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Abstract Rapid urbanization over Phoenix has resulted in increased water consumption for
maintenance of green spaces and heat stress mitigation. The hydrometeorological impact of urban
irrigation is not well understood and is the principal objective of this study. Our results are based on
high-resolution numerical experiments using the Weather Research and Forecasting model. A simple
irrigation scheme is implemented into the Weather Research and Forecasting model to represent changes in
soil moisture due to irrigation. A monthlong simulation using the Weather Research and Forecasting model
with irrigation shows improved model performance in representing the regional water and energy cycle.
Comparisons of model simulations with and without irrigation highlight the regional impacts of urban
irrigation on surface heat fluxes and rainfall variability over Phoenix. There is a strong modulation of
irrigation on surface energy partitioning over both irrigated and nonirrigated areas. Irrigation increases
(decreases) surface latent (sensible) heat fluxes by enhanced evapotranspiration over irrigated areas, with
opposing changes presented over nonirrigated areas. Irrigation contributes little to the domain-average
rainfall accumulation, but can noticeably modify its spatial distribution, with increased rainfall over the
downwind mountainous regions and decreased rainfall over the irrigated areas. Irrigation-induced rainfall
anomalies can be tied to strengthened thermal gradients and induced changes in surface pressure fields,
which lead to perturbations on large-scale flow and its interactions with complex terrain. Our results shed
light on the hydrometeorological impacts of increasing anthropogenic water use driven by urbanization and
highlight the importance of accurate representations of land surface processes in better characterizing
land-atmosphere interactions in arid/semiarid regions.

1. Introduction

With more than half of metropolitan cities (population of more than 100,000) located in arid/semiarid
regions, urban climate and other environmental issues related to urbanization have received particular
attention in recent years. Rapid urban expansion places an increasing demand of irrigation for public green
spaces (e.g., parks, grasslands), sporting grounds and private gardens (Mitchell et al., 2001; Richter, 2013;
Vahmani & Hogue, 2014), and makes water-scarce conditions even more acute in arid/semiarid regions.
Understanding and quantifying the impacts of urbanization and the increasing anthropogenic water use
on regional climate are critical for better city designs and planning of urban complexes in
arid/semiarid regions.

Our study region centers on the Phoenix, Arizona metropolitan region in the arid/semiarid southwestern
United States. This region has witnessed rapid and extensive land use and land cover changes from agricul-
tural and desert land into urban and suburban residential areas during the second half of the twentieth cen-
tury (e.g., Chow et al., 2012; Georgescu et al., 2009a, 2009b; Hirt et al., 2008). Both observational and
numerical modeling analyses have demonstrated significant influences of land use and land cover changes
on the hydrological cycle and surface energy budget over Phoenix. We provide a brief summary of previous
hydrometeorology studies concerning land use and land cover changes over Phoenix in Table 1.

Accompanied by rapid urbanization, the municipal outdoor water use for Phoenix is growing rapidly (Gober
& Kirkwood, 2010), with more water demand for maintaining urban green space (including residential,
commercial, and recreational districts) and mitigating thermal stress in the city during summer (e.g.,
Gober et al., 2009; Lemonsu et al., 2015; Yang & Wang, 2015). Based on the statistics of water consumption
in 2015 for Maricopa County, Arizona, golf courses are estimated to consume 3,785 m* water per day for

YANG ET AL.

6393



Journal of Geophysical Research: Atmospheres 10.1029/2018JD030213
Table 1
Summary of Previous Observational and Numerical Modeling Studies over Phoenix
No. Study period Methods Main findings Reference
1 July to September of Rain gauge observations Increased rainfall downwind of Phoenix due to Diem and Brown (2003)
1950-2000 anthropogenic activities (urbanization and irrigation)
2 July of six years Regional Atmospheric ~ Contrasting roles of urbanization and irrigated cropland Georgescu et al. (2008)
Modeling System in temperature; increased rainfall due to urbanization
3 July of six years Regional Atmospheric  Strong influence of land use and land cover changes Georgescu et al. (2009a)
Modeling System on surface energy partitioning
4 Julys of six years Regional Atmospheric Noticeable impacts of land use and land cover changes Georgescu et al. (2009b)
Modeling System on convective activities
5 June of 2007 LUMPS Irrigation can reduce nighttime temperature, with the Gober et al. (2009)
effect depending on irrigation amount
6 Four heat-wave events WRF/UCM Urbanization increase nighttime temperature by up to 10 K Grossman-Clarke et al. (2010)
7 July of 1979, 1989, and 1994  WRF/UCM Urbanization produce nighttime warming and Georgescu et al. (2011)
daytime cooling over the city
8 2006-2008 WRF/UCM Mitigation of cool-roof on urban-induced warming Georgescu et al. (2012)
9 2012 UucM Urban irrigation cools the building environment by up to 3K  Yang and Wang (2015)
10  July and August for WRF/UCM Urbanization in Phoenix-Tucson corridor is projected Z.Yang et al. (2015)
2005 and 2050 to increase air temperature, but reduce rainfall
over the urban areas
11 2006 WRF/UCM Green-roofs can reduce air temperature but increase Yang et al. (2016)
humidity over urban areas
12 January to September of 2015 Eddy covariance Strong modulation of outdoor water use on Templeton et al. (2018)
observations surface heat fluxes
13 25 May to 31 August in 2012 WRF/UCM Irrigated green roofs and white roofs both enhance Song et al. (2018)

probability of rainfall toward the outskirts of Phoenix

irrigation, additional water demand arises from intensive water use for public parks and surrounding
croplands. In this study, we examine the regional impacts of urban irrigation on surface heat fluxes and
space-time rainfall variability in central Arizona. We use the term urban irrigation to refer to all activities
of outdoor water use within the city (e.g., irrigation for golf courses, grasslands, and private gardens), as
well as irrigated croplands surrounding the urban core (see Figure 1 for details).

Urban irrigation is a critical component of the regional water cycle in arid/semiarid cities, which charac-
terizes the so-called “oasis effect” phenomenon (Georgescu et al., 2011; Oke, 1979; Vahmani & Hogue,
2014, 2015). Enhanced evapotranspiration from increased soil moisture contributes substantially to latent
heat flux in the surface energy budget. The outdoor water use modulates the partitioning of available energy
between sensible and latent heat fluxes (Taylor et al., 2012; Templeton et al., 2018). Due to decreased sensi-
ble heat flux, urban-canyon air temperature can be more than 3 °C cooler, which helps to reduce thermal
stress in the cities during summer (Yang & Wang, 2015). The reductions of daily maximum air temperature
due to irrigation are evident over all urban land use types, with the low-intensity residential areas exhibiting
the largest influence (Vahmani & Hogue, 2015). While most previous studies focus on the impacts of irriga-
tion on hydrometeorological variables at local scales (see Table 1 for summary), we examine whether the
hydrometeorological impacts of urban irrigation extend beyond local scales, and are evident at
regional scales.

The impact of large-scale agricultural irrigation on rainfall has been extensively investigated and debated in
previous studies (e.g., DeAngelis et al., 2010; Fowler et al., 2018; Im et al., 2014; Im & Eltahir, 2014; Mahalov
et al., 2016; Zhang et al., 2017). Irrigation through increased soil moisture can possibly increase rainfall
mainly due to enhanced low-level moisture availability and increased moist static energy for convection.
On the other hand, irrigation can also make the atmosphere more stable through the evaporative cooling
effect which inhibits rainfall. There is a large literature focusing on the feedback between soil moisture
and rainfall (e.g., Alter et al., 2015; D'Odorico & Porporato, 2004; Eltahir, 1998; Findell et al., 2011;
Guillod et al., 2015; Taylor et al., 2012; Welty & Zeng, 2018). The impacts of soil moisture on rainfall are
not confined to the local scale (i.e., irrigated regions), they also show strong dependence on synoptic-scale
atmospheric conditions (Findell & Eltahir, 2003; Fowler et al., 2018; Welty & Zeng, 2018). Im and Eltahir
(2014) found that irrigation over West Africa increases rainfall in the upstream portion of the Niger River
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Figure 1. Map of study region. Scatters represent locations of meteorological stations, rain gauges, GPS stations, and eddy
covariance tower, with the background as land use. I1, 12, I3, and I4 label the irrigated areas in the IRR simulation. The
insert map in the top right corner show the location of the study region in the state of Arizona.

basin and produces more runoff downstream. The modified atmospheric circulation associated with large-
scale irrigation can make rainfall anomalies even more complicated and unpredictable (Alter et al., 2015;
Fowler et al., 2018; Mahalov et al., 2016). A distinct feature of urban irrigation from large-scale agricultural
irrigation is that a considerable fraction of urban vegetation irrigation is presented as isolated patches, such
as private gardens and roadside trees (e.g., J. Yang et al., 2015). The regional impacts of urban irrigation on
spatiotemporal rainfall variability are relatively less studied.

The metropolitan phoenix area receives more than half of annual rainfall during the North American
Monsoon season (starting in late June and extending to September; e.g., Adams & Comrie, 1997; Douglas
et al., 1993), with the rainfall variability mainly controlled by monsoon-related moisture surges (e.g.,
Maddox et al., 1995; Mejia et al., 2015; Seastrand et al., 2014). Interactions between synoptic-scale feature
and complex terrain determine the frequency and intensity of convective activities in this region
(Carleton, 1986; Mazon et al., 2016; Yang et al., 2017; Yang & Smith, 2018). In this study, we propose that
urban irrigation plays an important role in characterizing spatial rainfall variability through modifications
of atmospheric forcing and interactions with complex terrain in central Arizona. Monsoon-related moisture
surge is a first-order control in determining the temporal rainfall variability over the entire region.

Based on long-term rain gauge records, Diem and Brown (2003) and Diem (2006) show observational evi-
dence of spatial rainfall anomalies in central Arizona which can be attributed to increased urban coverage
and irrigation. Our analyses are based on high-resolution (1 km) numerical simulations using the
Weather Research and Forecasting (WRF) model. A simple irrigation scheme was developed and incorpo-
rated into the WRF model (see section 2.2 for details). The major themes of this study are (1) the impact
of urban irrigation on surface heat fluxes at both local and regional scale, (2) the impact of urban irrigation
on the spatial and temporal distributions of rainfall, and (3) application of an explicit irrigation scheme in
atmospheric modeling to capture key features of land-atmosphere interactions in arid/semiarid regions.
We shed light on the physical mechanisms associated with regional impacts of urban irrigation on surface
heat fluxes and rainfall variability in central Arizona. Improved understanding of hydrometeorological
responses to human activities can be of paramount importance in mitigating water-related vulnerabilities
and climate risks in rapidly urbanizing regions, and also provide guidelines on sustainable development
for arid/semiarid cities.
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The paper is organized as follows. In section 2, we introduce the study region, observational data, model con-
figurations, and experimental setup. In section 3, we first provide evaluation of model simulations through
comparisons against in situ observations and then examine the irrigation impacts on surface heat fluxes and
space-time rainfall variability over central Arizona. Summary and conclusions are provided in section 4.

2. Data and Methodology
2.1. Study Region and Data

Our study region centers on the Phoenix metropolitan region and covers a major part of central Arizona,
principally Maricopa County. This region is characterized by complex topography and heterogeneous land
use/land cover. Elevation ranges from 100 m to more than 2,500 m above sea level, including the
Mogollon Rim and White Mountains that extend to the northwest and low-lying desert to the southwest
of the city. The dominant land use/land cover includes shrubland, forest, grassland, urban, and
cropland (Figure 1).

The Flood Control District of Maricopa County maintains a dense network of hydrometeorological stations.
There are 298 rain gauges, 35 weather stations (providing 2-m temperature and 2-m specific humidity), two
GPS stations, and one eddy covariance tower (see Figure 1 for locations). The rain gauges and weather sta-
tions are clustered over the Phoenix metropolitan region with relatively low density over the surrounding
rural regions, especially to the southwest of the urban core and the high-elevation terrains to the northeast.
Rainfall, 2-m temperature, and 2-m specific humidity are observed at 15-min time interval. We integrate 15-
min observations to hourly scale for further analyses. Two GPS stations located in urban and cropland sites,
respectively, provide continuous records of precipitable water (i.e., water vapor integrated vertically over the
entire atmospheric column) at 30-min time interval. The eddy covariance tower is used to characterize sur-
face heat fluxes over the Phoenix metropolitan region. The eddy covariance tower is located in a suburban
residential area with its footprint mainly composed of heterogeneous urban land cover (including low-rise
buildings, pavement, undeveloped surface cover; see, e.g., Chow et al., 2014; Templeton et al., 2018 for
details). Observations of surface heat fluxes (i.e., sensible and latent heat flux) are also integrated to hourly
scale for further analyses. There is a radiosonde station at Tucson, Arizona (approximately 120 km to the
southeast of Phoenix). The sounding observations, made twice a day (i.e., 0000 UTC and 1200 UTC), are
obtained from the University of Wyoming radiosonde archive (http://weather.uwyo.edu/upperair/sound-
ing.html). In this study, we characterize vertical wind profiles and dynamics of moisture transport over cen-
tral Arizona based on the sounding observations.

2.2. Model Configuration

The WRF model is a fully compressible, nonhydrostatic, mesoscale model (e.g., Skamarock et al., 2008). In
this study, we use the Advanced Research version of WRF v3.6.1. Three one-way nested domains were devel-
oped in the model (as shown in Figure 2). The horizontal grids are 199 x 199, 255 X 255, and 240 X 240, with
horizontal grid spacing of 9, 3, and 1 km, respectively. The outer domain (DO01) covers the major portion of
southwestern United States, part of northern Mexico, the western Gulf of Mexico, the Gulf of California, and
eastern Pacific, while the innermost domain (D03) centers over Phoenix metropolitan region and covers the
entire Maricopa County. There are 30 vertical sigma layers (from the surface layer to 100 hPa) configured in
the model. Time steps for the model domains are 30, 10, and 3.3 s, respectively. We use the North American
Regional Reanalysis fields (see http://www.emc.ncep.noaa.gov/mmb/rreanl/for details) for initial and
boundary conditions of the simulation. The spatial and temporal resolution of North American Regional
Reanalysis is 32 km and 3 hr, respectively.

We use the 20-category MODIS data set (with spatial resolution of 1 km) to represent the land use and land
cover in the model. There is only one urban category in the MODIS land use data set and the spatial coverage
of cropland does not reflect the real condition of land use in the study region. We update the land use in the
study region (only for the urban and cropland category) by incorporating the high-resolution (30 m)
National Land Cover data set (see http://www.mrlc.gov/nled2011.php for more details). The National
Land Cover data set has four urban land use categories: open space, low intensity, medium intensity, and
high intensity (see Figure 1). Accurate representation of heterogeneous land surface properties plays an
important role in capturing key features of the urban environment (e.g., Li et al., 2013). In this study, the
Noah land surface model is used to simulate land-atmosphere fluxes of heat and moisture over the
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Table 2
Summary of WRF Physics Options
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Figure 2. Configurations of model domains. Topography is shaded. The innermost domain (D03) is consistent with the

red box shown in Figure 1.

nonurban grids. For urban grids, the single-layer Urban Canopy Model (see, e.g., Chen et al., 2011; Kusaka
et al., 2001) is coupled to the Noah land surface model through a parameter of “urban fraction («).” The
Noah land surface model deals with the vegetated portion, while Urban Canopy Model calculates surface
fluxes over urban surfaces. We use the default parameters for the single-layer Urban Canopy Model (see
Chen et al,, 2011, Table 1). The WRF single-layer Urban Canopy Model modeling system has been
evaluated in previous studies with adequate ability in capturing daily evolution of surface variables (2-m
temperature, wind, etc.; see, e.g., Salamanca et al., 2018). The physics options configured in the model are

Physics

Option

Microphysics

Boundary layer scheme
Longwave radiation
Shortwave radiation
Surface layer

Cumulus parameterization
Surface urban physics
Land surface

Land use

WSM 6

Yonsei University Scheme (YSU)
RRTM Scheme

Dudhia Scheme

Monin-Obukhov Scheme

None

Single-layer UCM

Noah land surface model

MODIS 20-category and NLCD 2011

summarized in Table 2. The model configurations have been extensively
evaluated in previous studies (especially refer to Yang and Smith (2018)
for a simulation study of a severe convective monsoon storm over
Phoenix). In this study, we further evaluate the capability of the
modeling system in capturing key features of surface heat fluxes and
dynamics of moisture transport at the monthly scale. Our model
simulation starts from 0000 UTC 1 August 2014, and runs till 0000 UTC
31 August 2014. The output interval from the inner domain is 1 hr.

2.3. Experiment Setup

We develop a simple irrigation scheme, and incorporate it into the WRF
model to explicitly investigate the impacts of irrigation on surface heat
fluxes and space-time rainfall variability over central Arizona. The

YANG ET AL.

6397



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Journal of Geophysical Research: Atmospheres 10.1029/2018JD030213

irrigation scheme is turned on only for model grids that belong to cropland categories (denoted as I1, 12, and
I3 region in Figure 1) or urban land use categories (i.e., the low-intensity, medium-intensity, and high-
intensity urban categories in National Land Cover data set, denoted as I4 region in Figure 1). There are
2,775 urban grids and 2,471 cropland grids in the innermost domain. For the urban grids, the irrigation
scheme is only applied for the vegetated portion (determined by the urban fraction parameter ).

The basic idea of the irrigation scheme is to maintain soil moisture of the vegetated portion of urban and
cropland grids at no less than field capacity. The irrigation scheme is applied for the full soil profile (four soil
layers with a total thickness of 2 m) and takes the form

I 0, Or k> 0f @
o (6r=61x)-(1—a)-di, 6,x<6f

where I} is the irrigation water amount (in meters) at soil layer k (k = 1,2,3,4); 6y represents the field capacity
(m*/m?®), while 6, x represents the real-time volumetric soil moisture (m*/m®) in time ¢ at soil layer k; dj
represents the thickness of soil layer k (i.e., 0.1, 0.3, 0.6, and 1.0 m for the four soil layers, respectively);
and «a is the parameter of urban fraction (equals to 0.5 for low-intensity, 0.9 for medium-intensity, and
0.95 for high-intensity urban grids and equals to 0 for cropland grids). The field capacity varies with soil type
and keeps constant over the entire soil profile.

We set up two contrasting simulations in this study. For the first simulation (referred to as “CTRL”), we turn
off the irrigation scheme which allows the dynamics of soil moisture to be solely controlled by evapotran-
spiration and rainfall. During the dry-down period, soil moisture is quickly depleted due to strong potential
evaporation rate in this region. For the second simulation (referred to as “IRR”), the irrigation scheme is
applied at each individual time step for the cropland and urban grids. Both CTRL and IRR simulations
use the same model configurations as previously described in section 2.2. The following analyses principally
focus on the innermost domain for its high spatial resolution: analyses of moisture transport are conducted
for domain 2 due to the location of the Tucson sounding station.

3. Results and Discussion
3.1. Model Evaluation

We evaluate the performance of CTRL and IRR simulations through comparisons against surface observa-
tions (including 2-m temperature, 2-m specific humidity), precipitable water, and moisture transport by
investigating their diurnal evolution together with their spatial and temporal distributions.

Figure 3 shows comparisons of composite diurnal cycles of 2-m temperature and 2-m specific humidity
between observations from 35 weather stations and corresponding model grids from the two WRF simula-
tions. The 2-m specific humidity exhibits a weak diurnal cycle and varies around 11.6 g/kg, while there is
a strong diurnal cycle of 2-m temperature and peaks around 0000 UTC (1700 LST). Both CTRL and IRR
simulations capture the key features of diurnal evolutions of near-surface air temperature and
specific humidity.

The simulation results are statistically quantified via mean bias, root-mean-square errors, and correlation
coefficient (see Table 3 for details). For the CTRL simulation, both 2-m air temperature and specific humid-
ity are generally underestimated. There is a slight increase (decrease) in specific humidity (temperature) for
the IRR simulation. The mean bias of specific humidity for the IRR simulation has been reduced to —0.57
g/kg (compared to —0.71 g/kg in the CTRL simulation). The alleviated dry biases are consistent with the
underestimation of 2-m temperature, which is mainly associated with the evaporative cooling effect. The
mean bias of 2-m temperature increases from —1.11 °C in the CTRL simulation to —1.43 °C in the IRR simu-
lation. Underestimation biases of temperature and specific humidity are relatively larger over urban stations
than rural stations. Underestimations of near-surface and surface skin temperature by WRF model over the
Phoenix metropolitan area have also been reported in previous studies (e.g., Grossman-Clarke et al., 2010;
Salamanca et al., 2018; Z. Yang et al., 2015). Underestimated surface temperatures might be partially attrib-
uted to the uncertainties within the urban canopy model (e.g., model parameters, rough estimates of anthro-
pogenic heat) and needs further investigation. The temperature bias demonstrated in our study is of
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Figure 3. Monthly composite diurnal cycles of (a) 2-m specific humidity and (b) 2-m temperature during August 2014.
The central mark on each box indicates the median, and the bottom (top) edge of each box indicates the 25th (75th)
percentile. Outliers represent data beyond boxes from the minimum to the maximum which are marked with “cross”
scatter. “OBS” (red) represents the observation data from 35 meteorological stations, while “CTRL” (blue) and “IRR”
(black) represent the corresponding model grids containing the meteorological stations from CTRL and IRR simulation,

respectively.
Table 3
Evaluation Statistics for the CTRL and IRR (in Parentheses) Simulations Against Observations
Mean bias Root-mean-square errors Correlation coefficient
2-m specific humidity (g/kg) All —0.71 (—0.57) 2.45 (2.28) 0.71 (0.75)
Urban  —1.11(—0.86) 2.35(2.18) 0.74 (0.78)
Rural —0.64 (—0.52) 2.47 (2.29) 0.70 (0.75)
2-m temperature (K) All —1.11 (—1.43) 3.08 (3.22) 0.81 (0.80)
Urban  —1.20 (—1.98) 3.22 (3.62) 0.78 (0.77)
Rural —1.10 (—1.34) 3.05 (3.15) 0.81 (0.81)
Precipitable water (kg/mz) 2.32 (2.60) 5.77 (5.45) 0.84 (0.87)
IVT (kgm s %) 92.1 (89.8) 136 (122) 0.61 (0.68)

Note. Statistics are averaged for all the stations or the corresponding model grids. The statistics are further classified into
urban and rural stations according to their location.
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dots (red) represent observation from GPS stations (a) and the radiosonde station (b), while the blue and black lines
represent corresponding model grids from the CTRL and IRR simulation. The simulation results of IVT are from

domain 2.

comparable magnitudes to previous studies (for instance, the cool bias are —0.91 °C and —1.11 °C in Z. Yang
et al. (2015) and the CTRL simulation, respectively). The IRR simulation further intensifies the
underestimation in 2-m temperature as expected (e.g., Eltahir, 1998; Gober et al., 2009; Grossman-Clarke
et al., 2010). However, this does not imply worse model performance after incorporating the irrigation
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Figure 5. Vertical profiles of monthly mean (a) meridional wind speed (in m/s; v component) and (b) specific humidity
(in g/kg) at 1200 UTC. The red lines indicate observations at the radiosonde station, and blue and black lines represent
simulation results from the model grid that contains the radiosonde station in the CTRL and IRR simulation, respectively.
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Figure 6. Box plots of diurnal cycles of (a) latent heat flux and (b) sensible heat flux during August 2014 from eddy covar-
iance observation (red), CTRL simulation (blue), and IRR simulation (black) of the corresponding model grid containing
the eddy covariance tower.

scheme. We will show below the WRF model with irrigation scheme greatly improve simulation of other
hydrometeorological variables that regulate the water and energy cycles in Phoenix.

Figure 4a shows the temporal variations of mean precipitable water from the two GPS stations and the cor-
responding model grids from the CTRL and IRR simulations. The correlation coefficient (root-mean-square
error) for CTRL and IRR simulations are 0.84 (5.77) and 0.87 (5.45), respectively, indicating good character-
ization of the timing and magnitude of monthly fluctuations in precipitable water during the simulation per-
iod. The temporal variations of precipitable water are closely tied to moisture transport, as indicated by the
vertically integrated horizontal water vapor transport (IVT; integrated from the surface layer to around 400
hPa) from the Tucson sounding (Figure 4b). Both CTRL and IRR simulations capture synoptic-scale moist-
ure transport, with slightly better performance shown for the IRR simulation. A common feature for both
simulations is the general overestimation in the magnitudes of IVT. The overestimation can be attributed
to the large meridional wind speed at the middle atmospheric layers (around 700-600 hPa; Figure 5a).
The vertical profiles of specific humidity show consistency between the two model simulations and observa-
tions (Figure 5b). There are five storm episodes over central Arizona during August of 2014. The timings of
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the storm episodes are consistent with the bursts of IVT and precipitable
water (figure not shown). The consistency of temporal variations of moist-
ure transport and domain-averaged rainfall highlights the dominant role
of moisture surge in characterizing the water cycle in arid/semiarid south-
western United States during the North American Monsoon period.

i In general, the two simulations capture the key features of diurnal evolu-
tion of near-surface metrological variables and monthly dynamics of
moisture transport over central Arizona. Biases in near-surface tempera-
ture in both CTRL and IRR simulations are within reasonable range, with
slightly larger underestimation in the IRR simulation due to the expected
evaporative cooling effect associated with the irrigation scheme.
Significant improvements on hydrometeorological variables (e.g., near-
surface specific humidity and moisture transport) demonstrate the utility
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of the irrigation scheme in simulating water and energy cycles in
arid/semiarid southwestern United States.
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3.2. Impacts of Irrigation on Surface Heat Fluxes

Diurnal cycles of surface heat fluxes (i.e., latent and sensible heat fluxes)
from the eddy covariance station and the corresponding model grid in
CTRL and IRR simulations are compared in Figure 6. Both simulations
capture the diurnal variability of surface heat fluxes, but exhibit consider-
able bias, especially for latent heat flux (Figure 6a). The maximum median
of the observed latent heat fluxes is around 100 W/m?, while the maxi-
mum latent heat fluxes from both simulations are less than 20 W/m>.
Both simulations overestimate sensible heat fluxes at the model grid con-
taining the eddy covariance station. We note that the IRR simulation
shows improved results compared to the CTRL simulation in both latent
and sensible heat fluxes (Figure 6). The mean biases of daytime mean
| | = latent heat flux and sensible heat flux are around —73 and 45 W/m?,

OBS (

OBS

CTRL

IRR [E

CTRL H_1

respectively, for the CTRL simulation, while irrigation increases
(decreases) the daytime mean latent (sensible) heat flux by 9 W/m? (8

IRR H=_1
CTRL H
IRR H
CTRL
IRR

Low Intensity Medium Indensity High Intensity ~ Urban W/mz) in the IRR simulation.

Figure 7. Box plots of monthly composite (a) latent heat fluxes and (b) sen- ~ The simulated biases in surface heat fluxes can be partially attributed to
sible heat fluxes during August 2014 over different urban land use categories  representations of heterogeneous urban surfaces in the model. Surface
(low intensity, medium intensity, and high intensity). The first column energy budget over urban area is controlled by land surface characteris-

represents observations from the eddy covariance tower. The last two col-
umns of the box plots show the average over all three urban land use

categories.

tics, such as land cover types (urban fraction) and sky-view factor
(Chow et al., 2014; Oke, 2006; Templeton et al., 2018). These properties
are important in determining the spatial-temporal distributions of surface
heat fluxes. A key assumption of the eddy covariance technique in urban
setting is the homogeneity of land surface characteristics within the obser-
vational footprint. The eddy covariance tower is located in a heterogeneous urban setting with its footprint
consisting of diverse land surfaces. While in the model, the simulated surface heat fluxes of the model grid
that contains the eddy covariance tower only represent characteristics of the high-intensity developed urban
land surface. Thus, we further examine simulated surface heat fluxes over all types of urban grids (i.e., low
intensity, medium intensity, and high intensity) surrounding the eddy covariance tower. The responses of
surface heat flux to irrigation are highly sensitive to the vegetated portions of different land use types. As
can be seen from Figure 7, the low-intensity developed urban grids show the largest variations of surface
heat fluxes. The magnitudes of mean latent and sensible heat fluxes for all urban grids are 46 and 75
W/m?, respectively for the IRR simulation, which are comparable to the mean observed values of 53 and
71 W/m? from the eddy covariance station. The contrast of surface heat fluxes between CTRL and IRR simu-
lations highlights the importance of accurate representations of land surface properties in characterizing
surface energy budget in arid/semiarid urban environment.
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Figure 8. Spatial distribution of monthly average surface (a—c) sensible and (d-f) latent fluxes from (a and d) CTRL simulation, (b and e) IRR simulation, and
(c and f) differences between two simulations (i.e., IRR minus CTRL). Figures 9a-9c and 9d-9f represent the sensible heat fluxes and the latent heat fluxes,
respectively. Line AB and DC (purple) in (c) and (f) envelopes the area where longitudinal profiles (see Figures 9 and 10) are taken. The black contours show the city

boundary of Phoenix.

Figure 8 shows spatial distributions of monthly mean sensible and latent heat fluxes from both simulations,
as well as their differences. Due to elevated soil moisture from irrigation, the IRR simulation increases
(decreases) latent (sensible) heat flux by 5 W/m? averaged over the entire domain, with the major contrasts
presented over the irrigated areas. There are, however, some “anomalous” changes over nonirrigated regions
surrounding the irrigated croplands, with increased sensible heat fluxes and decreased latent heat fluxes
(Figures 8b and 8e), which exhibits opposite changes to those over the irrigated croplands. We construct
longitudinal profiles between AB and DC that cross the “anomalous” region (as shown in Figure 8c), to
further highlight the contrasting changes in surface heat fluxes over irrigated and nonirrigated areas. The
averaged longitudinal profiles of daytime and nighttime surface heat flux differences between two simula-
tions are shown in Figure 9. The dominant land uses over the enveloped region ABCD are cropland and
shrubland. The irrigated croplands (I1, 12, and I3) show increased (decreased) latent (sensible) heat fluxes
during the daytime. By contrast, the nonirrigated shrubland shows two distinctive patterns: the region envel-
oped by 12 and I3 show opposite changes to the cropland, while areas that are remote from irrigated crop-
lands (i.e., to the left of I1 in the longitudinal profile) show similar changes to croplands. The differences
between two simulations are consistent throughout the daytime and nighttime, with daytime exhibiting con-
siderably large variations, indicating strong contribution of daytime evaporation to surface energy budget.

The anomalous region of surface sensible heat fluxes is associated with changes in temperature gradients.
Figure 10 shows the averaged differences of longitudinal profiles of the surface skin temperatures, 2-m tem-
perature, together with their differences. The IRR simulation produces higher surface skin temperature but
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Figure 9. Mean longitudinal profiles of (a) sensible heat fluxes and (b) latent heat fluxes differences between IRR and
CTRL simulations (i.e., IRR minus CTRL). Red and green lines represent averages for daytime (0800-2000 LST) and
nighttime (2000-0800 LST), respectively.

lower 2-m temperature over the nonirrigated area between I2 and I3. The difference between surface skin
temperature and 2-m temperature leads to the anomalous increase of sensible heat fluxes as shown in
Figure 9a. The anomalous changes (i.e., decreases) of latent heat fluxes over nonirrigated areas
(Figure 9b) are tied to the changes of rainfall, as will be detailed in the following section. The impact of
irrigation on surface heat fluxes is not confined within the irrigated regions, but can extend beyond to
regions that are in the vicinity of cropland.

The responses of surface heat fluxes to irrigation contrast in both the magnitude and the spatial variations.
Elevated soil moisture induced by irrigation increases (decreases) latent (sensible) heat fluxes over the irri-
gated areas, but produces an opposite pattern over surrounding nonirrigated areas through exchanges of
heat and moisture across regions. The WRF simulation with irrigation can reasonably capture the magni-
tude of surface heat fluxes over the Phoenix metropolitan region. Accurate representations of land surface
processes play a critical role in charactering surface energy budget in arid/semiarid urban environment.
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Figure 10. Same as in Figure 9 but for (a) surface skin temperature and (b) 2-m temperature differences between IRR and CTRL simulations (i.e., IRR minus CTRL)

and (c) differences between (a) and (b).
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Figure 11. Spatial distributions of monthly rainfall accumulations (shade) from (a) CTRL and (b) IRR simulation and (c)
their differences (i.e., IRR minus CTRL). The scatters in (a) and (b) indicate observed monthly accumulated rainfall from
rain gauges. Pink contours in (c) represent topography with an interval of 500 m.

3.3. Impact of Irrigation on Rainfall

Figure 11 compares the spatial distributions of monthly rainfall accumulations between rain gauge observa-
tions and model simulations (i.e., CTRL and IRR). The monthly rainfall accumulations are 66 mm averaged
over all the rain gauges, and are 70 and 68 mm averaged among the corresponding model grids for the CTRL
and IRR simulation, respectively. The correlation coefficient increases to 0.5 in the IRR simulation com-
pared to 0.25 for the CTRL simulation. There are 43 (24) rain gauges that show comparable rainfall accumu-
lations (within 1 standard deviation) in the IRR (CTRL) simulation over the co-located model grids. A
notable feature is the consistency of rainfall accumulations within the urban core region between the IRR
simulation and gauge observations (Figure 11b), while the CTRL simulation shows significant overestima-
tion (Figure 11a). There are contrasting spatial patterns of rainfall accumulations between the two simula-
tions (Figure 11c). Compared to the CTRL simulation, there is a significant decrease of total rainfall over
the irrigated regions (including the urban and cropland), but increased rainfall over the downwind moun-
tainous regions (Figure 11c). Decreased rainfall over the surrounding nonirrigated area leads to reduced
latent heat fluxes (between I2 and I3, as shown in Figures 9 and 10) due to limited soil moisture
for evapotranspiration.

Figure 12 shows the spatial differences of 2-m specific humidity and 2-m temperature between the IRR and
CTRL simulations (IRR minus CTRL). In general, the IRR simulation provides a wetter and cooler
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Figure 12. Spatial distributions of model difference (i.e., IRR minus CTRL) for monthly average (a) 2-m specific humidity
(in g/kg) and (b) 2-m temperature (in K).

environment than the CTRL simulation, which is consistent with the station-based analyses as shown in
section 3.1. The differences averaged over the entire domain are 0.15 g/kg and —0.26 K for 2-m specific
humidity and temperature, respectively. Consistent with surface fluxes shown in section 3.2, the most
notable differences of near-surface meteorological variables are confined within the irrigated regions, with
only slight changes in the downwind mountainous regions.

To further understand spatial variations of rainfall accumulations induced by irrigation, we investigate the
storm environment through comparisons of maximum convective available potential energy (CAPE) and
maximum convective inhibition (CIN) between the IRR and CTRL simulations. Contrary to the spatial dif-
ferences of near-surface meteorological variables or surface fluxes, differences of CAPE and CIN induced by

(a) CAPE J kg-1 (b) CIN J kg-1
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Figure 13. Spatial distributions of the model differences (i.e., IRR minus CTRL) for monthly average (a) maximum con-
vective available potential energy (CAPE; in J/kg) and (b) maximum convective inhibition (CIN; in J/kg).
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Figure 14. Spatial distribution of model differences JRR minus CTRL) for monthly average (a) sea level pressure (in hPa),
(b) integrated water vapor transport (IVT; in kg m! s_l) and (c) precipitable water (in mm). The black vectors overlaid
(a)-(c) indicate 10-m wind and IVT differences between IRR and CTRL simulations and IVT of IRR simulation, respec-
tively. Red vectors in (c) represent differences of 10-m wind fields between IRR and CTRL simulations.

irrigation can be identified at both local and regional scales (Figure 13). Increased CIN provides a more
stable environment over irrigated areas that lead to decreased rainfall in the IRR simulation as a result of
the elevated soil moisture and cooling effect of evaporation. Increased CAPE plays a more important role
in increasing total rainfall over the downwind mountainous regions. Song et al. (2018) found enhanced prob-
ability of rainfall over the outskirts of Phoenix due to replacement of conventional roof with irrigated green
roof over the city.

Rainfall increases in high-terrain regions can also be tied to the changing patterns of atmospheric forcing
that are favorable for orographic enhancement of rainfall. Figure 14 shows the spatial differences of sea level
pressure and low-level wind fields between the IRR and CTRL simulations. There is a high-pressure anom-
aly and induced low-level divergence over the irrigated area. The divergence is strongest near the boundary
of irrigated and nonirrigated areas. There is strong convergence in the downwind mountainous region,
together with enhanced atmospheric moisture content which directly contributes to elevated CAPE
and rainfall.

The impact of irrigation on rainfall is not confined to the irrigated areas, but can extend to regional scales.
There are only slight changes in total rainfall amount over the entire study region (D03). Contrasting
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spatial distributions of the rainfall accumulation are closely tied to elevated soil moisture over irrigated
areas, as well as the induced changes in thermodynamic fields and synoptic flows. The interactions of “per-
turbed” large-scale flow with mountainous terrain play a critical role in determining the spatial and tem-
poral variability of rainfall, especially over the downwind region of the irrigated areas.

4. Summary and Conclusions

In this study, we examine the regional impacts of irrigation on surface heat fluxes and space-time rainfall
variability in central Arizona. We focus on a one-month period, August 2014, during the North American
Monsoon season. Our results are based on high-resolution numerical experiments using the WRF model
coupled with single layer Urban Canopy Model, together with empirical analyses of in situ observations
from a dense network of meteorological stations over Phoenix, Arizona. A simple irrigation scheme is incor-
porated into the WRF single-layer Urban Canopy Model modeling system to accurately represent thermody-
namic and dynamic perturbations of human water use on regional climate in an arid/semiarid urban
environment. Major findings are summarized below.

1. The CTRL simulation (WRF “without irrigation”) captures general features of the regional water and
energy cycles during the simulation period of August 2014, including day-to-day variability and compo-
site monthly features of the diurnal cycle. The representations of near-surface temperature and humidity,
as well as surface heat fluxes, in the CTRL simulation, however, have significant biases, compared to in
situ observations. The IRR simulation (WRF with irrigation scheme) largely reduces the biases in 2-m
specific humidity, IVT, surface heat fluxes, and accumulated rainfall, even though bias in 2-m tempera-
ture slightly increases due to the evaporative cooling effect after adding irrigation.

2. Latent heat flux from the CTRL simulation is underestimated in urban areas by 20 W/m? on average. In
the IRR simulation, the latent heat flux is increased to 46 W/m? averaged over all irrigated urban pixels,
which is comparable to observations (53 W/m?) from an eddy covariance tower located in a heteroge-
neous urban region. For the nonirrigated areas, the changes of surface heat fluxes are related to the hotter
and drier environment caused by decreased rainfall and soil moisture. These results are in line with pre-
vious observational analyses showing that irrigation plays an important role in surface energy partition-
ing in arid/semiarid urban environments (e.g., Templeton et al., 2018).

3. Both the CTRL and IRR simulations produce comparable rainfall accumulations over the entire study
region and have similar temporal distributions of rainfall during the entire simulation period. The IRR
simulation, however, captures the spatial distribution of rainfall in a way that is more consistent with
observations. The negligible differences in rainfall timing and total amount between the two simulations
indicate the first-order control of large-scale moisture transport in determining rainfall climatology in the
southwestern United States during the North American Monsoon period.

4. There is a decrease of rainfall over irrigated areas in the IRR simulation, but an increase over the down-
wind mountainous region. The decrease in rainfall over irrigated regions is linked to increased atmo-
spheric stability associated with the increased convective inhibition. Advection of moisture and
interactions with prevailing large-scale flow result in increases in rainfall over complex terrain. The
impacts of irrigation are not confined within irrigated regions, but can extend to regional scales through
perturbations to atmospheric forcing.

While the majority of previous studies focus on land use/land cover changes, we highlight the importance of
properly representing land surface processes in improved understanding of hydrometeorological impacts
due to anthropogenic water consumption (e.g., irrigation for cropland, urban outdoor water use). Despite
the simplicity of the irrigation scheme adopted in this study, we highlight the sensitivity of hydrometeorolo-
gical fields to irrigation in an arid/semiarid urban environment. The impacts of irrigation on surface energy
partitioning and rainfall spatial distribution highlight the importance of accurate representations of land
surface processes in characterizing land-atmosphere interactions in an arid/semiarid urban environment.
Future efforts will be dedicated to developing irrigation schemes with better representations of irrigation
practices that consider, for example, irrigation frequency and timing, as well as irrigation methods (such
as dripping, flooding). This can be achieved through coupling with more sophisticated land surface models,
that is, Noah-MP (e.g., Zhang et al., 2017), or enhanced urban canopy model (e.g., Yang & Wang, 2015).
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Even though the irrigated areas (including cropland and urban irrigation) constitute only around 9.1% of the
entire inner domain (approximately 5,000 km?), the impacts can extend beyond the local scale through mod-
ifications of regional hydrometeorological fields and interactions between atmospheric forcing and complex
terrain. Our results provide important implications for improved characterization of water and energy cycle
in arid/semiarid southwestern United States under the context of climate change and intensified human
activities. Future studies should extend the simulation to the entire North American Monsoon period for
more robust characterizations of irrigation-induced changes in surface energy budget and water cycle.
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