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Abstract The impact of urbanization on water and energy fluxes varies according to the characteristics of
the urban patch type. Nevertheless, urban flux observations are limited, particularly in arid climates, given the
wide variety of land cover present in cities. To help address this need, a mobile eddy covariance tower was
deployed at three locations in Phoenix, Arizona, to sample the surface energy balance at a parking lot, a xeric
landscaping (irrigated trees with gravel) and a mesic landscaping (irrigated turf grass). These deployments
were compared to a stationary eddy covariance tower in a suburban neighborhood. A comparison of the
observations revealed key differences between the mobile and reference sites tied to the urban land cover
within the measurement footprints. For instance, the net radiation varied substantially among the sites in
manners consistent with albedo and shallow soil temperature differences. The partitioning of available
energy between sensible and latent heat fluxes was modulated strongly by the presence of outdoor water
use, with the irrigated turf grass exhibiting the highest evaporative fraction. At this site, we identified a lack of
sensitivity of turbulent flux partitioning to precipitation events, which suggests that frequent outdoor water
use removes water limitations in an arid climate, thus leading to mesic conditions. Other urban land covers
with less irrigation, however, exhibited sensitivity to the occurrence of precipitation, as expected for an arid
climate. As a result, quantifying the frequency and magnitude of outdoor water use is critical for
understanding evapotranspiration losses in arid urban areas.

1. Introduction

As cities continue to grow worldwide, the transformation of natural environments into urban land covers will
accelerate (United Nations, 2015). Urban land use typically exemplifies a shift to impervious land cover,
including concrete, asphalt, gravel cover, and buildings, and landscaping that involves native and nonnative
plants (e.g., Cook et al.,, 2012; Grimm et al., 2008; Wu et al.,, 2011). The outdoor water supporting urban vege-
tation in arid regions where precipitation is infrequent, for instance, promotes a higher degree of plant bio-
diversity (Buyantuyev & Wu, 2012; Hope et al., 2003), improves the local thermal comfort (Gober et al., 2010;
Song & Wang, 2015), affects the soil water balance (Volo et al., 2014, 2015), and induces higher evaporative
losses (Liang et al., 2017; Litvak et al., 2017). Modeling studies have also shown that the material, thermal, and
hydrologic properties of urban surfaces, such as roofs, green spaces, and buildings, impact energy and water
exchanges with the atmosphere (e.g., Arnfield, 2003; Benson-Lira et al., 2016; Georgescu et al., 2009;
Grimmond & Oke, 2002; Grimmond et al.,, 2010; Lee et al., 2012; Shaffer et al., 2015; Yang et al.,, 2016).
Intraurban studies have been conducted in European cities (Christen & Voogt, 2004; Offerle et al., 2006) to
explore energy partitioning and the surface energy balance (SEB), with an emphasis on comparing across
different urban land covers and to nearby rural areas. Nevertheless, few studies have observed the effects
of different types of urban land covers on the SEB in arid and semiarid environments and the partitioning
of turbulent fluxes in a comparative manner such that the effects of precipitation and outdoor water use
can be discerned (e.g., Best & Grimmond, 2016; Coutts et al., 2007; Liang et al., 2017).

Understanding the links between urban land cover and the SEB processes that influence microclimatic con-
ditions is critical for planning and design purposes (Georgescu et al., 2015; Middel et al., 2012; Mitchell et al.,
2008; Wang et al., 2016), in particular, for cities facing an urban heat island. In the Phoenix, Arizona, metropo-
litan area, rapid urbanization during the second half of the twentieth century led to the conversion of agricul-
ture and desert lands into urban and suburban developments (e.g., Hirt et al., 2008; Jenerette et al., 2011). Due
to low annual precipitation amounts, urbanization was accompanied by outdoor water use in residential,
commercial, and recreational areas based upon different strategies, including mesic (sprinkler irrigated turf
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grass) and xeric (drip irrigated trees with gravel cover) landscaping (e.g., Song & Wang, 2015; Volo et al., 2014;
Yang & Wang, 2015). The use of outdoor water for vegetated landscaping also ameliorates, to some extent,
the urban heat island effect (Buyantuyev & Wu, 2010; Gober et al., 2010; Norton et al., 2015). While the cooling
properties of urban green spaces are recognized, quantitative studies on the effect of residential landscaping
on surface energy fluxes, including evapotranspiration, are relatively rare (cf. Coutts et al., 2007; Goldbach &
Kuttler, 2013; Litvak & Pataki, 2016) with most prior work relying on quantitative relations between urban
temperature and measures of the cooling potential of different land covers (see Jenerette et al, 2011;
Middel et al., 2015).

Meteorological flux measurements using the eddy covariance (EC) technique provide a detailed quantification
of SEB processes and their interactions with atmospheric and land surface conditions (e.g., Anderson & Vivoni,
2016; Baldocchi et al., 1988; Wilson et al., 2002). Urban flux measurements, however, are challenging due to
deployment logistics, security concerns, and the ability to take measurements without disrupting typical activ-
ity (Grimmond, 2006; Kotthaus & Grimmond, 2012). Nevertheless, there is a need for urban flux observations in
arid and semiarid climates (Grimmond & Christen, 2012), in particular, for different types of urban land cover
patches captured in the footprint of EC measurements (Grimmond et al.,, 2010; Loridan & Grimmond, 2012).
The EC footprint, or source area, is a time-variable land surface area that directly contributes to the flux mea-
surements and is a function of atmospheric conditions, the measurement height, and urban roughness prop-
erties (Grimmond, 2006; Schmid, 1994). Recent studies using EC footprint measurements in different urban
areas, for example, have identified the role of irrigated vegetation on evapotranspiration (Chow, Volo, et al.,
2014), the effect of urban density on heat storage (Christen & Voogt, 2004; Coutts et al., 2007; Offerle et al.,
2006), and the increase in anthropogenic heat emissions after urbanization (Hong & Hong, 2016).

In this study, we use a trailer-mounted (mobile) EC tower to measure meteorological fluxes and the SEB in
three urban settings within Arizona State University (ASU) in the Phoenix metropolitan area. These short-term
deployments (average duration of 57 days each) in the winter, early summer, and North American monsoon
(NAM, July-September) seasons are compared to a stationary (reference or REF) EC tower located in a subur-
ban neighborhood and spanning the entire sampling period of 273 days (1 January to 30 September 2015).
The three mobile sites represent different urban land cover types or patches (i.e., xeric landscaping (XL), park-
ing lot (PL), and mesic landscaping (ML)) that are expected to vary in terms of the SEB and the partitioning of
turbulent fluxes due to variations in urban materials, outdoor water use, and the morphology of the built
environment. In all deployments, the EC measurements were designed to capture turbulent fluxes for the
characteristic urban patch inside the EC footprint without extending to the neighborhood scale, which con-
sists of a heterogeneous mosaic of different types of urban land cover. Thus, the objectives of this effort are to
(1) quantify and compare the SEB processes over different urban land cover types in relation to a reference
location in an arid environment and (2) relate the differences in the observed SEB metrics to the land cover
characteristics in the flux measurement source area. A focus is placed on the role of precipitation events and
outdoor water use on modifying the partitioning of the turbulent fluxes to capture how the linkage of the
energy and water balances varies across the sites.

2. Methods
2.1. Study Sites and Their Characteristics

The study sites are in the Phoenix metropolitan area, which has a population of approximately 4.1 million as
of 2010 (U.S. Census Bureau, 2010). Due to its location in the Sonoran Desert, Phoenix, has a hot, arid climate
(Koppen classification BWh) that has been underrepresented with respect to urban flux measurements
(Chow, Volo, et al., 2014). Average annual temperature is 24°C at the Phoenix Sky Harbor International
Airport (PHX), with seasonal average temperatures of 14.1, 22.9, 33.9, and 24.8°C, for winter, spring, summer,
and fall. The precipitation regime is bimodal with winter frontal storms and summer thunderstorms during
the NAM (Adams & Comrie, 1997; Vivoni et al., 2008). Mean annual precipitation is 204 mm/yr based on obser-
vations from 1981 to 2010 at PHX, with winter (December-February) and summer (July-September) amounts
of 68.3 mm and 67.8 mm, respectively. Spring and early summer (March-June) are typically dry accounting
for only 17% of the mean annual precipitation.

Each deployment site represents a common type of urban land cover in Phoenix. Table 1 summarizes site
characteristics, including the Local Climate Zone (LCZ) classification of Stewart and Oke (2012), while
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Table 1

General Characteristics for the Four Study Sites

Site Land cover LCZ UTM easting (m) UTM northing (m) Latitude Longitude Elevation (m)
XL Xeric landscaping LCZ5 413,797 3,698,213 33.4198° —111.9272° 354

PL Pavement LCZ 8 412,725 3,698,373 33.4212° —111.9387° 356

ML Mesic landscaping LCZ 9 436,646 3,686,041 33.3116° —111.6806° 411

REF Residential LCZ 6 393,794 3,705,539 33.4838° —112.1426° 337

Note. XL = xeric landscaping; PL = parking lot; ML = mesic landscaping; REF = suburban residential; LCZ = Local Climate Zone; UTM = Universal Transverse

Mercator.

Figure 1 indicates their location and provides a photograph of each EC tower. The XL site, placed during the
winter months on the ASU Tempe campus (Figure 1d), was composed of palo verde (Parkinsonia florida) trees
with gravel and bare soil cover (undeveloped). Trees were irrigated using a drip system and ranged in height
from 3 to 4 m, located within setting that included a midrise (three-story) building and a paved road (LCZ 5). In
contrast, the PL site on the ASU Tempe campus was a large pavement area with a small proportion of gravel
cover (undeveloped) and minimal trees (Figure 1c), deployed during the early summer. The PL is near an
intersection with high traffic and frequently contained vehicles, with a low number of 6 m palm trees and
large low-rise (one- to three-story) buildings surrounded by impervious cover nearby (LCZ 8). The ML site
was installed at the ASU Polytechnic campus (Figure 1e) during the summer and consisted of a regularly
irrigated turf grass area using a sprinkler system (approximately 2-3 days per week, 3 times per day, for 20
to 30 min each time), with sparse, undeveloped land cover nearby. The large grassy area is located among
a series of low-rise (one-story), single-family homes with undeveloped and pervious landscaping, including
sparse 6 m trees (LCZ 9), previously used to investigate microclimatic and soil moisture conditions in
residential yards (Martin et al., 2007; Volo et al, 2014). All of the deployment sites are in the built
environment such that bare soil conditions are disturbed, generally consist of light-colored, coarse-grained
(sandy to sandy loam) textures and have partial gravel cover from landscaping activities. The REF site
represents a suburban residential area in Phoenix consisting of single-family homes, streets, open spaces,
and other buildings (Figure 1b, LCZ 8). The EC deployment at the REF site is described by Chow, Volo, et al.
(2014). In this study, the REF site is a reference location that encompasses the entire period and allows
comparisons to the shorter deployments at each mobile EC site, as described next.

2.2. Eddy Covariance Measurements and Data Processing

The mobile EC platform consists of a telescoping tower that extends to a maximum height of 15 m. In this
study, EC measurements were carried out at a height of 7.0 (XL), 9.0 (PL), and 8.0 m (ML) to ensure that fluxes
were observed within the surface layer and above the zero plane displacement heights. High-frequency tur-
bulent fluxes were measured using an open-path infrared gas analyzer and a three-dimensional sonic anem-
ometer (Table 2) and aligned to the dominant wind direction for each deployment. Dominant wind directions
were determined from wind rose diagrams from meteorological stations on the ASU Tempe campus for
the XL and PL sites and from a nearby airport (~1 km) for the ML site. Site conditions were inspected
to select the measurement height for each case to obtain sensible and latent heat fluxes above the aver-
age height of the urban land cover of interest while maintaining a relatively small EC footprint. The REF
site, however, had a taller height of 22.1 m intended to sample fluxes from a broader area (Chow, Volo,
et al, 2014). Measurements were sampled at frequencies of 10 or 20 Hz (Table 3), recorded with a data
logger (CR5000, Campbell Scientific) and processed at 30 min intervals using the EdiRE software program
(Clement, 1999). EC processing was performed consistently for all sites and included correcting for fluctua-
tions in stability (Foken, 2006) and density (Webb et al., 1980), using the sonic temperature to calculate sen-
sible heat flux (Paw U et al., 2000), rotating the coordinate frame to set the mean vertical wind speed to zero
during each 30 min interval (Wilczak et al., 2001) and removing signal lags in the gas concentrations
(Massman, 2001). Flux data were also filtered to exclude periods with precipitation (>0.2 mm/30 min), when
the wind direction was 180° + 10° from the direction at which instruments were mounted and for outliers
greater than 3 standard deviations. Additional sensors recorded radiation, meteorological, and soil conditions
as 30 min averages (Table 2). For all mobile deployments, a four-component net radiometer was installed at
the same 5 m height to measure incoming and outgoing shortwave and longwave radiation. Precipitation at
the mobile sites was measured at 1 m height above the soil surface using a tipping bucket rain gauge. Soil
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Figure 1. Four study sites located in Phoenix (a) including photographs of the EC deployments at (b) suburban (REF) site in low-rise, single-family residential area in
Phoenix (c) parking lot (PL) site at ASU Tempe campus on an impervious surface near a high traffic intersection, (d) xeric landscaping (XL) site at ASU Tempe campus
in a landscaping consisting of drip irrigated trees with gravel surface, and (e) mesic landscaping (ML) site near residential housing at ASU Polytechnic campus in
Mesa in a landscape consisting of regularly irrigated turf grass.

moisture was measured at 5 and 50 cm depths at XL and 5, 15, and 50 cm depths at ML to quantify soil
responses to precipitation and urban irrigation. Ground heat flux was measured using a heat flux plate at
5 cm depth and two thermocouples at 2 and 4 cm depths at all sites except the pavement surface at PL.
Due to limitations in available equipment or access to soil for measuring ground heat flux at many sites,
we only installed one sensor per deployment, except at PL where it was not possible to install a ground
heat flux plate or soil temperature sensors. Average soil temperature (T,;) for the 0 to 5 cm depth was

TEMPLETON ET AL. WATER AND ENERGY FLUXES OVER URBAN COVER 2114



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD027845

Table 2
Instrumentation at Mobile EC Tower, Including Number of Sensors in Parentheses
Instrument/model Manufacturer Variable measured
Tower

3-D sonic anemometer/CSAT3 (1) Campbell Scientific Three-dimensional wind velocities, virtual sonic temperature
Infrared gas analyzer/LI-7500A (1) Li-Cor Biosciences Water vapor and carbon dioxide concentrations
Temperature and relative humidity sensor/HMP155A (3) Vaisala Air temperature and relative humidity
Four-component net radiometer/CNR4 (1) Kipp & Zonen Incoming and outgoing shortwave

and longwave radiation
Pyranometer/SP-110 (1) Apogee Instruments Total shortwave radiation
Barometer/CS100 (1) Setra Systems Barometric pressure

Near ground level
Rain gauge/TE525MM (1) Texas Electronics Precipitation
Infrared radiometer/SI-111 (1) Apogee Instruments Surface temperature

Below ground level

Soil heat flux plate/HFP01SC (1) Hukseflux Ground heat flux
Soil averaging thermocouple/TCAV (2) Campbell Scientific Soil temperature
Water content reflectometer/CS616 (3) Campbell Scientific Soil volumetric water content

Note. EC = eddy covariance.

determined by averaging the thermocouple measurements and the rate of change of T, was used with the
soil water content to determine energy stored in the layer above the plate. Details on the setup and
instruments at the REF site are found in Chow, Volo, et al. (2014).

2.3. Urban Surface Energy Balance and Meteorological Comparisons
The urban SEB is described as follows:
Q" + Qr = Qn + Qe + AQs + AQq, (M

where Q* is the net radiation, Qf is the anthropogenic heat flux, Qy is sensible heat flux, Qg is latent heat flux,
and AQs and AQ, are the net changes of heat storage and advection, all in W/m? (Oke, 1988). The processed
turbulent fluxes and radiation, meteorological, and soil measurements were used to quantify the SEB for a
simple plane facet (Arnfield, 2003) as follows:

Q" — Qg = Qy + Q¢, (2)

where Qg is ground heat flux. This equation assumes that anthropogenic heat and advection are negligible
and only considers the conductive heat flux from the surface (Qg), whereas AQs represents all energy sto-
rage in the control volume. While this is not the case in urban areas (e.g.,, Chow, Volo, et al., 2014; Oke,
1988; Sailor, 2011), we use energy balance closure (g) as a measure of the residual quantity (1 — ¢) not cap-
tured by the measured fluxes:

- >(Qu + Qk)

>(Q" — Qq) ®

Table 3
EC Deployment Specifications, Including Orientation, Height and Frequency of Turbulent Instruments and Duration of
Each Deployment

Site  Orientation (deg) Height (m) Frequency (Hz)  Start day and time  End day and time  Total days

XL 21 7.0 20 1/20/2015 12:00 3/13/2015 8:30 53
PL 227 9.0 10 5/19/2015 15:00 6/30/2015 6:00 43
ML 230 8.0 10 7/9/2015 13:00 9/18/2015 8:30 74
REF 270 221 10 1/1/2015 0:00 9/30/2015 23:30 273

Note. XL = xeric landscaping; PL = parking lot; ML = mesic landscaping; EC = eddy covariance; REF = suburban residential.
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Table 4
Urban Land Cover Percentages Within 80% Source Area and Radiometer Footprint

80% source area Radiation footprint
Urban land cover XL PL ML XL PL ML REF
Trees 38.2% 5.9% 16.2% 34.4% 2.2% 6.8% 4.6%
Grass 0.4% 0.7% 28.1% 0.0% 0.7% 43.6% 10.0%
Undeveloped 29.7% 13.9% 34.6% 65.6% 29.6% 34.5% 36.8%
Pavement 8.3% 57.4% 12.8% 0.0% 67.5% 4.1% 22.0%
Buildings or cement 23.4% 22.1% 8.3% 0.0% 0.0% 11.0% 26.4%
Percent in 500 m fetch 97.1% 94.5% 96.4%

Note. The percentage of flux originating from a 500 m radius fetch centered at each EC site is shown. REF site information
is as reported in Chow, Volo, et al. (2014). XL = xeric landscaping; PL = parking lot; ML = mesic landscaping.;
REF = suburban residential.

We also compute a separate residual (RES) term to approximate an upper limit of AQs that includes Qg (Chow,
Salamanca, et al,, 2014; Christen & Voogt, 2004) as follows:

RES = Q" — Qy — Q¢. @

For the EC systems deployed, net radiation (Q*) is obtained from measurements of the incoming and out-
going components of shortwave (K; and K;) and longwave (L, and L,) radiation as follows:

Q=0 -0 = (K +L) - (Kt +1Ly), (%)

where Q, is the total incoming radiation and Q; is the total outgoing radiation. To compare observations at
the sites (Loridan & Grimmond, 2012), we estimated ratios of sensible heat flux to total incoming radiation
(Qu/Q)), latent heat flux to total incoming radiation (Q¢/Q;) and the sum of sensible and latent heat fluxes
to total incoming radiation ((Qy + Qg))/Q,). All normalized quantities are computed after aggregation to
the daily scale such that differences among sites at a higher temporal resolution are not captured. We also
compared standard weather observations of air temperature (TA), precipitation (P), and vapor pressure deficit
(VPD, obtained from relative humidity and air temperature) from each deployment to the REF site. Averaged
diurnal cycles of Q* Qg, Qn, and Qg were obtained over all sampled days at each site. Furthermore, we esti-
mated the evaporative fraction (EF) at local noontime of each day and as a daily average as:

__Q
Qy+Q¢’

to provide further insight into the partitioning of turbulent fluxes in different urban land covers. Additional
analyses, such as evaluating the temporal dynamics of Q", soil moisture, and EF, were performed for subsets
of days classified as “wet” or “dry” based on the occurrence of precipitation (P > 0.2 mm/d) taken to be the
day of and 2 days after a storm event.

EF (6)

2.4. Urban Land Cover Characterization and Footprint Analysis

To characterize the source areas of the flux measurements, a consistent land cover classification was per-
formed for each mobile EC site using high-resolution (0.30 m cell size) color orthoimagery from the U.S.
Geological Survey (http://Ita.cr.usgs.gov/high_res_ortho). Supervised classifications were based on the red,
green, and blue signatures using a maximum likelihood method in ArcGIS 10.4 (Image Classification Tool)
and utilized training samples that were checked with site visits. Following prior efforts in Phoenix (e.g.,
Myint et al., 2011; Zhao et al., 2015), land cover was classified into five general types: (1) trees, (2) grass, (3)
undeveloped (gravel or bare soil), (4) pavement, and (5) buildings or cement, which were compared against
the high-resolution imagery and site visits to check for consistency. For the REF site, we employed the classi-
fication of Chow, Volo, et al. (2014) based on a 2.4 m resolution Quickbird image (Myint et al., 2011) for a cir-
cular region of 1 km? around the location. This analysis is well suited for the REF site where the source area is
larger and more difficult to classify accurately due to the more heterogeneous distribution of urban land
cover patch types. Table 4 reports on urban land cover percentages for each site, with REF indicating low-rise
buildings (36.8%), undeveloped (26.4%) surface cover and a proportion of nonvegetated urban cover
of 85.2%.
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Figure 2. Study site orthoimagery with the 80% source areas (colored 5 m by 5 m pixels with percent contribution for each)
and radiometer source areas (black circles) at (a) xeric landscaping (XL), (b) parking lot (PL), (c) mesic landscaping (ML), and
(d) suburban residential (REF) sites.

For the mobile EC sites, we computed the percentage of each land cover class within the EC footprint and
within the radiometer footprint (Table 4). The EC footprint was obtained using the analytical model of
Kormann and Meixner (2001) for an area of 500 m by 500 m centered at each site and a horizontal pixel reso-
lution of 5 m selected to be less than the measurement height (Van de Boer et al., 2013). The model is applied
in the surface layer at the EC measurement height for each deployment, which is above the average tree and
building heights. The surface layer consists of roughly the bottom 10% of the boundary layer, which repre-
sents a physical layer with “constant flux” arising from the land surface and can be mathematically formulated
using the Monin-Obukhov Similarity Theory adopted in the model (Stull, 1988). For its operation, the model
requires the measurement height, fetch radius, wind speed and direction, friction velocity, and a stability cri-
terion. Since measurement heights were above the zero-plane displacements (2.5, 2.0, and 5.0 m at the XL, PL,
and ML sites), the application of Monin-Obukhov Similarity Theory and the concept of stability are valid
(Foken, 2006). Following Anderson and Vivoni (2016), the EC footprint was calculated for each 30 min interval
of turbulent daytime conditions, averaged over each daytime period and aggregated to derive a unique foot-
print for each deployment. We selected the 80% threshold as the source area to define the EC footprint
(Schmid, 1994), as shown in Figure 2 (the percent contribution of each 5 m by 5 m pixel indicated by color).
While the 80% source areas appear large (red areas), most of the flux contributions are from regions near the
EC towers (blue areas) and a 500 m radius contains >94% of the footprint (Table 4). In addition, we used the
radiometer height to obtain an approximate circular (fixed) footprint for these measurements (Schmid et al.,
1991) based on the 95% source area (or 1,492 m? for a 5 m height) that overlap well with the higher EC con-
tributions. While this estimate does not account for elements of the urban environment, it is a first approxi-
mation based on flat, homogeneous terrain that is suitable for our analyses. As shown in Table 4, urban land
cover distributions have similar patterns between the EC and radiometer footprints. For instance, at the XL
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Figure 3. Comparison of meteorological measurements during entire study
period (1 January to 30 September, 2015) including (a) precipitation, (b) air
temperature, (c) vapor pressure deficit (VPD), and (d) net radiation, shown as

30 min averages.

Table 5

r.

3.1. Meteorological Conditions and Comparison to Long-Term

site, the dominant land covers are undeveloped land in the form of gravel
cover (29.7% for 80% source area and 65.6% for radiometer footprint) and
trees (38.2% and 34.4%, respectively). As at other sites, this indicates that
as proximity to the EC tower increases (blue areas overlapping with radio-
meter circle), the distribution of urban land cover types reflects the
intended sampling plan and the energy balance closure of radiative and

The mobile EC deployments measured meteorological variables across a
variety of urban land covers during different seasons, while the REF site
spanned the entire study period. Figure 3 shows the variation of precipita-
tion, air temperature, VPD, and net radiation. Each deployment recorded
several storm events of varying intensity with observed differences in total
precipitation between the mobile EC and reference sites (Table 5). For
instance, the NAM season at ML exhibited a lower precipitation (5.4 mm)
as compared to the REF site (13.7 mm) due to the spatial variation in timing
and magnitude of individual precipitation pulses in Phoenix (Mascaro,
2016). Furthermore, the 2015 NAM season at the ML and REF sites was
drier than average as compared to the long-term average at PHX
(57.9 mm) with potential implications on the comparisons. In general, pre-
cipitation at all sites was lower than the long-term (1981-2010) average,
except for two localized storm events on 27 and 29 June 2015 measured
at the PL site (5.7 mm and 4 mm) that provided rainfall during a typically

The temporal variations in TA, VPD, and Q* reflect the seasonal progression
from winter to summer and the effects of storm events, which tend to
lower all quantities. The winter deployment at XL was characterized by
low values of TA and VPD that are fairly similar to long-term averages
and the REF site (Table 5). As expected, increases in TA and VPD occur in
the early summer deployment at PL (red lines in Figure 3) and reach a max-
imum during the NAM season at ML (green lines in Figure 3). While subda-
ily changes in TA and VPD are consistent between each site and the
reference location, small biases can be noted that are likely related to

the urban land cover. For instance, the REF site is 1 to 2°C warmer than
the XL and ML sites, which is consistent with the higher fraction of nonve-

getated urban cover (85.2% at REF versus 61.4% and 55.7% at XL and ML,
respectively). In addition, smaller differences in TA and VPD are noted

between the PL (93.4% nonvegetated) and REF sites possibly due to more

Time-Averaged Meteorological Conditions Including Measured During Each Deployment (Meas.), Conditions at REF Site (Ref.) and Long-Term Average (PHX, Observations
From 1981 to 2010) for Precipitation (P), Air Temperature (TA), Vapor Pressure Deficit (VPD), and Net Radiation (Q*)

P (mm) TA (deg C) VPD (kPa) Q* (W/m?)
Site Meas. Ref. Long term Meas. Ref. Long term Meas. Ref. Long term Meas. Ref. Long term
XL 38.6 274 434 16.8 18.0 15.6 1.18 1.31 0.84 68.1 61.5 —
PL 15.2 8.6 15 325 326 317 4.05 3.93 3.08 152.0 140.7 —
ML 54 13.7 57.9 336 345 34.0 346 3.73 2.82 149.2 106.8 —

Note. Long-term average Q* is not available at PHX. XL = xeric landscaping; PL = parking lot; ML = mesic landscaping.
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Figure 4. Comparison of daily-averaged outgoing shortwave radiation
(KT, lines) and net longwave radiation (Let, dots) at (a) xeric landscaping
(XL) and REF sites, (b) parking lot (PL) and REF sites, and (c) mesic landscaping
(ML) and suburban residential (REF) sites. Black colors correspond to REF site,
while red colors represent mobile eddy covariance sites.
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a lower Q* due to a higher albedo (a) over the urban materials in the larger
radiometer footprint, as compared to the mobile EC sites. Noontime
albedo measurements (a = K;/K|) averaged over each period yielded
values of 0.109 (XL), 0.094 (PL), 0.167 (ML), and 0.169 (REF). Albedo com-
puted from daily-averaged values show similar trends among the sites:
0.115 (XL), 0.100 (PL), 0.171 (ML), and 0.173 (REF), consistent with values
obtained by Offerle et al. (2006) for similar land cover types. Albedo esti-
mates also match well with the dominant urban land cover in each radio-
meter footprint and with values reported for the REF site by Chow, Volo, et al. (2014), where residential and
more vegetated areas have higher values. While some trends are observed within each season (i.e., increasing
K; during winter and decreasing K; during the NAM), the largest daily changes in K; correspond to the effects
of storm events that moistened urban land covers and changed albedo for short periods of time (1 to 3 days).
In addition, larger differences in K; occur between the PL (dark-colored pavement) and REF (light-colored
cement and undeveloped surfaces) sites that have large albedo differences, while the most similar K; occurs
for the ML and REF sites, which have the most similar albedo. This is consistent with urban measurements by
Santillan-Soto et al. (2015) who reported much lower values of K; for pavement surfaces as compared to
other urban land covers, including cement, grass, and clay surfaces. It also indicates that the large differences
in Q* between the ML site and the REF site during the NAM season are not due to variations of shortwave
components or albedo differences.

Site comparisons of Q* are also aided by inspecting L, and its link to measured shallow soil temperature
averaged from 2 and 4 cm depths (7o) at the XL, ML, and REF sites. Given similar TA for coincident deploy-
ments, differences in Lne¢ can be attributed mainly to outgoing longwave radiation (L;) and its relation to soil
temperature. As with K;, net longwave radiation exhibits trends within each season (i.e., increasing Ly dur-
ing winter and decreasing L, during the NAM) and decreases in response to storm events (Figure 4). The
small offset in winter Lo values at the XL and REF sites (78.9 and 82.5 W/m?, respectively) is consistent with
a higher time-averaged T at the REF site during the period (18.3 and 18.7°C, respectively). In contrast, the
early summer period at PL and REF sites showed small differences in Lnet (124.6 and 126.7 W/m?, respectively)
suggesting that the measured pavement surfaces and suburban land covers have approximately the same
temperature. Thus, given the variations in albedo among the PL and REF site, the higher Q* at the PL site
is primarily due to the lower a (i.e., lower K;), rather than a difference in L. In contrast, large variations in
Lnet during the NAM season at the ML and REF sites are due to large differences in time-averaged T
(29.7 and 41.2°C). As a result, observed differences in Q* between the ML and REF sites are due primarily
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Table 6
Energy Balance Closure Using Two Techniques: (1) Linear Fit (Qy + Qg = m(Q* — Qg) + b) With Slope (m), Intercept (b), and
Coefficient of Determination (Rz) and (2) ¢ or the Ratio of the Sum of (Qy + Qg) to the Sum of (Q* — Qg)

2

Site Sample size Slope (m) Intercept (b) R €

XL 2,299 0.52 26.72 0.91 0.84
PL-no Qg 1,739 0.35 50.58 0.83 0.64
PL-with Qg 1,739 0.44 41.71 0.81 0.69
ML 2,873 0.72 33.40 0.89 0.84
REF 12,412 0.59 35.17 0.78 0.90

Note. PL site is reported with no Qz measurement and with a surrogate Qg from the REF site. Sample size of 30 min inter-
vals provided for each period. XL = xeric landscaping; PL = parking lot; ML = mesic landscaping; REF = suburban
residential.

to Lpet and Ty that are moderated by the urban land cover, specifically the turf grass at ML, which cools sig-
nificantly under the influence of outdoor water use, in particular, near the end of summer.

3.3. Surface Energy Balance and Partitioning of Turbulent Fluxes

We inspected the energy balance closure (¢) for each site (Table 6), finding that 64-90% of the available
energy (Q* — Qg) was measured as turbulent fluxes (Qy + Qg). Higher residuals (1 — &) at the PL site are
reduced slightly when considering Qg from the REF site as a surrogate quantity, suggesting higher anthropo-
genic inputs (e.g., Salamanca et al., 2014) or other factors such as heat advection or storage (e.g., Bassett et al.,
2016), as compared to the other sites. It is important to note that only one heat flux plate is installed at each
site and does not represent the same spatial scale of the turbulent fluxes. Nevertheless, the estimated energy
balance closure is within the range of other EC studies across different ecosystems (e.g., Wilson et al., 2002).

Figure 5 presents the averaged diurnal cycle of Q* Qu, Qr and Qg at 30 min intervals for each deployment,
with the dashed lines representing simultaneous conditions at the REF site. Q* follows anticipated seasonal
patterns, with increasing noontime values from winter to early summer followed by a reduction during the
NAM. At all mobile EC sites, the diurnal rise and peak of Q* occurs slightly earlier due to the longitudinal

(a) XL 1/20/2015 to 3/13/2015| | (b) PL 5/19/2015 to 6/30/2015

0 2 4 6 810121416182022 0 2 4 6 8 1012 14 16 18 20 22
Hour in Day Hour in Day

Figure 5. Averaged diurnal cycle of surface energy fluxes at 30 min intervals for the (a) xeric landscaping (XL), (b) parking
lot (PL), (c) mesic landscaping (ML), and (d) suburban residential (REF) sites. For reference, dashed lines in Figures 5a-5c
represent the corresponding measurements at the REF site. The PL site does not have Qg measurements.
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Figure 6. Daily residual (RES) computed at the xeric landscaping (XL),
parking lot (PL), mesic landscaping (ML), and suburban residential (REF) sites.

distance to the reference site, located 42.8 km west of ML. The partitioning
of Q*is dominated by Q at all sites, except ML, with Qy exhibiting a diurnal
peak that is delayed by 1.1 h with respect to Q* when averaged over all sites.
The smaller Qg peak exhibits a larger delay, averaging 1.7 h after Q* over all
sites, though it tends to be earlier and of greater magnitude at REF where
the sensor is placed in an unshaded bare area. While the delayed Qg peaks
may be biased by the placement of the ground heat flux sensors, other stu-
dies have noted a peak in Qg after Q* (e.g., Ma et al., 2005; Templeton et al.,
2014; Wang & Mitsuta, 1992). Interestingly, the frequent outdoor water use
and mesic landscaping substantially increases Qg relative to the REF site (i.e.,
by 174.2 W/m? for peak Q¢ values in Figures 5¢ and 5d), leading to a sub-
stantial reduction in Q4 and Qg during the NAM. Comparisons of Q¢ at
the other sites indicate that winter water input (irrigation and precipitation)
has a similar impact at XL and REF. The XL site received more precipitation
(11.2 mm) and was regularly irrigated, while the REF site was dependent on
outdoor water use in residences and open spaces. In contrast, the early
summer has a higher Q¢ at the REF site as compared to the PL site, which
had higher precipitation but low to negligible outdoor water use.

To further investigate the energy balance components, a daily residual (RES) term was compared across sites
(Figure 6). The RES term represents an upper limit of AQs since it includes any underestimations of Q, and Q¢

(a) XL N

(b) PL N

XL T
+PL R
+ML s

Figure 7. Radial diagrams of daily evaporative fraction (varying from zero to one) at noontime with respect to wind direction
for the: (a) xeric landscaping (XL), (b) parking lot (PL), (c) mesic landscaping (ML), and (d) suburban residential (REF) sites.
Color coding in Figure 7d depicts overlapping observations during deployments at the other sites or intervening periods
(black, labeled REF).

TEMPLETON ET AL.

WATER AND ENERGY FLUXES OVER URBAN COVER 2121



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD027845

Table 7 (i.e., the energy balance closure problem) and other terms of the urban
Comparlson qf Normallzeq Surface: Fluxes Av?raged Over E.ach Deployment energy balance (Qf Qg, AQs, and AQy). RES increases at the REF site from
Period, Including Evaporative Fraction Determined at Noontime (EF,o0n) and h . hs i h | b d duri
Evaporative Fraction Averaged Over Daytime Periods (EF yq,) the winter months into the early summer but starts to decrease during
- /0 00 (Qn+ QI/Q . - the NAM until relatively low values are obtained in September. The seaso-
+ - . . . .

e gl i HT B hoon 93y nal variation of RES is consistent with changes in ground heat flux (Qg)

XL 0.145 0.097 0.242 0.27 0.27 included in AQs as well as heat storage in other elements of the urban

AL WAL e 02 e 02 environment (e.g., buildings, trees, and impervious surfaces). At the XL site,
ML 0.132 0.302 0.434 0.61 0.64 the RES t tch Il with estimat t the REF sit ith simil
REF 0172 0108 0280 029 032 e erm matches very well with estimates at the site, with similar

averages of 8.4 and 7.6 W/m? during the deployment period, respectively,
indicating a similar amount of AQs. In contrast, RES at the PL site is twice as
large as compared to the REF site (average values of 41.1 and 22.2 W/m?),
suggesting that a higher AQgs is likely at the PL site due to the large percentage of pavement cover. Similarly,
the differences in RES between the ML and REF sites are appreciable, with a lower time-averaged RES term at
ML as compared to the REF site (4.5 and 8.7 W/m?), which is linked to the lower capacity for heat storage in
frequently irrigated mesic landscaping.

Note. XL = xeric landscaping; PL = parking lot; ML = mesic landscaping;
EF = evaporative fraction; REF = suburban residential.

As a measure of turbulent flux partitioning, the evaporative fraction (EF,,oon) Was evaluated at noontime and
averaged for all days of each deployment period. Figure 7 shows the daily EF,,,on as a function of wind direc-
tion, which can be related to the urban land cover around each site. We also computed averaged daytime
(10:00 a.m. to 2:00 p.m.) EF (EFgs,) for each site and then averaged these values over the deployment periods.
Consistent with prior analyses, EFno0n and EFq,y vary from low values over the pavement surface (PL) to high
values in the turf grass (ML), as shown in Table 7 for averaged conditions. In addition, the EF 4, at each site is
similar for all sampled wind directions, indicating that EF 4o, is homogeneous with respect to the land cover
in each EC footprint. Note that some wind directions were not sampled at the mobile EC sites (e.g., north at
ML), but the longer period at the REF site could capture contributions from all directions. This also explains
the larger variability in EF o0, at the REF site where the observations spanned several seasons, resulting in
an average EFg,, of 0.32, which is higher than at XL and PL (Table 7). A comparison across the sites at the daily

scale also reveals that ML has a consistently higher EFq,y, and XL and PL

g 2_ (a) ' ‘ have a lower EF4,y, with respect to the REF site.
S 41 Average daily turbulent heat flux ratios were evaluated for the duration of
g ; the REF period (Figure 8). Although Q* increases substantially as the year
g 1 J [ l l 1 \ ‘ I ‘ progresses, the sensible heat ratio has a small increase, with average
&l — . — - values of Q/Q; = 0.11 (winter), 0.17 (early summer) and 0.21 (NAM).
N 20 () ' ‘ There is higher variability in the latent heat flux ratio due to precipitation,
s 1501 but seasonal averages are nearly identical at Q¢/Q; = 0.10 (winter), 0.11
= 100 (early summer), and 0.12 (NAM). Similar seasonal values of Qg/Q, above
5 504 0 in an arid climate are a strong indicator of the contribution of outdoor
0 . i water use on turbulent heat fluxes. The response of Qg/Q, to storm events
1 : : at the REF site further shows that water limitations to evapotranspiration
08 - © are still present. Table 7 complements this comparison with Q./Q,, Q7/Q,,
§> 06 7 and (Qy + Qg)/Q, averaged over each deployment period. Consistent with
I 04 1 the prior analysis, the PL site has the lowest Q¢/Q, and the highest Q,/Q,,
02 _\//\ WMWWM indicating that the pavement surface primarily channels available energy
? ' : into sensible heat flux (low EF). The sprinkler irrigated turf grass (ML) exhibits
08 - G the opposite trends (e.g., lowest Qu/Q; and highest QgQ,) with a
5”06 1 dominance of latent heat flux (high EF). In addition, ML had the highest
"L 04 (Qu + Qp/Q, indicating that available energy was more efficiently
S u’\ MWMWM converted into turbulent fluxes, as opposed to Qg, K; or Ly, for the ML site.
0 T .
Vs e Date WL AAS 3.4. Sensitivity of Turbulent Fluxes to Precipitation and Outdoor
Water Use
Figure 8. Meteorological variables and fluxes at the REF site: (a) precipitation
and averaged daily (b) net radiation (Q*) and turbulent heat flux ratios of To evaluate the sensitivity of turbulent fluxes to wetness conditions, we
(c) Qu/Qy and (d) QF/Q,. classified each day as either wet or dry depending on precipitation
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Figure 9. Comparison of averaged daily Q4/Q|, Q/Q; and evaporative fraction for dry (left) and wet (right) days during
overlapping periods for the (a, b) xeric landscaping (XL) and suburban residential (REF) site, (c, d) parking lot (PL) and
REF site, and (e, f) mesic landscaping (ML) and REF site. n is the number of days and the error bars represent +1 standard
deviation.

occurrence (P > 0.2 mm/d). Figure 9 presents the variation of Q.,/Q, Q¢/Q,, and EF for wet and dry days
during each season in comparison to REF. Notably, precipitation increases Qg/Q; for most sites and
seasons, leading to a higher EF, without a considerable change in Qu/Q,. This suggests that urban land
covers support similar sensible heat flux under different weather conditions. The increase in latent heat
flux, however, is limited to those sites and seasons with low water availability. For instance, the winter Q¢/Q,
and EF increase at both the XL (by 0.10 and 0.18) and REF (by 0.12 and 0.15) sites due to a sequence of
storm events, indicating that water-limited conditions exist despite the various types of outdoor water use at
the sites. In contrast, differences are observed between the ML and REF sites with respect to their response
to storm events during the NAM season. No changes in Q¢/Q; and EF are noted at ML (by <0.01 and 0.01)
between dry and wet days, while increases of Q¢/Q, and EF occur at the REF site due to the additional water
(by 0.04 and 0.06). In effect, more frequent irrigation at the ML site during the NAM season renders the
partitioning of turbulent fluxes insensitive to storm events indicating that water is not limiting. It should be
noted, however, that the below average rainfall at both the ML and REF sites during 2015 (Table 5) might
have impacted the high degree of responsiveness of the REF sites to storm events.

We inspected the SEB and soil moisture responses to storm events to further discern the impact of out-
door water use on the sensitivity to precipitation. Figure 10 presents storms at the XL and REF sites (2-3
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March) and the ML and REF sites (18 July and 31 August, respectively)
obtained from local sensors. For each case, precipitation, net radiation,
and shallow soil moisture are shown at 30 min intervals, while the daily
EF is obtained as the averaged from 10:00 a.m. to 2:00 p.m (i.e., one value
per day obtained near local noontime). Q* exhibits larger variations in
Los response to cloud cover during the winter (XL and REF sites) since the
storm event occurred during daylight hours, whereas the summer storms
(ML and REF sites) were both nocturnal in nature, though small variations
in Q* also occur during subsequent days. Shallow soil moisture increases a
small amount in response to the storm events across the varying levels of
soil water content (i.e., similar wetness at XL and REF but wetter condi-
tions at ML than REF due to outdoor water use). More importantly, EF
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— M at both sites of 0.13 and 0.16 (difference between EF prior to and after
the storm), or 36% and 80% relative increases, lasting about 1 and 3 days
at the REF and XL sites, respectively. Consistent with prior analysis, the
REF site exhibited a higher EF than the XL site, though the differences
are reduced during wet days. The more sensitive EF response at XL is
Los likely due to its higher percentage (68.3%) of land cover that can absorb
precipitation (e.g., grass, trees, and undeveloped land) as compared to
REF (51.5%). In contrast, the summer storm events lead to an increase in
EF of 0.26 at the REF site, but a small decrease of 0.01 in EF at the ML site,
or relative differences of 124% and —2%, respectively. This occurs despite
the higher percentage at ML (78.9%) of permeable urban land cover in
the EC footprint and is closely linked to the high soil moisture conditions.
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70 - 2’ Thus, the frequent outdoor water use at ML sustains a high EF that is
9/2 9/3 o/4 insensitive to additional water, while the more water-limited conditions
at REF allow for both responses to storm events and to outdoor water

Figure 10. Comparison of precipitation (bars), net radiation (solid lines), shal-  yse in its larger footprint. Note that while the large increase in EF at REF

low relative soil moisture (defined as volumetric soil moisture divided by
porosity, with an assumed porosity value of 0.4 strictly for presentation pur-
poses) at 5 cm depth (dashed lines) and noontime evaporative fraction

on 2 September cannot be attributed to precipitation (either at the REF
site or nearby rain gauges from the Flood Control District of Maricopa

(symbol) between (a) xeric landscaping (XL) and suburban residential (REF) County), the net radiation measurements suggest the occurrence of cloud
sites during the winter deployment and (b) mesic landscaping (ML) and REF  cover as confirmed by inspecting a nearby weather station from the Flood
sites during the NAM season. Note that two similar events of 1.5 mm Control District of Maricopa County. Thus, the large increase in EF is likely

precipitation accumulation (18 July at XL and 31 August at REF) are com-
pared in Figure 10b since simultaneous localized storms did not occur at

these sites during the NAM season.

due to a delayed reaction to nighttime precipitation on 31 August or pos-
sibly to some other outdoor water use increase at the REF site (e.g., addi-
tional irrigation input).

4. Summary and Conclusions

While model applications have indicated that the built environment impacts energy and water exchanges
(e.g., Song & Wang, 2015; Wang et al., 2016), few studies have directly observed the effects of different urban
land cover types on the SEB or the partitioning of turbulent fluxes. Furthermore, it is not common to test
urban energy balance models against observations designed to capture the effect of variations in land cover,
but see Song and Wang (2015) for an example. In this study, we conducted meteorological flux measure-
ments using the EC technique to obtain a detailed quantification of SEB processes and relate them to the
urban land cover distributions within the sampled footprints of three short-term deployments and a
stationary reference site in Phoenix. Comparisons of standard weather variables, meteorological fluxes, and
normalized SEB quantities between the mobile and reference sites were carried out to account for the effect
of time-varying (seasonal) conditions during the short-term deployments. In addition, a comparison to
long-term observations indicates that the deployments in 2015 varied to some extent as compared to the
climatology at Phoenix Sky Harbor Airport, with the most important difference being the drier-than-average
deployment during the NAM season. A particular focus of the analysis was placed on the comparative role of
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precipitation events and outdoor water use on modifying the turbulent flux partitioning given the strong nat-
ural water limitations in the arid urban area. Results from the observational comparisons across sites, seasons,
and urban land cover types indicated the following:

1. Meteorological conditions were similar between the sites but had small biases attributed to variations in
vegetated land cover, with a higher TA at the REF site as compared to the XL and ML sites. Despite these
similarities, large biases were noted in the time-averaged Q¥ with the REF site having values of 7 to
43 W/m? less than the other sites, attributed to the larger radiometer footprint and its differences in
impervious surfaces and undeveloped land cover.

2. Individual radiation components and ancillary measurements provided insight into the large differences
in Q* among sites by isolating the effects of albedo on K; and of shallow soil temperature on L. Lower
Q* at the REF site was found to be due to either a higher albedo (relative to PL) or a higher soil tempera-
ture (relative to ML) or a combination of both factors (relative to XL).

3. The SEB revealed sharp differences in the partitioning between sensible and latent heat flux among the
sites based upon normalized quantities. For instance, EF was found to be much larger in the irrigated turf
grass at ML, where a higher (Q, + Qg)/Q, was also measured. Sensible heat flux, on the other hand, was the
dominant flux and exhibited lower variations among the other sites, suggesting less frequent or extensive
outdoor water use.

4. The sensitivity of SEB processes to precipitation events varied considerably among the sites in accordance
with the soil moisture conditions established through outdoor water use. While different urban land cov-
ers support similar sensible heat flux under different weather conditions, the latent heat flux varies signif-
icantly at those locations that are water limited, whereas frequent sprinkler irrigation at ML renders the EF
insensitive to additional water input.

Based upon these comparisons, key differences in the SEB among the sites can be attributed to the urban
land cover contained in the measurement footprints, including the frequency and amount of outdoor water
use. While the mobile deployments only sampled individual seasons, comparisons to the reference site pro-
vided an opportunity to draw the important conclusions listed above. Indeed without the reference site, it
would have been difficult to distinguish between the effects of seasonality (e.g., winter at XL versus summer
at ML) and of urban land cover (e.g., xeric versus mesic) on the SEB. Nevertheless, it would be desirable to
conduct cross-site comparisons over a full year and to improve the correspondence in the footprint dimen-
sions among deployments and between the scale of the radiation, turbulent, and ground heat flux measure-
ments. In particular, heterogeneous urban environments present challenges to soil temperature observations
and its effect on the SEB that could be addressed by applying techniques for inferring ground heat flux from
single sensors as in Wang (2012). In addition, longer temporal comparisons could be used to evaluate if fre-
quent or high outdoor water use effectively decouples turbulent flux partitioning from precipitation during
other seasons. Furthermore, additional studies are needed to verify if the application of urban irrigation
can be an effective proxy for quantifying the spatiotemporal variability of the SEB in arid urban areas. A fruit-
ful avenue would be the validation of a numerical model that simulates urban energy and water fluxes (e.g.,
Grimmond & Oke, 1991; Jarvi et al., 2011; Wang et al., 2013) and its subsequent application to quantify the link
between urban irrigation and SEB processes. Based on this approach, considerable improvements could be
made in estimating the spatiotemporal variability of the urban surface energy budget in desert cities.
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