrigated area is on average about 208C cooler than
the surrounding land. To identify whether these differences exist outside of July,
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Figure 4. Time series of JJA-average TMAX for the seven GHCN sites with trendlines
and averages for the 1908–38 and 1968–98 time periods. Blue (red) coloring of averages indicates a statistically significant cooling (warming) at
the 99% confidence level.

the LST observations are plotted for a full year (Figure 7b) at two points about
25 km apart, indicated by the circle and triangle in Figure 7a, and identified as
irrigated and nonirrigated, respectively. The rainy season is typically from late
October through March, bringing with it cloud cover that prohibits LST
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Figure 5. (a) Time series of Pacific Northwest winter (DJF) temperature anomalies
adapted from the NOAA Climate report (reproduced from Kunkel et al.
2013, Figure 4). (b) Difference in average DJF TMAX between 1908 and
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1938 and 1968 and 1998 at each of the GHCN sites. Warmer (cooler)
markers show the 1968–98 average was warmer (cooler) than 1908–38.
Stars denote statistical significance at the 99% confidence level; circles
denote differences that are not statistically significant. Gray shading indicates present-day irrigation extent.

observations and results in significant data gaps during these months. However,
even despite the data availability, it is clear from the yearly time series that the
irrigated and nonirrigated sites exhibit similar temperatures outside of the growing
season and that the temperatures diverge once irrigation begins in April, hitting
their maximum differences during the highest radiation input in June and July.
It should be noted that there is an elevation difference between the two sites; the
nonirrigated site sits at about 100 m higher than its counterpart (i.e., 260 vs. 371 m,
respectively). However, this elevation difference should serve to cool the nonirrigated site, mitigating the difference between irrigated and nonirrigated and
therefore not influencing the conclusions.
The same type of spatial map and time series analysis is completed for the
SMAP soil moisture observations and is shown in Figures 7c and 7d. The SMAP
soil moisture is a much coarser resolution than MODIS LST (36 vs. 1 km, respectively) and therefore the detailed irrigation features are not quite as striking as
in the MODIS LST. However, the irrigated area at the center of the valley is still
clear as it exhibits soil moisture values that are on average about 0.05–
0.07 cm3 cm23 wetter than the surrounding area. As this region is climatologically
dry, this difference is nontrivial, as it represents about 18%–25% of the maximum
range (i.e., ;0.27 cm3 cm23). The full-year time series shows that the irrigated and
nonirrigated points again have similar values outside of the growing season, but
they diverge in April when irrigation water becomes available. Taken together, the
LST and SMAP results show that irrigation makes the soil wetter and reduces the
land surface temperature considerably. Based on the dramatic difference in LST, it
is hypothesized that at least some of this heterogeneity in temperature is transferred
to the lower atmosphere. If so, it is also possible that irrigation impacts are not
confined to the individual fields that are irrigated, but rather that these activities can
affect adjacent and downwind regions, leading to the temperature reduction shown
in observations at the downwind GHCN sites. This hypothesis will be tested next
using the modeling framework described in section 3.3.2.
4.3. Regional modeling results
To investigate these 3D processes, we now focus on the wind flow patterns,
potential downwind persistence of irrigation effects, and impacts at each of the
GHCN sites by analyzing the results of the LIS-WRF simulations. Figure 8 shows
the difference (IRR-CTRL) in simulated TMAX resulting from the irrigation on
each case study day. Immediately apparent are two features: 1) there is considerable cooling resulting from simulated irrigation (.28C in some places), and
2) there are very different orientations to the cooling patterns depending on the case
study. On 1–2 July, light and variable winds cause the greatest cooling of all case
study days directly over the irrigation and also limit the spread of the irrigation
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Figure 6. (a),(b) As in Figure 5, but for summertime anomalies (JJA). (c) Wind roses
generated using data from the AgriMet weather station network for JJA.
Wind directions are binned into eight classes: N (326.258–11.258), NE
(11.258–56.258), E (56.258–101.258), SE (101.258–146.258), S (146.258–191.258),
SW(191.258–236.258), W (236.258–281.258), and NW (281.258–326.258).

cooling to only those areas within 5–10 km of the irrigated region. The 16–18 July
case exhibited slightly stronger westerly to northwesterly winds, which transport
the irrigation-cooled air farther on 16 July than 1–3 July. The 23–25 July case
featured strong southwesterly winds that allow the irrigation-cooled air to travel up
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Figure 7. MODIS Terra (a) average daytime (~1200 local time) LST for July 2016, and
(b) time series of LST at an irrigated (circle) and a nonirrigated (triangle)
site for full year 2016. SMAP Enhanced Level 3 (c) average SM for July 2016,
and (d) time series of SM at irrigated and nonirrigated point locations over
full year 2016.

to 40 km, the greatest distance of all the case studies. In all cases, the greatest daily
cooling occurs directly over the irrigated area.
The prevailing JJA wind direction derived from the AgriMet observations
(Figure 6c) suggests that the 23–25 July case is the most representative summertime
wind flow pattern for this region. This is particularly revealing because Figure 8
agrees with the historical climate analysis results in that the irrigation impacts
reach all of the sites that exhibited JJA TMAX mean cooling in the pre- versus postCBP analyses. Waterville, which showed warming in the historical analysis, is not
in the sphere of influence of irrigation in any of the three case study wind regimes.
As the 23–25 July case is the most representative of the prevailing JJA wind
patterns, we present more detailed analysis of the model results for these dates.
Figure 9 shows the temperature and humidity difference vertically through the
atmosphere along a transect through a heavily irrigated part of the CBP. Also
shown is the corresponding soil moisture difference along this same transect.
Increased soil moisture from the irrigation parameterization results in more energy
being partitioned into latent heating (increases by 70–110 W m 22; Figure S4),
which results in increased humidity throughout the depth of, but capped by, the
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Figure 8. Daily TMAX difference between irrigated and nonirrigated NU-WRF Model
simulations for each case study day. Letters denote the locations of each
GHCN site: (a) Ellensburg, (b) Waterville, (c) Wilbur, (d) Odessa, (e)
Ritzville, (f) Kennewick, and (g) Dayton. (bottom right) Dashed line indicates the location of the cross section shown in Figure 9.

PBL. The PBL height is reduced in the irrigated simulations, resulting in the dipole
of cool over warm (temperature) and dry over moist (humidity) features in the cross
section. The drier and warmer areas indicate the height to which the PBL grew in
the CTRL run.
The advection of the irrigation-cooled and moistened air downstream limits a
negative feedback on evaporative demand that could otherwise result. For example,
the wetter soil increases latent heat flux and 2-m humidity, decreases the boundary
layer height, and reduces entrainment, creating a moister PBL. This situation could
inhibit evaporative demand and reduce latent heat flux (e.g., negative feedback),
but the advection of the moister air downwind helps to maintain the irrigation
effect.
The town of Odessa, Washington, is unique in that it hosts both GHCN and
AgriMet sites, meaning that there are historical climate data as analyzed in section
4.1 and more recent weather data with a higher temporal sampling rate. Figure 10
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Figure 9. (a) Bar chart of the soil moisture difference between the irrigated and
nonirrigated runs at midday (13:00 local time; PDT) 23 July along a transect shown in the bottom-right panel of Figure 8 (i.e., 458–488N, 119.18W).
(b),(c) Vertical cross sections at the same time and location as (a)
showing the difference through the lower atmosphere for (b) water vapor
mixing ratio and (c) temperature between the irrigated and nonirrigated
NU-WRF Model simulations.

presents the diurnal cycle of temperature, humidity (dewpoint temperature), and
winds at Odessa in the LIS-WRF simulations as compared to the 15-min AgriMet
observations.
In both the CTRL and IRR simulations, the LIS-WRF Model simulations exhibit
a warm and dry bias during the daytime hours of 23–24 July. The simulated irrigation mitigates this bias slightly by reducing the temperature and increasing the
humidity. Interestingly, for the other two case study days (Figures S5 and S6), the
model temperature is very close to the observations and the model humidity is
greater than observations. It is only for the case in which there was a southwesterly
wind (i.e., from the direction of irrigation) that the model is warmer and drier than
what is observed. The wind direction simulated by both model simulations at
Odessa is consistent with observations, but the wind speed particularly at midday is
stronger (i.e., about 2 m s21) than observed. It is unlikely that this high wind bias
impacts the conclusions as the simulated irrigation cooling extends beyond the
GHCN station locations, implying a slightly lighter wind would not prevent the
cooling effect from reaching these locations.

Figure 10. Time series of temperature, dewpoint, and wind speed and direction for
the control and irrigated NU-WRF Model simulations and AgriMet observations at Odessa, WA, for the 23–25 Jul case study.
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5. Discussion
The historical GHCN analysis is limited in that there are only a small number of
stations available that have sufficiently long records and few substantial data gaps.
More stations, particularly within the irrigated CBP region itself, would allow for a
more robust analysis such as that from Lobell and Bonfils (2008), who used a linear
regression method to relate irrigated cooling to trends in irrigated acreage. In
addition, some information exists about GHCN station relocation, but it is sparse
and imprecise, particularly in the earliest periods of the data record. However, a
significant station relocation would produce systematic changes impacting DJF
and JJA temperatures in the same way. The fact that DJF mean temperatures
warmed, but that JJA mean temperatures cooled at the same stations gives confidence that the JJA cooling is not caused by station relocation. Overall, the consistency of the historical analysis with the model results and the complementary
information gained from the remote sensing analysis together suggest that the
GHCN conclusions are reasonable, despite the small number of stations.
It should be noted that the methodology of Lobell and Bonfils (2008) is considered an improvement upon previous observational analysis methods, as their
approach avoids complications of pairwise comparisons (e.g., direct comparison of
‘‘irrigated’’ vs. ‘‘nonirrigated’’ sites) that can confound signal with noise from
station relocation or concurrent climate changes. We do not use this method for two
reasons. First, as mentioned, the sparseness of GHCN sites in the vicinity of the
CBP, particularly in the most heavily irrigated areas prohibits the linear regression
approach. Second, the Lobell and Bonfils (2008) methodology assumes all impacts
are local, ignoring the potential influence of advection from nearby irrigated areas.
In this work, we are particularly interested in the downstream (i.e., advected)
influence of irrigation. We circumvent the pitfalls raised by avoiding pairwise
comparisons and instead assessing the results in the context of the prevailing wind
and regional climate.
The large LST difference between irrigated and nonirrigated areas given by the
remote sensing results is due to a combination of direct (i.e., increased soil
moisture and ET via added water) and indirect (i.e., land-cover/vegetation change)
effects of irrigation. The majority of nonagricultural acreage in this region is
shrubland, owing to the small amount of average annual precipitation (8–10 in.,
1 in. 5 25.4 mm; Kugler and Woodward 2006), creating a dramatic and unique
contrast between the irrigated and nonirrigated regions. The methodology for the
LST comparison applied in other regions where irrigated crops are bounded by
rainfed versions of the same crop (e.g., irrigated and rainfed corn in Nebraska) or
where irrigation exists in proximity to other dense vegetation (e.g., forests) would
not exhibit such large LST differences.
The model simulations are subject to a range of inherent uncertainties, including
the way in which irrigation is simulated. Although we have confidence in the
irrigation scheme and its assumptions stemming from its extensive testing in
previous studies (Ozdogan et al. 2010; Lawston et al. 2017), a more sophisticated
approach would use a combination of different types of irrigation methods (e.g.,
drip, flood) rather than sprinkler only. However, the dominant irrigation method for
this region is sprinkler, so the conclusions are unlikely to be affected by only using
the sprinkler method. Additionally, the model treats all crops as a general crop
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category, but recent work has shown that the extent of the irrigation cooling effect
can depend on crop type (Chen et al. 2018). Progress is needed and will likely be
made in these areas in the future as the community works toward better representation of irrigation dynamics in weather and climate models.
This work focuses specifically on daily TMAX and understanding the factors
that could contribute to changes in temperature. However, irrigation has been
posited, and in some cases, shown to impact other atmospheric variables as well,
including cloud cover and precipitation (DeAngelis et al. 2010; Wei et al. 2013;
de Vrese et al. 2016; Pei et al. 2016; Alter et al. 2015). Although a comprehensive
analysis of all boundary layer feedbacks is beyond the scope of this study, we
investigated the impact of irrigation on clouds in the model simulations by analyzing the lifting condensation level deficit (LCL deficit; Santanello et al. 2011)
and the vertically integrated cloud liquid water (Figures S6 and S7, respectively).
The analysis suggested that irrigation increases the potential for convective clouds,
but despite the lowering of the LCL over irrigated regions due to increased humidity, the PBL still cannot reach the LCL due to reduced buoyancy. This means
that irrigation moves the atmosphere toward a more favorable state for cloud development, but it is not sufficient for triggering new clouds or significantly modifying the few clouds that did develop. As a result, the near-surface air temperature
cooling is not amplified by a positive cloud feedback in this case. However, it is
highly likely that this result is unique to this time period and region and would
differ elsewhere where there is more support for deeper PBL growth, even with a
wet surface. Future work is needed to investigate the full range of these impacts in
this and other regions.

6. Conclusions
This study used local observations, satellite remote sensing, and numerical
modeling to 1) explore whether irrigation has historically impacted summer
maximum temperatures in the Columbia Plateau, 2) characterize the current extent
of irrigation impacts to soil moisture (SM) and land surface temperature (LST), and
3) better understand the downstream extent of irrigation’s influence on near-surface
temperature, humidity, and boundary layer development. Analysis of historical
daily TMAX observations showed that the three GHCN sites downwind of CBP
irrigation experienced statistically significant cooling of the mean JJA TMAX by
0.88–1.68C in the post-CBP (1968–98) as compared to pre-CBP expansion (1908–
38), opposite the background climate signal. Remote sensing observations of soil
moisture and land surface temperatures in more recent years show considerably
wetter soil (;18%–25%) and cooler land surface temperatures, as much as 208C
cooler over the irrigated areas as compared to nearby nonirrigated areas, due to a
combination of direct (increased soil moisture and ET) and indirect (land-cover/
vegetation change) effects of irrigation. LIS-WRF Model simulation results support the historical analysis, confirming that under the most common JJA wind flow
regime, irrigation cooling can extend as far downwind as, and beyond, the locations
of these stations. Taken together, these results suggest that irrigation expansion
may have contributed to a reduction in summertime temperatures and heat extremes within and downwind of the Columbia Basin Project, and therefore,
support a regional (i.e., beyond local) impact of irrigation in the study area.
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The LIS-WRF Model simulation also enabled a better understanding of the processlevel connections between irrigation, SM changes, and daily summertime weather in
the study area via boundary layer processes and feedbacks that link the land surface
and atmosphere. The model results showed that the advection of irrigation cooled and
moistened air downstream, limits a negative feedback on evaporative demand that
could otherwise result, helping to maintain the irrigation effect. These results complement Lawston et al. (2015), which showed that irrigation can reduce both the lifting
condensation level and the PBL height over and downwind of irrigated areas.
The dry climate and water use regulations of the Columbia Plateau differentiate
it from other irrigated areas in the United States, such as those in the Great Plains.
For example, the irrigation season is longer, stretching from April through October,
while most irrigation occurs in June through August in Nebraska. This prolonged
irrigation season could be a contributing factor to the weather and climate impacts
shown here. Future work could compare a region of similar climate to the
Columbia Plateau (e.g., the California Central Valley, the Iberian Peninsula), but
with different irrigation timing and practices to understand the contribution of the
extended irrigation season. Overall, these results underscore the need to consider
human water management impacts when analyzing or predicting components of
the water and energy cycles, and in particular, highlight the importance of including irrigation in regional weather and climate models.
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