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ARTICLE INFO ABSTRACT
Keywords: Municipalities often consider heat mitigation strategies to address urban overheating, but the
Urban heat mitigation location of implementation rarely is co-located with the communities that are carrying the ma-

Thermal equity

Urban micro-climate measurement
Urban overheating

Microscale atmospheric modeling
CFD microscale model

jority of the heat burden in the city. The City of Phoenix, is redeveloping a public housing
community with a focus on urban cooling as a desired outcome. This research uses in situ
measurements (including the mobile micro-meteorological measurement cart, MaRTy) and ENVI-
met microscale modeling of the neighborhood to assess air temperature (Ty;,) cooling capabilities
of the planned redesigns to the neighborhood. After validating the ENVI-met model of the current
neighborhood with fixed and mobile measurements with an index of agreement d > 0.9 and d >
0.8, respectively, analysis of the planned urban design shows some cool spots connected to new
shade and vegetated corridors with Ty; cooling magnitudes as high as 3 °C. Yet, some exposed
and building-adjacent areas were identified as potential hot spots in the planned neighborhood.
These hotspots underscore the importance of continued collaboration among the City, re-
searchers, and the community to address the needs of the community for the creation of healthier
urban environments.

1. Introduction
1.1. Literature review

Efforts to combat urban overheating have taken on myriad of methods for determining the impact of mitigation strategies. From
physical and remotely-sensed statistical models of the urban environment to observational studies and computationally-intensive
numerical models, the field of urban climate and the focus on heat mitigation have exploded as cities have begun to address the
challenges of urban overheating (Cornelius, 2018; Middel et al., 2020). Urban heat has predominated the field of urban climate since
its inception (Howard, 1833; Oke et al., 2017). As such, designers, planners, and researchers have sought to ameliorate the burdens of
urban climate (namely urban heat and urban air quality) through grey (e.g., white roofs) and green (e.g., street trees) infrastructure.
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Urban greening has long been considered a high priority to cool cities due to the many other ecosystem services provided. Bowler et al.
(2010) confirmed the localized cooling benefits of urban parks and green space. Their review found that parks and green space can
provide air temperature (Ty;)cooling of about 1 °C with a measurable impact on the surrounding urban area up to 250 m. Similarly,
others have found trees and green space to provide urban microclimate benefits to the surrounding neighborhoods in a variety of
climates (Aram et al., 2020; Upmanis et al., 1998) including hot and arid Phoenix (Colter et al., 2019). These studies have relied on a
mixture of urban data collection campaigns and numerical modeling to accomplish this work.

The use of in situ data collection to examine the impacts of urban form is a long-established methodology in urban climate (Mills,
2013). Yet, more nuanced approaches are needed to address the granular and individual impacts on the urban climate. In addition to
traditional fixed weather stations, the use of traverse measurements via mobile weather stations has been brought forward as a key
method for measuring near-surface atmospheric conditions. Middel and Krayenhoff (2019) introduced the MaRTy cart as a method for
collecting data on the urban microclimate by directly measuring the net radiation at a location as well as Taj;, relative humidity, wind
speed, and wind direction. This cart permits fine-scale micrometeorological measurement of the urban microclimate.

Numerical modeling on the other hand relies on fluid mechanics and computational fluid dynamics (CFD) to model the urban
environment’s impact on the atmosphere. Many of these models use Reynolds-Averaged Navier Stokes (RANS) equations to resolve the
micro-scale atmosphere and heat transfer between the urban form and the atmosphere. One such model is ENVI-met, a RANS CFD
model developed by Bruse in Germany (Bruse, 2009; Bruse and Fleer, 1998; Huttner, 2012). ENVI-met has gained popularity due to the
ease of use and general accessibility and is a physics-based model that has been developed and tested for the past 20 years. The recent
ubiquity of use among researchers, planners, and architects is evidenced by its predominance among recent numerical modeling
publications (Krayenhoff et al., 2021). Krayenhoff et al. (2021) reviewed and evaluated the state of the numerical modeling in urban
microclimatology and found ENVI-met to be the most common, yet they also pointed to a need for more critical use of the suites of
models currently in use to ensure the tools are being used properly. As with every model, there are limitations to ENVI-met. Various
researchers have pointed to some of the limitations in ENVI-met’s modeling of heat transfer from roofs and other surfaces (Crank et al.,
2018; Maggiotto et al., 2014). Others have noted the challenges of modeling shade accurately in a complex urban environment (Crank
et al., 2020; Gal and Kantor, 2020). To maximize the value of numerical models, it is recommended that in situ measurement data be
used to validate the model for use in the location of interest (American Society of Mechanical Engineers., 2007; Blocken et al., 2007;
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Fig. 1. Edison Eastlake’s location and planned redevelopment. a) Map of Edison Eastlake neighborhood with the city and airport within the map
domain; b) the overall design of the proposed redeveloped neighborhood; c) the plan view for the Frank Luke units, the Luke Krohn units, and
Edison Park.
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Krayenhoff et al., 2021).

1.2. Motivation for study

In many cases, the strategies for cooling have been implemented in areas of high commercial economic impact or affluent resi-
dential neighborhoods with the property values to support significant investment by the City to redevelop the urban environment
(Guardaro et al., 2020). Yet, the areas of greatest need for heat amelioration are among the low-income, minority populations (Declet-
Barreto et al., 2013; Harlan et al., 2006; Jenerette et al., 2016). The hotter neighborhoods frequently overlap with communities that
have borne the brunt of “environmental racism”, which is “a complex of social and spatial practices which systematically disadvantage
people marked by certain racial categories”, according to Bolin et al. (2005). Additionally, the communities often experience envi-
ronmental racism have lower levels of individual adaptive capacity and are more likely to view extreme urban heat as a catastrophe to
their health and lives (Guardaro et al., 2022).

The Edison Eastlake community in Phoenix is a historically ethnic minority community that has undergone a series of zoning and
planning actions that burdened the community with environmental pollutants and hazards (Bolin et al., 2005). To address these
disparities, the City of Phoenix was awarded a $30 M Choice Neighborhoods Grant in 2016 to redevelop the Edison Eastlake neigh-
borhood into mixed-income neighborhoods linking housing improvements with appropriate services, schools, public assets, trans-
portation, and access to jobs (HUD, 2016a). This redevelopment work has drawn attention and subsequent collaboration and
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Fig. 2. Map of the weather stations, the mobile traverses, and the instruments used. A) shows the route for the traverses and the location of fixed
weather stations (P7 was lost/disappeared during data collection), b) is the car traverse thermocouple, c) shows the two MaRTy carts (Middel and
Krayenhoff, 2019), and d) shows a fixed weather station. The traverses in this neighborhood only used one cart.
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engagement with the community, Arizona State University (ASU), and The Nature Conservancy. This co-production of knowledge has
led to design plans that significantly increase tree canopy as well as providing more cooling grey infrastructure across the neigh-
borhood using a community-informed and culturally contextual approach (Conservancy, 2019; Hamstead et al., 2020). The objective
of this study is to examine the current thermal environment of the neighborhood and assess the potential thermal benefits and tradeoffs
of the City’s planned redevelopment of the neighborhood by employing fixed and mobile measurement data to drive a numerical
model of the neighborhood.

2. Methods
2.1. Study site

The Edison Eastlake neighborhood (33.455220, —112.041858) is situated east of downtown Phoenix, just northwest of Sky Harbor
International Airport (Fig. 1). The neighborhood is bounded to the north and east by the I-10 freeway. The Valley Metro Light Rail runs
to the south of the neighborhood. These transportation infrastructures are significant heat sources for this neighborhood due to the
added waste heat from vehicles and extra pavement. The housing stock of the neighborhood consists of 1-2 story buildings and is
classified by Local Climate Zone (LCZ) as LCZ 6 (open low rise) (Stewart and Oke, 2012). The redevelopment centers on the City’s plans
to increase tree canopy, change the housing structures to be higher density with mixed incomes, and expand Edison Park to create more
space for physical activity and community gathering (HUD, 2016; “HUD Awards Choice Neighborhood Grants to 10 Cities, 2016) (Fig. 1b
& 1c).

Of note for the microclimate environment, the one to two story Frank Luke homes east of the hospital and the Luke Krohn homes
northeast of the hospital will be demolished and replaced with three- and four-story apartments and condominiums. This will result in
a change from LCZ 6 (open low rise) to LCZ 5 (open mid-rise). The housing units will be a mixture of government housing, low income,
and middle-income housing designed to diversify the community and attract workers who seek an active transit lifestyle. Roof albedo
in the redevelopment is also increased as the material changes from a dark shingle to white (or off-white) flat roof coating. Edison Park
in the north of the neighborhood will be expanded southward, a green corridor will connect Edison Park to the major arterial road (Van
Buren St — shown in Fig. 2) and the mass transit options to the south of the neighborhood. In addition to these introductions of green
space and infrastructure, cooling grey infrastructure (mostly in the form of ramadas and shade) will also be implemented as a means of
providing shade and encouraging community use of the outdoor space. The redevelopment by the City will result in two primary
interventions: (1) the replacement of old one- and two-story apartment buildings with four-story apartment buildings (with lighter-
colored roofing), and (2) an increase in the number of trees planted. These two interventions will increase the shade and cooling
provided at the pedestrian height during the day.

2.2. Data collection

A long-term measurement campaign was initiated prior to neighborhood redevelopment during the summer of 2018. Multiple
permanent weather stations were deployed in the neighborhood (Supplemental Table 1), collecting Ta;r, relative humidity, incoming
solar radiation, wind speed and direction data. Two fixed weather stations with Onset HOBO meteorological instruments on top of city
housing units collected general weather conditions for the neighborhood at 5-min intervals. These stations were set up to be 2 m above
the roof surface and as far as physically possible from air conditioning units. Additionally, four temperature and relative humidity
sensors were placed in other parts of the neighborhood on electrical poles. These pole-mounted stations were placed at a height of 3 m
to minimize risk of vandalism (Fig. 2).

In addition, measurement traverses were conducted on June 19, 2019. These traverses collected 1-s data over the course of three
hours (8-9 am, 12-1 pm, and 4:30-5:30 pm Local Standard Time (LST)) on all of the atmospheric parameters defining a pedestrian’s
thermal exposure using the MaRTy cart (Middel and Krayenhoff, 2019) and temperature with car-based traverses to aid in minimizing
temporal trends in T, during the traverse of the neighborhood (Fig. 2). The MaRTy cart collected Taj;, relative humidity, wind speed
and direction, as well as shortwave and long wave radiation from six directions. Using the cart’s thermal exposure data, combined with
surface temperatures, and the incoming solar radiation from fixed weather stations the data is used to improve the understanding of the
atmospheric environment of the neighborhood, examine the microclimate’s implications for pedestrians and residents, and most
importantly for modeling purposes, validate data produced by numerical modeling of the neighborhood.

All data were postprocessed in R (version 3.5.1) to match units of measurement, location, time of measurement, and time zone. To
relate simulation results to traverse observational data, the traverse measurements were time de-trended to remove the change in
temperature due to the amount of time taken to complete the traverse. The traverse data are cropped to 15 min before and after the top
of the hour to time de-trend the data and then compared to the numerical model output data for analysis. To reduce the noise of the
traverse data, the MaRTy data were then smoothed to 20 s averaged intervals where a single point was taken every 20 s (though the
environment was sampled every two seconds with the MaRTy traverse). The vehicle traverse data were smoothed to 10 s averaged
intervals according to the same method (the environment was sampled every one second with the vehicle traverse).

2.3. Atmospheric conditions

Phoenix, Arizona is a large metropolitan area in the US that is situated within the Sonoran Desert with a Koppen-Geiger Climate
type of BWh (hot, arid desert) (Kottek et al., 2006). Maximum T,;; for the month of June in Phoenix averages 40.1 °C with low relative
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humidity values, low wind speeds, and no cloud cover. On June 19, 2019, T, was slightly cooler than average, topping out at just
under 40 °C for the maximum temperature with sunny conditions and a low relative humidity (average of 10.2%). Winds were light
throughout the day (3.2 m/s on average), mainly from the southeast in the morning and midday before switching to the west by mid-
afternoon.

2.4. Numerical modeling

The baseline microclimate was evaluated using ENVI-met 5.1 (Bruse, 2009; Bruse and Fleer, 1998; Huttner, 2012). This newest
version of the model has improved their radiative environment estimations, flow-following of particles through the domain, and
“super-cool” roofing material representations (Simon et al., 2021a, 2021b; Sinsel et al., 2021). The ENVI-met model requires hourly

Table 1
ENVI-met input static parameters and settings.
Start Date June 19, 2019
Start Time 01:00
Simulation 20 h
duration
Full Forcing Temperature, relative humidity, wind speed, and wind direction are forced using Sky Harbor International Airport weather data for June 19,
2019.
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Tree types Medium crown deciduous tree at 5 m height*; Fan palms

*These trees are assumed to be young and not fully matured. Actual shading from the tree at maturity would be greater than what is simulated (
Erlwein et al., 2021).

Soil moisture 10% RH; 26 °C
15% RH; 26 °C
20% RH; 26 °C
20% RH; 26 °C

Material Asphalt: 0.1

AlbedoOF" Dark concrete: 0.2

Grey concrete: 0.25
Light concrete: 0.3
Roof tile: 0.5
High-albedo roof tile: 0.7

@ Albedo values used are default ENVI-met values for: Asphalt, Dark concrete, and roof tile. The grey concrete and light concrete albedo were
lowered from 0.5 and 0.7 (respectively) to account for weathering and street-level use of the materials. The high-albedo roof tile was defined as 0.2
higher albedo than the standard roof tile used in the domain.
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weather data as forcing (Table 1) to accomplish a fully forced model which is intended to have the best results when compared to
observations (Simon et al., 2021b). To accomplish this, the nearby (<5 km) Phoenix Sky Harbor International Airport weather station
data were obtained (Supplemental Fig. 1). The airport site is not identical to the community but is representative of the general urban
climate of the City and away from waste heat sources that can influence the neighborhood’s microclimate. Edison Eastlake’s surface
temperatures (~34 °C) are more similar to the airport (~35 °C) than to the average surface temperatures of the county as a whole
(~31 °C) (Guardaro et al., 2019).

The ENVI-met domain of the built environment is created using LiDAR data and Google Earth imagery to recreate the buildings,
surfaces, and vegetation in the model. The buildings and vegetation were imported through ENVI-met Monde (v. 5.1), and the surface
characteristics were established using ENVI-met Spaces (v. 5.1) (Fig. 4). The baseline case domain is covered by 43.79% impervious
surfaces (asphalt and concrete), 15.72% buildings, and 17.89% grass. The tree canopy of the baseline covered 5.06% of the domain
(tree trunk and canopy directly overhead). The rest of the domain is bare soil comprised of sand or loamy soil. The redesigned domain
is comprised of 40.74% impervious surfaces (asphalt and concrete), 22.37% buildings, and 12.09% grass (some grass was removed for
new buildings). The redesigned neighborhood has a 9.74% tree coverage (an ~92% increase in tree canopy). The rest of the redesigned
domain is bare soil comprised of sand or loamy soil. Building density and height were increased under the redevelopment plans to have
more four-story apartment buildings, changing the LCZ of the neighborhood from LCZ 6 to LCZ 5 (Stewart and Oke, 2012).

To evaluate the output of ENVI-met, data collected through stationary weather stations in the neighborhood as well as traverse
measurements of T, mean radiant temperature (Tyrr), wind, and humidity were used to study the temporal and spatial variation
within the domains (Fig. 3). To accomplish this, (1) the output from ENVI-met was exported as a csv for each variable and time of
analysis, (2) the output was converted into a grid format using the coordinates of neighborhood; (3) the field measurement data for the
same variable (T,j;, humidity, dew point temperature, and Tyrr) and time were then overlaid for analysis spatially. The analysis via
sampling the raster data at the points of measurement was completed for each hour of traverse measurement data. This sampling
method used a spatial join of the data to allow for error or imprecision in the georeferencing of the data. The join permitted points from
the traverse data as far as 1.5 m apart to be joined to the ENVI-met output. The in-situ traverse measurements are then compared to the
spatially analyzed data from ENVI-met according to Declet-Barreto et al. (2013). Fixed sites were used to create receptor points within
ENVI-met for validation at each hour from 06:00-20:00 LST.

To assess model accuracy, we use four common statistical metrics of quantifying errors: R? (Fields et al., 2012), Mean Bias Error
(MBE) (Willmott and Matsuura, 2006), Root Mean Square Error in its standard (RMSE), systematic (RMSEy), and unsystematic
(RMSE,) formats (Willmott and Matsuura, 2006), and Wilmott’s Index of Agreement (d). The most complex of the metrics is Willmott’s
d, a unitless metric from 0 to 1 where 1 indicates perfect agreement and 0 has no agreement between the data (Willmott, 1981).
Acceptable values for Willmott’s d start at about 0.7 for Tair and 0.5 for Tyrr (Acero and Arrizabalaga, 2016; Crank et al., 2020; Roth
and Lim, 2017). RMSE is typically expected to be <2 °C for Ty and anywhere from 5 to 20 °C for Tygr (Acero and Arrizabalaga, 2016;
Crank et al., 2020; Roth and Lim, 2017). MBE, as well as RMSE,, and RMSE; do not have specific thresholds in the literature but are
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Fig. 3. A birds-eye view of the ENVI-met domains. a) shows the current neighborhood layout. b) is the redesigned neighborhood. Of note: new trees
modeled in the redesign are modeled at just 5 m heights to simulate early stage (e.g., year 1) impacts of the redesign.
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used to show the directionality of the bias (MBE) and the source of error within RMSE (RMSE, and RMSE). Due to poor validation of
Twmrr, which is discussed in the results, the radiative load was not considered in this study.

Simulation output from the baseline model and the redesign model are then compared to assess the efficacy of the redesign for
cooling the urban microclimate. Using Ty, hourly difference plots are created to visualize the magnitude and spatial difference be-
tween models. This analysis excludes initial hours of the simulation (4:00-7:00 LST) to allow for model spin up and post-sunset hours
(after 20:00 LST) due to known issues with ENVI-met’s estimate of heat storage and release pre-sunrise and post-sunset (Mahmoud,
2011; Middel et al., 2014). This research focuses on model output from 8:00, 12:00, and 17:00 LST. The three hours selected allow for
analysis of the morning impacts, peak insolation, and peak ambient Ty times. Key changes to design components included in the
model are: (1) higher albedo roofing on new construction and (2) increased shading and vegetation for transit corridors through the
neighborhood (the vegetation modeled is for the first few years immediately following installation). The tree canopy is assumed to be
at 5 m in height with small crowns such as would be typical for the trees within the first one to three years of installation. Full maturity
in the tree canopy would yield different results (Erlwein et al., 2021) but those are more long-term results and would be considered an
extension of this research.

3. Results
3.1. Air temperature validation

The simulation output shows good diurnal agreement with the observational data of fixed weather stations (Fig. 4). Observational
data from the neighborhood were slightly warmer than forcing data from the airport. Yet, ENVI-met overestimated T, for pole-
mounted sites and underestimated roof-top sites. ENVI-met is known for overestimating T, in urban canyons (Crank et al., 2020;
Gal and Kantor, 2020) which is where the pole-mounted sites were located. Table 2 details the errors of ENVI-met to observed data.
Among the fixed weather station sites, ENVI-performs well (d > 0.91) at all locations with the Luke Krohn site performing the best (d =
0.98). Additionally, the RMSE and MBE values for ENVI-met show strong agreement across sites for observations and modeled output,
with MBE values confirming overestimation at the pole-mounted sites throughout the day. RMSE values show some unsystematic bias
in the data resulting in RMSE values above 2 °C for all sites except for Luke Krohn.
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Fig. 4. Plot of June 19, 2019 temperature data from each fixed validation point, the ENVI-met output, and the data from Sky Harbor used to drive
the ENVI-met model.
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Using the traverse measurement data to examine the validity of the ENVI-met model produced worse results (Table 2). RMSE values
were 3.60 °C for MaRTy and 4.50 °C for the car (with most of the error connected to the unsystematic RMSE). Yet, both car and MaRTy
traverse data resulted in good agreement with the modeled output (d > 0.80). Willmott’s Index of Agreement shows that ENVI-met
performs worse at estimating vehicle data than the MaRTy data. The car temperature data vary more than MaRTy with the excep-
tion of the noon traverse where they are very similar (Fig. 5). Yet, the RMSE for both sets of traverse data were much higher than those
of the fixed stations.

3.2. Validation of Tygrr

The Tyrr data from MaRTy were smoothed to a 20 s interval (10 data points averaged together) before being compared to the ENVI-
met output. The resulting R? values are low (below 0.4) with small improvements among the other validation metrics (0.39 < d <
0.68) (Table 3). The afternoon traverses falls below the minimum values for Tyt validation of d = 0.5 (Acero and Arrizabalaga, 2016;
Crank et al., 2020; Roth and Lim, 2017) with the morning, noon, and diurnal validation metrics exceeding d = 0.6. Further, the MBE
indicates a systematic over-estimation of Tygrr by ENVI-met of nearly 10 °C (Table 3). The temporal averaging of the Tygrr data
diminished the range of values observed. The traverse data of T,j; show more variability than T, from the ENVI-met simulation
(Fig. 6). During each of the traverses, there are locations where ENVI-met overestimated and underestimated (Fig. 6). Across all three
traverses, ENVI-met had no systematic pattern to estimating Tygrr (Fig. 6). Due to the poor validation results that stem from errors in
the calculation of reflected solar radiation in shaded locations, further analysis of Tyrr was removed from the scope of this study;
please see the Supplemental Materials for a more thorough treatment of Tyrr. Until the issues associated with calculating reflected
solar radiation are resolved, ENVI-met will continue to estimate Tyry inaccurately (Crank et al., 2020, 2018; Gal and Kantor, 2020;
Maggiotto et al., 2014).

3.3. Redesign scenario: Air temperature distribution

Given the acceptable validation of Ta;; by the model, the Ty;; impacts of the redesign were assessed by the model through comparing
the differences at each location between the baseline simulation and the redesign. Fig. 7 show ENVI-met results for Ty, at 8 am (panel
a), 12 pm (panel b), and 5 pm (panel ¢) on June 19, 2019. Overall, there is some cooling in the areas of redevelopment, particularly in
the vegetated corridor that previously was bare soil (lower portion of the domain) or housing units. The cooling extends to the north
side of the apartment buildings, especially at noon. The magnitude of the cooling in these locations is around 1-3 °C. Yet, there are
noticeable hotspots where buildings are being replaced with open parking lots and/or parks.

Tair reduction is more pronounced during the noon and afternoon hours. The redesign also shows a downwind effect where the
cooler air from the redesign is being advected downwind of the redeveloped buildings and parks. While certainly weaker than the
cooling seen directly beside the redesign elements, there is noticeable cooling to the north and east of all redesign elements. Table 4
documents the statistical summary of ambient T, across all hours of simulation. The average air temperature difference was calcu-
lated by taking summary statistics of the domain output for each hour (Table 4).

4. Discussion

The temperature difference between the current environment and the planned redesign shows some modest cooling potential,
particularly in places where the City’s interventions of increased building height and tree canopy are implemented. Yet, these cooling
opportunities also fall within the range of error as documented by the RMSE (Table 2). Results are limited by the weak validation of
Twmrr, despite validation of incoming solar radiation (Supplemental Fig. 2 and Supplemental Table 2), a major component of the Tyrr
calculation (Hoppe, 1992; Middel and Krayenhoff, 2019; Thorsson et al., 2014). The calculation of Tygr in ENVI-met over-estimates in
shaded locations due to an error in reflected shortwave radiation values for shaded locations (see Supplemental Materials for more
details). Despite these errors in the estimation of Tyr, ENVI-met is found to be valid for Ty;; in Edison Eastlake, the data are sufficient
to examine differences between sites within the domain using the delta method (Hawkins et al., 2013; Hijmans et al., 2005; Janda-
ghian, 2018; Middel et al., 2021; Navarro-Racines et al., 2020; Wu et al., 2018).

The strong agreement between T, in ENVI-met and fixed station observations shows the ability of the model to replicate the

Table 2
Table of Ty, validation metrics for the data. Observations from fixed stations are compared to both ENVI-met and the data used to drive ENVI-met.
Observations from traverse measurements are compared to ENVI-met.

Air Temperature (°C) Receptor Validation Metrics

Site R-Squared RMSE RMSEs RMSEu MBE Willmott’s Index of Agreement (d)
Luke Krohn - ENVI-met 0.96 1.51 1.07 1.07 0.63 0.98
Pole Station 6 - ENVI-met 0.94 2.95 1.19 2.69 1.98 0.93
Pole Station 8 - ENVI-met 0.94 2.62 1.28 2.28 1.66 0.95
MaRTy - ENVI-met 0.87 3.6 1.47 5.76 2.63 0.87
Car - ENVI-met 0.83 4.5 1.62 5.91 35 0.81
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Air Temperature (°C) Receptor Validation Metrics

Site R-Squared RMSE RMSEs RMSEu MBE Willmott's Index of Agreement (d)
Luke Krohn - ENVI-met 0.96 1.63 092 134 0.59 0.98
Pole Station 6 - ENVI-met  0.95 327 094 313 225 0.91
Pole Station 8 - ENVI-met  0.94 292 1.09 271 19 0.93
MaRTy - ENVI-met 0.87 36 147 576 2.63 0.87
Car - ENVI-met 0.83 45 162 591 35 0.81
a) 40 v b) 40 /]
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Fig. 5. Plot of Ty, traverse data and corresponding ENVI-met. Each color delineates a different time of traverse (8:00, 12:00, 17:00 LST), a) is the
T.ir from the car traverse, and b) is the T,;, from MaRTy.

Table 3
Table of TMRT validation metrics for the data. Observations from fixed stations are compared to both ENVI-met and the data used to drive ENVI-met.
Observations from traverse measurements are compared to ENVI-met.

Mean Radiant Temperature Receptor (°C) Validation Metrics

Site Diurnal MRT Morning MRT Noon MRT Afternoon MRT
R-Squared 0.18 0.19 0.37 0.01

RMSE 9.56 7.87 6.30 12.52

RMSEs 6.92 6.84 3.85 7.23

RMSEu 8.34 6.90 6.84 5.92

MBE 4.20 1.49 3.09 7.63
Willmott’s Index of Agreement (d) 0.64 0.66 0.68 0.39

variability in the urban climate of the neighborhood. RMSE values for fixed weather stations were within the typical bounds of error
compared to commonly reported values between 1.5 and 3 °C in places such as Spain (Acero and Arrizabalaga, 2016), Germany
(Forouzandeh, 2018; Lee and Mayer, 2016), Singapore (Roth and Lim, 2017), and China (Zhang et al., 2018; Zhao and Fong, 2017).
Each of these studies found higher RMSE values, but through careful analysis of the errors, some were able to point out the specific
issues driving the error and move forward in their analysis from there. Some are less optimistic about the output and the implications
for the efficacy of ENVI-met. Despite, the higher RMSE values, T,;; values from the fixed weather stations and ENVI-met simulations
have a strong Willmott’s Index of Agreement, well above the threshold found in the literature (Acero and Arrizabalaga, 2016; Crank
et al., 2020; Roth and Lim, 2017). This research supports ENVI-met’s ability to model intra-domain variability in T,;; within a real
urban canyon and neighborhood.

4.1. Urban microclimate impacts of the redesign

The redesign with its increased building density, building height (from 1 to 2 stories up to 4 stories), increased green space, young
tree canopy, and cooling grey infrastructure is modeled by ENVI-met to have modest benefits to the urban microclimate (up to ~2.5°C
of cooling for ambient T,;;). Middel et al. (2014) found these increases in density resulted in cooler conditions due to increased shading,
yet in their study they replaced desert and paved landscapes with buildings. Much of the redesigned space in the Edison Eastlake
neighborhood was grass-covered with mature trees. Thus, the negation of the increased shade is occurring by replacing the grassy
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Fig. 6. Plot of Mean Radiant Temperature traverse data from MaRTy and corresponding ENVI-met. Each map (a, b, ¢) denotes the error between the
observational data and the model output. Positive values indicate that the model over-estimated Ty,

surfaces with buildings, parking, and some tree cover. Ambient T,;, is improved with pockets of cooling that are similar to what others
have found through empirical studies of green space for cooling (Bowler et al., 2010; Middel et al., 2015; Santamouris et al., 2018). The
downwind effect of the redesign is apparent, though the magnitude of its effect over longer distances is unclear given the constraints of
the model. Nonetheless, Fig. 7 show the approximate distance (50-100 m) is in line with previous research on downwind cooling from
targeted heat mitigation strategies (Crank et al., 2018; Eliasson and Upmanis, 2000; Ng et al., 2012; Taleghani et al., 2019).

Under shaded conditions (whether from trees or taller buildings), Tair cooling benefits are estimated to be between 2 and 3 °C based
on ENVI-met modeling. This result supports the City’s intent to provide thermal benefits to the community. Residents desired more
shade in spaces they traverse and use while maintaining a safe environment (Conservancy, 2019; Guardaro et al., 2022, 2020, 2019).
These expressed desires were addressed through the vegetated corridor as the design includes targeted cooling grey as well as the green
infrastructure in pedestrian places (e.g., sidewalks and communal spaces) that can be utilized to foster community cohesion while still
providing the cooling benefits necessary for outdoor community interaction during the summer months. The cooling benefits would be
expected to increase as the trees mature; the modeling in this study only considered trees within the first five years of planting (a
relatively small shade canopy). Thus, the study provides a conservative estimate for the cooling of the tree shading implemented by the
City.

A key strength of this approach is pre-construction identification of areas where the model indicates warming (such as the south,
east, and west facing walls). Designers may then redesign some hot spots based on the model to target these locations for further shade
or cooling infrastructure to provide enhanced thermal comfort and reduce the energy burden of residents living inside these units.
Another potential temporary intervention would be to install grey shade infrastructures such as shade sails to create cooler conditions
over the tree canopies. This could provide similar thermal benefits as full grown trees to residents (Middel et al., 2021), but also serve
to help maturing trees grow and thrive in the harsh summer sun of Phoenix.

As the City of Phoenix implements their redevelopment plan, the results of our simulation work indicate some modest benefits to
the urban microclimate through the redesign. This examination indicates that cities may be able to retrofit areas from LCZ 6 (open low
rise) to LCZ 5 (open mid-rise) adding more housing units (approximately tripling the density), taller buildings, additional urban
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Table 4

Averaged T,;, effect of the redevelopment plans in Edison Eastlake. The values are minimum, maximum, mean, and standard deviation across the
entire domain at each hour of output from ENVI-met simulations. Locations where buildings were exchanged for open space (or open space replaced
with buildings) were removed from consideration as the temperature difference is not indicative of change in reality.

Air Temperature Difference Over Domain

Hour Min (°C) Max (°C) Mean (°C) St.Dev. (°C)
0800 -1.29 0.88 -0.14 0.21
0900 -2.19 0.88 —0.28 0.38
1000 -2091 1.86 —0.41 0.69
1100 —2.58 1.35 —0.48 0.60
1200 —2.76 1.20 —0.47 0.65
1300 —2.40 1.17 —0.33 0.59
1400 -1.34 1.23 -0.20 0.26
1500 -2.11 0.57 -0.27 0.40
1600 —2.03 1.28 -0.21 0.43
1700 -1.54 1.40 -0.23 0.36
1800 -1 0.76 -0.14 0.19
1900 —0.43 0.43 —0.05 0.08
2000 -0.23 0.23 —-0.01 0.05
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surfaces and materials and control the microclimate to decrease thermal conditions at best or at least maintain similar thermal con-
ditions as less dense LCZ. These benefits are localized and connected to increases in vegetation across the domain, decreases in
impervious surfaces, changes in urban configuration (mostly building height and density), and the creation of a vegetated corridor.
Despite these changes, when considering the impact of the redesign at each cell in the domain, there are hotspots associated with
south-facing portions of buildings.

Future development (and redevelopment) in Phoenix and the surrounding metropolitan area can leverage the knowledge gained
from this study as our results show a strong downwind cooling effect from increasing building heights, the addition of trees, and the
expansion of the park. Given the hot, arid climate of the region, these modifications have rapid impacts on the sensible heat of the
neighborhood which is propagated downwind even under low (<5 m/s) wind conditions. Ultimately, the increase in density of the City
in a desert climate is beneficial to providing cool spots within the hot urban desert climate. Historically, we have seen this at work in
cities in the Middle East, North Africa, and southern Europe where streets were narrower, and buildings were built close together to
shade each other from the solar irradiance in semi-arid and arid climates.

4.2. Implications for marginalized residents and communities

In many cities, legacies of environmental racism (such as redlining) are intimately linked with disparities in heat exposure and heat
vulnerability (Hoffman et al., 2020). Urban climatologists working with cities develop more nuanced approaches that go beyond
simple surface and air temperature (Ty;;) measures (Hamstead et al., 2020) because heat has both objective and subjective components
as a place-based hazard (Wilhelmi and Hayden, 2010), which disproportionately burdens vulnerable communities (Buijs et al., 2016;
Harlan et al., 2006; Hoffman et al., 2020; Jesdale et al., 2013; Santamouris et al., 2007). Recently, cities in the US and Europe have
begun to seek out city-university-community partnership opportunities to rectify injustices through redeveloping whole neighbor-
hoods with a bent toward creating healthy urban environments for residents (Guardaro et al., 2020).

A growing number of cities pursue these justice-oriented, place-based heat mitigation partnerships that include participatory action
research approaches (Guardaro et al., 2020). Kemmis et al. (2014) describe a critical participatory action research as one where those
communities that are impacted most are equal partners in researching root causes and impacts to provide meaningful pathways toward
urban resilience. For Kemmis et al. (2014), this type of research aims to transform activities and outcomes for greater self-
understanding of community members, practitioners, decision-makers, and stakeholders who are impacted by practice, in this case
the practice of heat mitigation. Importantly, social formations that orient and inform practice discourses including ... the things that
are done (doings), and the patterns of social relationships between those involved and affected (relatings)” are critical factors to
developing desirable place-based social transformations (Kemmis et al., 2014, pp. 16-17). Participatory action research integrates
recognition (e.g., greater understanding of residents lived experiences), procedural (e.g., community members participate in research
and actions), and distributional (e.g., thermal comfort is prioritized for hot neighborhoods with heat vulnerable residents) justice
dimensions (Fekih et al., 2021; Guardaro et al., 2022; Guardaro et al., 2020; Langemeyer and Connolly, 2020; Puansurin et al., 2018;
Tonekaboni et al., 2019) to better assess, plan, and implement mitigation strategies for urban resilience (Ahern, 2011; Meerow et al.,
2016).

The results of this study show that the implementation of heat mitigation strategies within the Edison Eastlake neighborhood are
resulting in cooler Ty; within and downwind of the neighborhood. Thus, choosing to implement these redesign elements within a
marginalized community is aiding in providing more thermal equity by improving the thermal environment of the neighborhood
relative to its wealthier (and whiter) neighborhood counterparts in other parts of the City.

4.3. Limitations

The limitations of this research are split between two main categories: modeling and observational methodology. From a modeling
perspective, the constant wind speed and direction required by ENVI-met resulted in limited ability to consider how these two var-
iables perform relative to the observational data. Model performance issues could result from a combination of challenges including
ENVI-met’s ability to model building heights appropriately and the impact of proximity to solar panels and AC units that are not
considered in the model. Future work could apply the new functionality of forcing solar radiation, wind speed, and wind direction to
determine whether the model is adequately estimating these variables and assess whether this would improve the prediction of air or
mean radiant temperature as suggested by Gal and Kantor (2020). Soil moisture remains a concern with the model. Despite using
measured data from a representative environment (Middel et al., 2014), the uniformity of soil temperature/moisture (spatially and
temporally) is not representative to the domain and uncertainties remain as to how much these factors influence the output of the
model. Given previously published work that points to issues of ENVI-met not handling extreme heat in tropical and arid climates
(Crank et al., 2020; Roth and Lim, 2017), the multi-site methodology to validation helps identify potential sources of error in the
modeling parameters and in the modeling of the domain. However, the rooftop weather stations performed poorly relative to the pole-
mounted stations. Computational time is another limiting factor for the model. The computational demand creates a high computa-
tional cost barrier to quickly assess issues in the model and study the impact of small parameterization changes Jandaghian (2018).

The transect methodology limits model validation accuracy. The traverses through the domain did not occur rapidly enough to
complete each traverse within a 30-min sampling window. Any data outside of that window was discarded due to time de-trending
concerns. The continuous traverse may not be the best methodology for validating a numerical model. The constant motion may
have resulted in observation points being a few meters off in addition to tall buildings creating GPS inaccuracies greater than the buffer
of ~1.5 m used to complete the spatial join of the traverse data to the ENVI-met data, resulting in errors when comparing to the static
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cells in ENVI-met. A “fuzziness” in spatio-temporal resolution is a significant limitation in model accuracy. Future work would benefit
with taking a different traverse approach, for example, pre-selecting stops to allow the instruments to adjust to the location (Crank
et al., 2020; Middel et al., 2021; Middel and Krayenhoff, 2019).

The dry conditions in a hot, arid environment make green space cooling a challenge to model (see points on the soil moisture
parameterization). The hot, arid environment also contributes to the hotspots found in both parking lots and in parks. In Arizona, the
primary driver of heat load (T,j; and Tygr) is shortwave radiation from the sun. Thus, hotspots can occur in green spaces that are
inadequately shaded. Though somewhat counter-intuitive, the potential for grass to become a hotspot is often an overlooked caveat to
the benefits of green space within the literature. Middel et al. (2021) point out the importance of shade to the thermal environment,
even against the introduction of general green space. Additionally, the tree canopy modeled is for the first few years after redevel-
opment completion with a canopy at a height of only 5 m and minimal crown. Thus, the actual redesign may perform better than these
results as maturing vegetation may provide additional evaporative cooling to the environment, converting more of the incoming solar
radiation into latent heat flux, instead of converting to sensible heat (thus warming the surface and subsequently the ambient air).
These two limitations in the modeling prevent evidence of greater cooling potentials. Future research could explore these limitations
by re-simulating the neighborhood with a mature tree canopy as well as modeling future climate scenarios to simulate what impact
climate change might have on the neighborhood (Erlwein et al., 2021). The ability to make assumptions on the cooling of the urban
microclimate relies on the use of the delta method which is commonly used in global climate modeling studies and some micro, meso,
and regional studies (Hijmans et al., 2005; Jandaghian, 2018; Middel et al., 2021; Navarro-Racines et al., 2020; Wu et al., 2018).
Further improvement of the model is necessary to examine the impact of changes in soil moisture and the potential of irrigated surfaces
in ENVI-met.

The estimation of surface temperature and the parameterization of heat transfer from surface materials is another area of concern
that several studies have noted (Crank et al., 2020; Gal and Kantor, 2020; Maggiotto et al., 2014; Park, 2011). As Gal and Kantor (2020)
pointed out, the overnight longwave upwelling radiation creates significant issues with Tyt and with T,. Thus, the night-time
conditions are not considered in this study. Given that the nocturnal impacts of the increased vegetation were not explored, the
generalizability of the redesign outcomes are restricted as modeling efforts did not consider whether the green space and tree canopy
would elevate minimum temperatures overnight. However, another shortcoming in this vein is that the model does not permit
buildings to retain heat once the solar radiation is removed from the model (i.e., at night). As such, ENVI-met is insufficient at modeling
overnight conditions in urban areas; therefore, ENVI-met should only be used for daytime simulations until that parameterization in
the model is updated and the question of overnight urban microclimate conditions from green space is capable of being studied (and
then validated) using the model.

The model would further benefit from more information driving the model. The current configuration struggles to handle the
forcing of variable wind speed, wind direction, or solar radiation when using large domains. These variables play a vital role in the
variability of urban climate. Phoenix has a significant wind shift during the day, particularly in the summer. The model struggles with
rapidly changing wind direction and wind speeds that are higher (and lower) than is typically seen under stable conditions in Germany.
Thus, the hourly wind speed and direction forcing data had to be modified significantly just to allow the model to run. No analysis of
the wind metrics was considered as a result. Additionally, the model parameterizes soil moisture to be constant across the domain. This
is problematic when examining an urban space that has streets, sidewalks, bare soil, and grass within the domain. Each of these
surfaces will have very different soil moisture contents, and this becomes increasingly noticeable and influential in hotter and drier
climates such as Phoenix.

Finally, this model is limited to estimating the cooling based on conditions measured with the existing neighborhood design. To
fully understand the effectiveness, future work must be done to collect data on the ambient environment once the redevelopment is
complete. This can be done at varying times into the future (such as 1, 5, and 10 years after development completion) to examine the
impact of maturing trees on the environment. This future work can then reassess the ENVI-met model to determine how well the model
represents post-construction in-situ conditions. The evaluation only considered the plans the city is using in their redevelopment.
Future work could build on this and explore how different design elements might have performed better than the final plan. These lines
of research could consider the implementation of solar panels, reconfiguration of the buildings to create more of an enclosed green
space, and even an addition of blue infrastructure (such as a pond or pool) to determine its effectiveness at cooling the neighborhood.
Flood irrigation is a practice utilized by the Phoenix Parks and Recreation Department to irrigate the Edison Park. Thus, future research
can explore the impacts of the bi-weekly flooding events in the summer on the thermal environment.

Each line of future research must grapple with the limitations surrounding ENVI-met modeling which have already been discussed.
For radiative flux and load modeling (such as those necessary for Tyt or thermal comfort modeling), SOLWEIG shows more consistent
results; however, SOLWEIG (Lindberg et al., 2008) does not account for fluid flow (as is done in CFD models). When only considering
fluid flow, OpenFOAM and other CFD models perform better (but do not perform well at estimating radiative loads) (Janicke et al.,
2021). New software (such as PALM-4 U) are showing promise at bringing together the fluid flow and radiative flux components of
modeling for urban climate (Geletic et al., 2021; Maronga et al., 2020; Resler et al., 2021; Yang et al., 2021), but have not proven their
capability to out-perform ENVI-met. Thus, ENVI-met remains the most accessible model with the capacity for modeling radiative flux/
load and fluid flow within a neighborhood domain with complex geometries of buildings, surfaces, and vegetation. More work is
needed to develop open-source models that can combine fluid flow and radiative flux which improve our current modeling capabilities
for micro-scale urban climate analysis.
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5. Conclusion

This study quantified the microclimate impact of redevelopment plans for a Phoenix neighborhood using in situ observations and
microscale atmospheric modeling. Using the redesign plans from the City of Phoenix, the Edison Eastlake neighborhood redevelop-
ment was modeled in ENVI-met and compared to the baseline model to assess the efficacy of the redevelopment at providing thermal
benefits from the environment to the community. Validation results show that ENVI-met represented intra-neighborhood variability of
Tair well but was less capable of simulating the spatial distribution of TMRT. Yet, results of this validation analysis provide sufficient
evidence that the model can be used to model a neighborhood redesign and compare between designs to assess the effect of urban
design modifications to the local microclimate using the delta method.

The City’s interventions of increased building height and number of trees both result in larger shaded areas of the domain, resulting
in modest cooling of the general neighborhood, with pockets of cooling from shade on the order of 1-3 °C for ambient Ty;,. Results
confirm the possibility of cooling through redevelopment or at least increasing building densities while maintaining thermal condi-
tions. Yet, there is a limit to the impact of the redesign for immediate cooling of the urban microclimate to the spatial reorganization of
cool and hot spots. Although the Edison Eastlake neighborhood is unlikely to experience oasis-like levels of cooling and lushness from
this redevelopment (particularly in the initial few years as the trees grow), this kind of redevelopment does provide pockets of cooling
and greening that are respites during a hot, dry summer even as building density increases. These respites may not be quantitatively
large in terms of space or cooling, yet they do provide the opportunity for thermal comfort to be experienced by all.

As the redevelopment takes place, there is a continued need to engage the community in the process and practice of heat mitigation,
seeking to better understand their needs and why those needs exist. This includes the sharing of results with the City of Phoenix’s new
Office of Heat Response and Mitigation as well as with the community. Continuing participatory action research approaches with
community engaged post-redevelopment analysis and mutual understanding can aid in determining the effectiveness of the plan for
addressing those community needs. Urban planning and design are primarily a process of reorganizing physical spaces to benefit
communities. In this case, the re-development is expressly using public funds (HUD, 2016; 2016a; HUD Awards Choice Neighborhood
Grants to 10 Cities, 2016) to improve the comfort, attractiveness, and livability of the neighborhood. Yet, if the outcome of the re-
development does not adequately address the expressed needs of the community, is this a public service? Is this an appropriate use
of public funds? These are questions that cannot be addressed by this research, yet the results of this study can better inform the
community, designers, and the City on the anticipated overall success aspects of the redevelopment at providing the cooling benefits
sought by the residents and potential future hot spots that may need to be addressed in the future. Quay (2010) suggests these types of
approaches can contribute a better understanding of the urban systems to help the City and community members anticipate gover-
nance needs longer term.

This kind of work is needed from the urban climate community, to share knowledge and expertise with community members,
professionals in city planning offices and design firms. The urban climate community also gains valuable community and practitioner
knowledge of living with and working with the heat hazard, but this work must also be shared with the community. Participatory
science and co-production of knowledge is essential to designing (and re-designing) cities to be healthy urban environments for all.
Ultimately, the benefit or burden of this redevelopment will be assessed and experienced by those living in this neighborhood. An
aspirational hope for this redevelopment is to disrupt and repair legacies of environmentally racist practices and the subsequent heat
burden on Edison Eastlake residents, but the success of this remains to be seen.

Regardless of where the burden falls, this study suggests that cooling is possible and as such, the City can use their design plans to
cool the neighborhood (even just slightly) and begin to address the broader concerns that residents have in Phoenix of thermal inequity
and the need for neighborhood planning that is designed for the benefit of all. This study can also be used to aid the City in identifying
areas, methods and a culture of practice for fine tuning their design to provide shade elements for pedestrian hot spots as well as to
reduce energy costs in the hot summer months. These two outcomes are directly connected to residents’ experiences in the neigh-
borhood and the livability of the community. As the City is attempting to overhaul this neighborhood to improve the residents’
experience and attract more active transit-minded residents, these metrics of thermal comfort and energy usage are essential to
ensuring the City is reaching their goals for the community. Using green and grey shade infrastructure to improve the urban micro-
climate of a neighborhood could provide cooling to the outdoor environment, as found in this research, in addition to various other
community benefits such as lowered energy costs in the summer, community engagement, and nature contact.
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