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ARTICLE INFO ABSTRACT
Keywords: Global climate change has increased the risks of extreme weather-related disasters, leading to severe public
Winter storm health burdens. In February 2021, Winter Storm Uri brought severe cold to southern United States and caused
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unprecedented health and safety concerns. Residents in subsidized rental housing were among the most
vulnerable to cold stress during such a cold storm. However, existing research on the assessment and mitigation
of cold stress in underserved neighborhoods in warmer climate zones is limited, which results in the negligence
of cold event preparedness and mitigation policies. Therefore, this study aims to assess the micrometeorological
conditions and human cold stress in subsidized housing neighborhoods during the 2021 Winter Storm and
determine the extent to which cold mitigation windbreak designs are effective in reducing cold stress. Field
measurements, ENVI-met simulations, and biometeorological calculations were conducted to reconstruct the
microclimate conditions and cold stress during the storm, and three cold-mitigation windbreak designs with
varying foliage densities were evaluated. Results showed that the conditions were categorized as “extreme cold
stress” for the majority of the day, but especially during nighttime. Areas close to the buildings were generally
warmer, and the wind-blocking effects of a building decreased as the distance to the building increased. A
moderately dense-foliage windbreak was the most effective in reducing wind speed and improving thermal
comfort. Intentional environmental modifications to alter wind velocity and disaster relief programs that provide
emergency clothing supplies during power outage may be beneficial to these underserved communities.

frequency of extreme weather events, leading to severe public health
burdens. Although increasing research attention has been paid to
flooding and heat events, cold surges are also related to heart disease,
respiratory distress, hypothermia, and increased mortality [4-6].
Temperature-related mortality models account that the impacts of
extreme weather conditions depend on latitude and climatic zone; spe-
cifically, populations in warmer regions are more vulnerable during
extreme cold temperatures, and those in cooler regions are more
vulnerable during heat extremes [7,8]. Although it may sound contra-
dictory, this pattern can be explained by the level of preparedness and
adaptation capacities across the geographic span—southern cities are
more prepared for and adapted to hot weather, but ill-prepared for cold
weather. Thus, the lack of existing research of southern cities such as in
Texas on extreme cold stress, insufficient preparedness, and failure to
develop mitigation policies are of serious concerns.

More concerning is that the impacts of environmental disasters such
as cold storms are not evenly distributed [9]; disadvantaged populations
such as those living in subsidized housing are disproportionately

1. Introduction

The record-setting Winter Storm Uri hit the United States in the week
of February 13-17, 2021, bringing extremely low temperatures that led
to destructive circumstances. Texas cities were among the hardest hit
due to multilevel unpreparedness, particularly regarding the power
outage that ensued. Approximately 4.5 million homes and businesses in
Texas lost power, and 69% of residents experienced blackouts lasting an
average of 42 h [1]. At least 210 Texans died due to the winter storm,
with the major cause being hypothermia [2] due to home temperatures
dropping dramatically during the blackout, even to levels similar to the
outdoor temperatures [3]. Other anecdotally-reported health issues
included shivering, muscle stiffness, and loss of consciousness [3],
which are typical cold stress symptoms.

Although this winter storm may appear to be a one-time event, broad
vulnerability of southern cities to cold stress presents an urgent chal-
lenge to society. Global climate change has increased the intensity and
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Nomenclature

ANOVA Analysis of variance
C Convective heat flow

COMFA COMfort FormulA (COMFA) energy budget model

Conv Sensible convective heat exchange (W/m?)

Ep Latent heat flow to evaporate water diffusing through
the skin (imperceptible perspiration)

Ege Sum of heat flows for heating and humidifying inspired
air

Esw Heat flow due to evaporation of sweat

Evap Evaporative heat loss (W/m?)

LAD,, Max leaf area density (m?/m®)

M Metabolic energy for heating the body (W/m?)

Mpgr Metabolic rate

NOAA  National Oceanic and Atmospheric Administration
PET Physiological equivalent temperature (°C)

R Net radiation of the body

R? Coefficient of determination

Rabs Absorbed solar and terrestrial radiation (W/m?)

RMSE Root Mean Square Error

S Storage heat flow for heating or cooling the body mass
TRemitted Emitted terrestrial radiation (W/m?)

w Physical work output

affected by weather-related stressors. Such disaster disparities are often
connected to outdated housing infrastructure and inefficient manage-
ment and maintenance. Due to a lack of funding, units in subsidized
housing neighborhoods were built with limits on facilities like heating,
ventilation, and air conditioning. Then, maintenance is often deferred
because expenses increase as the building ages, leaving many residents
with poor insulation and inefficient heating and cooling systems [10].
Moreover, these neighborhoods are often populated disproportionately
by minority households and located in poor and segregated commu-
nities. The socioeconomic disadvantages exacerbate disaster impacts, as
these residents have fewer behavioral adaptation strategies on account
of their limited financial resources and weaker social support [11].
Residents may lack warm clothes, which may not be considered neces-
sities in warm climate zones. In addition, residents in public housing
report worse health conditions than other city residents and often suffer
from preexisting health conditions [12,13], rendering them even more
susceptible to severe symptoms and comorbidity during a cold event.
However, while prior studies have reported concerning indoor and
outdoor heat exposures for residents of public housing neighborhoods
[14,15], to our knowledge, no study has investigated cold stress in
subsidized housing neighborhoods, much less evaluated mitigation
strategies. Concrete research evidence regarding cold stress severity
during extreme cold events and corresponding mitigation strategies in
these most-disadvantaged neighborhoods can lessen the future impacts
of similar disasters and promote equity in disaster response and
preparedness.

To address this gap, we selected three subsidized housing neigh-
borhoods as study sites, aiming to assess the micrometeorological con-
ditions and cold stress during Winter Storm Uri and identify mitigation
strategies through simulations performed in the ENVI-met model, a
numerical model that simulates the effect of changes in the environment
on the local microclimate, and two different human energy balance
models Physiological Equivalent Temperature (PET) and COMFA. The
specific objectives of this study are to: 1) assess the micrometeorological
conditions and human cold stress in subsidized housing neighborhoods
during the winter storm, and 2) determine the effectiveness of certain
mitigation designs in reducing cold stress in affected areas.
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1.1. The built environment and human thermal comfort

In the last few decades, studies assessing urban thermal comfort have
been carried out in various built environmental settings such as streets,
parks, residential areas, and schools [16], the majority of which evalu-
ated pedestrians’ thermal comfort on wurban streets. It is
well-documented that the effects of a street canyon are closely related to
vegetation, building, and ground materials, as well as the site’s
morphological attributes as expressed by sky view factors, street
orientation, and aspect ratio [17-19]. Some studies conducted in urban
parks [20] and urban squares and university campuses [21] have
examined the thermal sensations experienced among urban populations
in different climate zones. Other studies have targeted the open spaces of
residential areas in order to assess the influences of various design ele-
ments on site microclimate conditions, understand residents’ thermal
comfort, and seek practical design guidelines for outdoor spaces [22,
23]. Still other settings in which human thermal conditions have been
evaluated include courtyards [24], waterfront areas [25], tourist spots
[26], and open-air transportation hubs [27].

Table 1 summarizes the seasons, type of thermal comfort, and study
settings. Most studies focused on the hot condition of summer, except
Oliveira et al. [25] that discussed thermal comfort in spring and late
winter. In addition, a few studies focused on both hot and cold condi-
tions in summer and winter [16,17,19,22,23,26-28]. In terms of miti-
gation of cold stress, wind speed and solar radiation were considered to
be the primary modifiable factors for cold stress [17,18,23,25,27,28].

Table 1
Season, thermal comfort, and location that previous studies focused on.
Related studies Season Related Setting
thermal
comfort
[16] Lau Et al. spring/summer/ cold/hot Street canyon, Square,
(2015) autumn/winter Courtyard
[17] Andreou summer/winter cold/hot Street canyon
et al. (2013)
[18] Gulyas Summer hot Urban street
et al. (2006)
[19] Johansson summer/winter cold/hot Urban street canyon
(2006)
[20] Lai et al. summer/winter cold/hot Park
(2014)
[21] Yang et al. Summer hot Parks, squares, streets,
(2013) university campus
[22] Lai et al. summer/autumn cold/hot/ Residential community
(2014) neutral
[23] Mi et al. spring/summer/ cold/hot/ Residential community
(2020) winter neutral
[24] Bakar et al. N/A (similar hot Courtyard
(2016) weather in four
seasons)
[25] Oliveira late winter/spring cold/hot/ Riverside
et al. (2007) neutral
[26] Xi et al. summer/winter cold/hot/ Urban square, riverside
(2020) neutral square
[27] Pisellietal.  spring/Summer/ cold/hot/ Urban transit area
(2018) Autumn/Winter neutral
[29] de Dear summer hot Buildings (indoor)
et al. (1991)
[30] Wong et al. ~ summer hot Public housing (indoor)
(2002)
[31] Sosa et al. summer hot Social housing
(2018) neighborhoods
(outdoor)
[32] Mahmoud summer hot Low-income residential
et al. (2019) community
[33] Paramita summer hot Low-cost apartment (for
et al. (2018) low income)
[34] Lau Et al. summer hot Mixed urban area
(2019)
[35] Gabbeetal. = summer hot Subsidized housing

(2020)
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Some studies further pointed out that the effect of wind speed was more
obvious under colder conditions [25,28]. Moreover, Mi et al. [23] and
Piselli et al. [27] indicated trees and building structures could be the
environmental intervention to reduce wind speed thus mitigate cold
stress.

1.2. Outdoor thermal comfort in public housing neighborhoods

However, while many studies listed above have examined human
thermal conditions in residential areas or urban buildings, research
specifically on residents’ outdoor thermal comfort in public housing
neighborhoods is limited. Most studies in low-income or subsidized
housing neighborhoods have explored indoor thermal conditions in
terms of occupants’ living environments, adaptability to environmental
stressors, and energy consumption [29-31]; only a few have assessed
outdoor thermal environments in subsidized housing neighborhoods.
Mahmoud et al. and Paramita et al. discussed the impacts of building
forms and configurations on residents’ thermal comfort in public
housing neighborhoods [32,33]. Krebs et al. investigated the cooling
effects of green roofs on a public housing project in Brazil [36]. Lau et al.
and Huang et al. evaluated summer microclimate conditions, human
heat stress, and outdoor activities in public housing estates [15,34].
Additionally, at the neighborhood scale, Gabbe and Pierce examined the
extreme heat vulnerability of residents in subsidized housing in Cali-
fornia [35]. Moreover, unlike research in other urban contexts (e.g.,
street canyons, urban parks, and university campuses) that considered
thermal conditions across all four seasons [20,23,28], existing studies on
subsidized housing neighborhoods have only examined summertime
heat stress. Therefore, the cold stress experienced by residents in public
housing neighborhoods and its relation to thermal environment remains
undocumented and requires research attention.

1.3. Methods for examining urban microclimate and outdoor thermal
comfort

Three approaches are commonly used to examine urban microcli-
mates and assess human thermal comfort: in situ measurements, field
surveys, and three-dimensional (3D) simulations. These approaches can
be applied individually or in combination. In situ measurements seek to
quantify built environment characteristics (e.g., sky view factors) and
meteorological conditions. These measurements are often used as inputs
in thermal comfort models to compute thermal comfort indices such as
the physiological equivalent temperature (PET) [37], which are mostly
based on six main parameters: air temperature, radiation, humidity,
wind speed, clothing thermal resistance, and activity [38]. Field surveys
use questionnaires or in-person interviews to collect information about
personal characteristics and human thermal experiences. These data can
be used separately or as validation for thermal comfort models. 3D
simulations exploit modeling software to simulate on-site microclimate
environments and compute human thermal perceptions.

A review of recent literature indicated that study methods based on
these three primary approaches can be divided into five main types of
workflows:

L. Studies that use in situ measurements to collect meteorological
data and calculate thermal indices (e.g., PET) to assess thermal
comfort [19,39].

II. Studies that conduct 3D simulations using ENVI-met [40] and
RayMan [18] to simulate outdoor thermal conditions and
compute human thermal comfort levels.

III. Studies that combine in situ measurements with microclimate
simulation using ENVI-met [41,42] or RayMan [43].

IV. Studies that utilize in situ measurements and surveys in parallel
[28,44,45].

V. Studies that integrate all three methods: field measurements,
surveys, and simulations [27,46].
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As 3D simulation gains popularity in microclimate modeling, ENVI-
met has been widely applied to simulate urban thermal environments
[47]. It allows for the adjustment of built environmental characteristics
such as building density and material palette, ground surfaces, and
vegetation coverage [48,49]. A number of studies have used ENVI-met
to evaluate thermal conditions in residential areas and reveal the
impact of building layout on thermal comfort [32,33,50]. Studies using
ENVI-met usually feature three pivotal steps: modeling, validation, and
scenario simulation [47].

Overall, there is a lack of studies investigating thermal comfort in the
built environments of subsidized neighborhoods. Moreover, no study to
date has investigated cold stress in such neighborhoods, nor the re-
lationships between clothing thermal insulation and human cold stress
in that context. In addition, most simulations have focused on heat
mitigation scenarios, thus evidence regarding built environment design
strategies to mitigate cold stress is also lacking. Ultimately, these sig-
nificant knowledge gaps hinder progress in enhancing disaster adapt-
ability through environmental planning and policy, leaving behind
society’s most vulnerable populations. Particularly, in warmer climate
zones such as Texas, extreme cold conditions are rare and difficult to
assess and require a study workflow that leverages the strengths of in situ
measurements and model simulation, as in the present study.

2. Materials and methods

The research has four major steps (Fig. 1). The first step is the model
validation, in which data through in-situ measurement was used to
adjust and validate the ENVI-met model. Then in the next step, the
previous literature and COMFA energy fluxes were considered to
determine the key factor influencing the microclimate condition, thus
three scenarios (single-row windbreak with various LAD,) were deter-
mined. And the original scenario (Feb. 15) with those three scenarios
(after intervention) were simulated in the validated ENVI-met model. In
the third step, the simulated micrometeorological results were collected
and analyzed. And the last step is to calculate the biometeorological
indices using the meteorological data acquired from step III. Detailed
descriptions of material and methods are in the following sections.

2.1. Study areas

Study sites were chosen from subsidized housing neighborhoods in
Bryan-College Station, Texas, which was among the hardest-hit areas
during the 2021 winter storm and reached a record-low daily high
temperature of —7 °C. Neighborhoods across the area were subject to
rolling power outages, with each outage lasting from half an hour to
several hours or even a full day. Subsidized housing neighborhoods
suffered more due to outdated infrastructure conditions and social
vulnerabilities.

All subsidized housing neighborhoods in Bryan-College Station have
between 0 and 250 units and were classified as small (0-49 units),
medium (50-99 units) and large (100-250 units). We randomly selected
one neighborhood from each size category, yielding a collection of three
neighborhoods: Haven Apartments (Site I) and Lulac Oak Hill Apart-
ments (Site IT) and Forest Park Apartments (Site III) (Fig. 2). These three
residential areas are funded through the Low-Income Housing Tax
Credit (LIHTC) program, which provides subsidized rental housing to
seniors, disabled persons, and eligible low-income families. Residency in
Haven and Forest Park Apartment is mostly restricted to households
earning less than 50% or 60% of the Area Median Income (AMI), while
Lulac Oak Hill is specifically for low-income elderly residents who can
live independently.

2.2. In situ micrometeorological measurement

In the wake of Winter Storm Uri, the research team conducted field
micrometeorological measurements in the three neighborhoods for
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1. Model Validation

II. Simulation
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I11. Micrometeorological Output

In-situ measurement Original Scenario

(without intervention)

E Wind speed, Relative humidity,
H Solar radiation, Air temperature

Adjust model

-Spatial distribution

Validation 4

In-situ Data
R?

Scenario with intervention
-Single-row windbreak (LAD, =0.5)

-row windbreak (LAD,=1.0)
gle-row windbreak (LAD, =2.0) H

-Diurnal variation

-RMSE

. Biometeorological Calculation :

: PET, COMFA :

-Previous literature

Major factor influencing microclimate

-COMFA cnergy fluxes

-Spatial distribution

' -Diurnal variation :

Fig. 1. Framework of the study.

Bryan—College Station, Texas, U.S.

Forest Park Apartment

Q

Forest Park

College Station

oY%

Lulac Oak Hill

9 Location of study site |

Bryan: 30.6744° N, 96.3700° W
College Station: 30.6280° N, 96.3344° W

Fig. 2. Location of the study sites in Bryan-College Station, TX, U.S.

validation and triangulation purposes. As the extremely low tempera-
ture did not reoccur, measurements were taken on cool spring days with
wind speed, wind direction, and solar radiation conditions that closely
resembled those during the storm. This decision was made based on the
established knowledge that air temperature and humidity are often
insensitive to micro-level environmental features while wind conditions
and radiation during a snowy day are the factors that most strongly
impact human cold stress [51]. Thus, measurements were taken in
March when the air temperature was lower than 20 °C, wind speed was
higher than 6.7 m/s, and wind direction was from the north and
north-northeast.

Data were collected for a total of 60 min in each neighborhood, with
a duration of 1-2 min at each location at a temporal sampling rate of 10 s
using a MaxiMet GMX501 Compact Weather Station (Gill Instruments,
Hampshire, UK) placed 1.5 m above the ground. The GMX501 Compact
weather station integrated the measurement of wind speed & direction,
pressure, air temperature, relative humidity. The data could be reported
every 1 sto every 1 h (set to be every 10s in the study) and the resolution
is 0.01 for wind speed, 1° for wind direction, 0.1 for temperature [52].

For each neighborhood, we sampled one location out in the open

space away from any building as the base point and then another eight
locations surrounding an apartment building (Five points located in the
downwind direction, other 3 points located in the other three di-
rections). As the pretest showed that the microclimate conditions change
sharply in the downwind direction of the building [53], we included
D1-D5 as five sample locations with 5 m space between each point, and
D1 was 5 m away from the building wall (Fig. 3). Whereas one location
was used for the other three directions 5 m away from the wall of the
building. F1 point located on the upwind direction of the building, L1
and R1 respectively located on the west and south side of the building,
all of them were 5 m away from the wall. Measurements taken consisted
of air temperature (°C), wind speed (m/s), wind direction (degrees), and
relative humidity (%) (Fig. 3).

To capture a wider spectrum of conditions and validate the accuracy
of the simulation performed by ENVI-met, we also used micrometeoro-
logical data obtained in these same neighborhoods during the sum-
mertime, namely in June 2020 and July 2020, when the average daily
air temperature was above 24 °C and highest temperature was above
32 °C. Measurements again consisted of air temperature (°C), wind
speed (m/s), wind direction (degrees), and relative humidity (%).
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Sampling Scheme

f Building Surroundings Base
T S « Bl
Building Base Point
Sampled (>=25 m from any
building)
1 —
L1 R
D1
D2
D3
D4
D5

Fig. 3. Sampling scheme.

2.3. Micrometeorological simulation using ENVI-met

We simulated the microclimate conditions during Winter Storm Uri
using ENVI-met, a high-resolution microclimate modeling software
package. The biggest advantage of ENVI-met over the other models is
that it can perform more comprehensive calculations and provide higher
resolution output. In contrast, STEVE focus on points of interest of urban
setting, which can predict air temperature at the particular point more
accurately, but it cannot calculate other urban climate-related variables
like wind speed [54]. Therefore, it is better suited for research for spe-
cific points and the surrounding environment. Regarding the differences
between ENVI-met and TRNSYS, although TRNSYS provides very ac-
curate MRT calculation, the processing of plants is very rough, because it
does not support complicated Geometric models [55]. Compared to
UMG, ENVI-met has a finer resolution. Although UMG can predict air
temperature more accurately, the simplification and assumptions of the
model prevent it from capturing site-specific microclimate effects [56].
For this study, high-resolution data of planar distribution, thermal
comfort calculation, and hourly temperature resolution are all very
important. Therefore, ENVI-met is considered the most suitable for this
study after comparing the advantages and disadvantages of each model.

ENVI-met has been widely applied in simulating urban micromete-
orological conditions such as dynamic surface temperature, solar radi-
ation, heat flux from vegetation, and heat exchange inside water and
soil; models from it have been validated against ground truth data [41,
42]. A simulated domain with a three-dimensional grid at 1 m resolution
was created for each of the three neighborhoods. The ground-level
vertical grid was further divided into five equidistant subgrids of 0.2
m for enhanced accuracy. A daily simulation was conducted for
February 15, 2021, the day when the neighborhoods experienced the
winter storm and power outages. The simulation covered 24 h, from
4:00 in the morning to 3:00 the next morning.

The prevailing meteorological input variables are summarized in
Table 2, including air temperature, humidity, wind speed, wind direc-
tion; values were based on data collected by the Easterwood Field

Table 2
Prevailing meteorological parameters used as inputs to ENVI-met
simulation.

Parameter Value

Date Feb 15/2021

Duration (hrs) 24

Start time 4:00:00

Wind speed (m/s) 6.48

Wind direction 327.5

Air temperature (°C) Min —12.2 to Max —6.7
Relative humidity (%) Min 61 to Max 84
Sky condition Clear
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(KCLL) weather station, extracted from NOAA climate hourly data [57].
Input variables describing the natural and built environment consisted
of soil type, ground surface pavement, building surface material, facade
and roof greening, and vegetation. Details of the input parameters are
listed in Appendix A (Table Al). The neighborhoods are relatively flat,
with <5.0% slopes, and thus surface elevation was not considered. As
there were no green walls or green roofs in these neighborhoods, there
was no input data for building surface greening. Vegetation was
modeled according to the species observed on-site, of which the most
common were deciduous trees such as Quercus virginiana and Lager-
stroemia indica; various conifers were also observed in Site III. Tree
heights were estimated in meters using on-site measurements, and
crown diameters were determined from satellite imagery [47]. Detailed
plant model information is provided in Appendix A (Fig. Al). For
boundary conditions, ENVI-met’s simple forcing was used, which allows
the input meteorological parameters to include diurnal variation.

2.4. ENVI-met model validation

Model validation and calibration was carried out using the above-
mentioned in-situ micrometeorological data. ENVI-met models were
constructed with the same natural and built environmental variables
specified above, but a different set of meteorological data corresponding
to the date/time of the field measurements acquired. Micrometeoro-
logical results for the measurement locations were extracted from the
ENVI-met models and compared against the ground truth data. Model
validity was determined according to the goodness of fit (R%) and root
mean squared error (RMSE).

2.5. Biometeorological simulation

To estimate human thermal conditions during the winter storm from
the micrometeorological results, we used two human energy balance
models: the physiological equivalent temperature (PET) model [58]
calculated in the ENVI-met BioMet module and the COMFA energy
budget model calculated following the equation (2) [59]. The PET was
widely accepted by previous studies to evaluate the outdoor microme-
teorological conditions in both hot and colder zone [60]. And the result
was interpreted as Celsius, which is easy to understand. COMFA gave a
detailed calculation process, which can provide every part of energy
fluxes that contribute to the total score. So COMFA is useful to detect
how landscape elements may impact the components of the thermal
comfort score.

The PET is defined as the physiological equivalent temperature at
any given place (outdoors or indoors) and is equivalent to the air tem-
perature at which, in a typical indoor setting, the heat balance of the
human body (work metabolism 80 W of light activity, added to basic
metabolism; heat resistance of clothing 0.9 Clo) is maintained with core
and skin temperatures equal to those under the conditions being
assessed [58]. And the PET is calculated based on the Munich energy
balance model for individuals [58] as in Equation (1):

M+W+R+C+ED+ERe + ESw+S=0 (€9)]

where M is the metabolic rate, W is the physical work output, R is the net
radiation of the body, C is the convective heat flow, Ep is the latent heat
flow to evaporate water diffusing through the skin (imperceptible
perspiration), Eg, is the sum of heat flows for heating and humidifying
inspired air, Eg,, is the heat flow due to evaporation of sweat, and S is the
storage heat flow for heating or cooling the body mass. The individual
terms in this equation have positive signs if they result in an energy gain
for the body and negative signs for an energy loss [58]. Meteorological
parameters affect the individual heat flows in Equation (1) are as follows
[58]:

- Air temperature: C, Eg,
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- Air humidity: Ep_Ege, Esw
- Wind velocity: C, Es,,
- Mean radiant temperature: R

Human parameters included age, gender, weight, height, and
clothing insulation (Table 3). As many residents suffer from financial
difficulties and may lack winter clothing, we considered three different
clothing heat resistance scenarios based on the types of clothing avail-
able and level of sedentary activity: the bare face Scenario 1, which
simulated the condition with no clothing; the light clothing Scenario 2,
which represented the individual as not having winter clothes and
relying on pieces of summer clothes; and the warm clothing Scenario 3,
which corresponded to the individual having sweaters or similar
clothing pieces for cold weather in Texas. These clothing scenarios were
developed based on results from a semi-structured interview about the
adaptation strategies used by subsidized housing residents during the
winter storm (Citation removed for double-blind review).

The COMFA model reports its result in terms of energy flux (W/m2)
as a measurement of the total energy budget of a person, and further
partitions the result into individual fluxes. Using both measures allowed
us to identify which stream of energy is the most problematic, thus
directing attention to the most effective interventions. The COMFA en-
ergy budget model was developed to incorporate human-environmental
heat exchange and to consider microenvironmental effects on human
thermal comfort. It is calculated using Equation (2):

Budget = M + Rabs — Conv — Evap — Tremitted 2)

where M is the metabolic energy for heating the body (W/m?), Rabs is
the absorbed solar and terrestrial radiation (W/mz), Conv is the sensible
convective heat exchange (W/mz), Evap is the evaporative heat loss (W/
mz), and TRemitted is the emitted terrestrial radiation (W/mz).

Input data for this model includes the air temperature (°C), wind speed
(m/s), solar radiation (W/mz), relative humidity (%), solar elevation
(degree), the solar transmissivity of objects between the person and the
sun (%), clothing insulation conditions, and metabolism. The same set of
biological parameters, including age, gender, weight, height, and clothing
insulation, were used as inputs of the COMFA models (https://research.ar
ch.tamu.edu/microclimatic-design/COMFA /index.html). The raw output
is a numeric value of energy flux measured in watts per square meter (W/
m?) [59]1, and a lower value indicates more heat loss.

2.6. An environmental intervention for mitigating cold stress

Energy budget models provide output that identifies the thermal
comfort level of a given location in the landscape, but they typically do
not provide any advice or direction as to how thermally uncomfortable
conditions could be improved. In this study we introduce an innovative
way to use an energy budget model to identify the relative contribution
of the various energy fluxes and to pinpoint those atmospheric variables
that both can be readily modified by the design of the landscape and will
have the largest positive effect in making conditions more thermally

Table 3
Other parameters including clothing insulation scenarios used when calculating
PET.

Scenario 1
(Bare face)

Scenario 2 (Light
clothing)

Scenario 3 (Warm
clothing)

Clothing No clothing T-shirt, long pants, T-shirt, long pants, socks,
socks, shoes, shoes, sweater,
windbreaker windbreaker

Insulation 0 0.72 1.07

(clo)

Age 35 35 35

Gender Male Male Male

Weight 75 kg 75 kg 75 kg

Height 1.75m 1.75m 1.75m
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comfortable.

The COMFA model provides output that includes a quantitative
value for each of the streams of energy (i.e., M, Rabs, Conv, Evap, and
Tremitted) as well as the atmospheric elements that affect each stream.
Two components of human energy budget models are based on personal
decisions and cannot be controlled by environmental interventions:
metabolic energy and clothing level. Two other components, air tem-
perature and air humidity, are typically spatially conservative at the
micro-scale so they are less sensitive to small-scale landscape changes
[51]. The elements that can be most readily modified by changes in the
landscape are wind and solar radiation [51]. Wind is well-known to
contribute substantially to the convective heat loss of people during cold
weather [51]. During summer, solar radiation is often the largest
contributor to the human energy budget and many studies have iden-
tified ways to reduce the amount of solar input that a person receives,
but there are relatively few ways to safely increase the amount of solar
radiation received in winter. Rather it is terrestrial radiation that has
potential to provide increased heat flux to a cold person in winter.

We conducted a sensitivity analysis to examine the impacts of
changes in each of the above-mentioned streams of energy in modifying
thermal comfort. We modeled a person at locations D1 and compared
the effects of raising air temperature of 3 °C, humidity of 10%, terrestrial
radiation by increasing temperature of surrounding wall by 15 °C, and
reducing wind speed by 50% and 75%. COMFA model was used to
identify the relative effect of modifying different elements in the land-
scape. As expected, small variations in air temperature and air humidity
had virtually no effect on the human energy budget. The effect of 3 °C air
temperature reduced the convective heat loss by 12 W/m? and increased
the Rabs by 11 W/m?. And the effect of 10% humidity reduction is also
negligible (<1 W/m?). When the temperature of the wall was raised by
15 °C due to solar heating, the amount of terrestrial radiation emitted by
the building was substantially increased. When the terrestrial radiation
emitted by a cold wall (at air temperature) was replaced by the radiation
from the wall that was warmed by solar radiation, but all other variables
were kept constant, the effect was to increase the energy budget of a
person standing at Location D1 by 15 W/m2 However, this effect
diminished rapidly away from the building so that by position D5 the
building added only 3 W/m? to the energy budget on the energy budget
of a person. In comparison, the effect of reducing the wind by 50%
reduced the energy lost through convection by 33 W/m?, and a 75%
reduction in wind reduced the convective heat loss by 54 W/m?2. This
analysis pinpointed wind reduction as the most effective intervention to
make the uncomfortably cold conditions more tolerable.

The literature [51,54-57] also confirmed that wind is a major factor
influencing micro-scale variation in cold stress during extreme cold
weather conditions. One previous study found that among several
measured environmental factors pertaining to natural wind, wind ve-
locity showed the highest correlation with subjects’ comfort sensation
votes [61]. Of several environmental modification strategies typically
used for reducing wind velocity, windbreaks are among the most effi-
cient [62], and the effective windbreak design in the literature typically
consists of one or multiple rows of trees [63].

Tree configuration was decided based on previous studies [63-66],
considering the number of rows, within row spacing, distance to
buildings, orientation, and tree species:

- Number of rows: Kuhns and Brandle [63,64] suggested single-row
windbreaks can be used where space is limited. In consideration of
the subsidized housing community with limited space, the single-row
format was selected.

Within row spacing: Quam [65] suggested 1.8-6.1 m for conifers.
While according to Kuhns [64], the within row spacing for larger
evergreen trees can be 2.4-4.3 m. And it’s recommended by Kuhns to
avoid large gaps within the single row windbreaks [64]. Based on
this information, the within-row spacing was 4 m in consideration of
the tree type (conifers) and 5-m diameter of the tree canopy.


https://research.arch.tamu.edu/microclimatic-design/COMFA/index.html
https://research.arch.tamu.edu/microclimatic-design/COMFA/index.html
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- Distance to building or protected area: Wright [66] indicated the
greatest wind speed reduction occurs in the area from two times to
ten times the height of the windbreak on the downwind side. In this
study, we focused on the potential downwind wind speed change, so
the distance between windbreak to D1-D5 should be within two
times (30 m) to ten times (150 m) the heights, and it should not cross
the neighborhood property boundary. Accordingly, the sample
points’ location (D1-D5) was 35-55 m away from the windbreaks.
Orientation: The windbreaks are positioned at the upwind direction
of the protected area [63]. The prevailing wind in January of College
Station is North to West. During the winter storm period, the wind
direction was 327.5°.

Species: Picea pungens was chosen as the windbreak tree species for
its ease of maintenance and tolerance of wind, flooding, and
extremely low temperatures [67]. Picea pungens typically grows
10-18 m tall in cultivation; we chose 15 m as the tree height.

In summarize, as the subsidized apartment neighborhoods studied
here have limited outdoor space and strong requirements for simulta-
neous improvement of microclimate conditions and outdoor space
quality, tree rows (Picea pungens) were designed in the north and north-
west directions as befit prevailing wind directions in the winter (Fig. 4).
These windbreaks can protect the apartment buildings and associated
outdoor environments from the cold winter wind. The tree rows were
sited approximately 10-20 m away from buildings [64], and the
within-row spacing was 4 m [64].

We further evaluated the impact of leaf area density on cold stress.
Literature suggests that trees with crown LADy, values between 0.5 m%/
m® and 1.5 m%/m?® are generally considered sparse foliage, those with
LADy, values close to 2.0 m?/m> have moderately dense foliage, and
those with LADy, values higher than 2.5 m2/m® are considered dense
[68]. Here, we assessed three windbreak tree density scenarios: very
sparse (LADp, = 0.5 m2/m3), moderately sparse (LADy, = 1.0 rnz/mg),
and moderately dense (LAD,, = 2.0 m?/m?).

Effectiveness of the intervention was assessed by comparing the
Wind speed and PET between the pre-and post-values. Mean differences
resulting from the intervention were statistically tested using paired-
sample t-tests.

3. Results
3.1. Model validation results

The ENVI-met model outputs, including air temperature and hu-
midity, were validated against in situ measurements with agreement
being examined in terms of the coefficient of determination (R?), which
represents the proportion of the variation of the observed values (actual
meteorological conditions) that is predicted by the simulated model
predictions; and root mean square error (RMSE), which represents the
normalized quantitative distance between the model predictions and the
observed values (actual meteorological conditions). For air temperature,
the predicted values demonstrated good agreement with measured
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values (R? = 0.97, RMSE = 0.96, p < .001). For relative humidity, the
agreement was slightly lower but still within a satisfactory range (R? =
0.85, RMSE = 3.53, p < .001). For air temperature, a review article [69]
summarizing a total of 33 previous studies reported RMSE values be-
tween 0.4 and 3.9 °C, and the same review article reported R? values
between 0.63 and 0.99. For the relative humidity, four previous studies
reported RMSE between 2.7 and 13.0 and six studies reported the R?
between 0.76 and 0.97 [69]. In summarize, the validation results of the
study are satisfactory and generally consistent with prior studies of
similar simulations.

3.2. Micrometeorological conditions

The simulated micrometeorological results were reported at 1.5 m
above ground to align with the human-meteorological reference height.
Table 4 presents descriptive statistics for three time points: 7:00, 15:00,
and 00:00; these represent the coolest daytime, the warmest daytime,
and the coolest nighttime conditions on February 15.

During the winter storm, average air temperatures were far below
the average for February; at night, the air temperature dropped to
approximately —10 °C, then slowly raised to —7 °C in the afternoon. The
monthly average temperature for February is over 17 °C higher, at 7 °C
(1985-2015). Relative humidity ranged between 59.8% and 77.4%,
similar to the documented monthly average (69.0%, 1985-2015). Wind
speed was likewise near the monthly average (3 m/s, 1985-2015), but

Table 4
Means and standard deviations of simulated micrometeorological parameters for
each site at three timepoints.

o ‘O Existing trees

ite I O----QExisting trees
<« Windbreak £, Site

<« Windbreak

Time Site I Site IT Site III Diff.
Air temperature 7:00 -10.7 + -10.4 + -10.4 + p<
(O] 0.2 0.3 0.2 .01
15:00 -81+02 -68+02 -69+02 p<
.01
00:00 —-10.7 £ -10.6 + -10.6 + p<
0.2 0.2 0.2 .01
Relative humidity 7:00 729 £ 0.5 70.6 + 0.8 708+ 0.7 p<
(%) .01
15:00 62.7 £0.7 724 +£25 702+24 p<
.01
00:00 65.4+0.2 63.8 + 640+04 p<
0.40 .01
Wind speed (m/s) 7:00 3.3+£09 2.7 £0.9 2.6 £1.0 p<
.01
15:00 3.6+1.0 2.8+ 1.0 2.6 + 1.0 p<
.01
00:00 3.5+0.9 2.7 + 1.0 260+1.0 p<
.01
Solar radiation 7:00 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0 p<
(W/m? .01
15:00 797.1 + 858.3 + 840.7 + p<
271.7 187.7 208.0 .01
00:00 0.0 £0.0 0.0 + 0.0 0.0 + 0.0 p<
.01
Site IT OO Existing trees Site

<mmne Windbreak

o
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bre, " V(o‘,gb

Fig. 4. Windbreak designs for each of the three sites (left to right: Site I, Site II, and Site III).
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the standard deviation was approximately 1 m/s, indicating strong
fluctuation. ANOVA tests suggested significant differences (p < .01) in
micrometeorological variables across the three sites, although difference
was smaller for air temperature and relative humidity and larger for
wind speed and solar radiation. For example, the average wind speed at
15:00 at Site I was 36.1% higher than that of Site III, and the mean direct
shortwave radiation received by Site I was 5.5%-7.7% lower than those
at Site II and Site III. These differences may be due to differences in tree
canopy coverages, as Site I had the highest tree coverage ratio of 10.3%,
versus 2.5% in Site I and 2.1% in Site III. Fig. 5 illustrates the inter- and
intra-site variations in micrometeorological conditions.

3.3. Cold stress during the winter storm

The spatial and temporal dynamics of human cold stress in the built
environment during the winter storm were evaluated from the PET and
COMFA results. As clothing insulation is a major determiner of human
heat flux in a given environment, we present results for two clothing
conditions in Fig. 5: light clothes (insulation = 0.72) and warm clothes
(insulation = 1.07). All three sites showed similar temporal trends
relating to hourly solar elevation and direct solar radiation conditions.
An initial low occurred at 7:00; then, PET and COMFA values increased
during the day, finally peaking at 15:00. After 15:00, thermal values
started to decrease, ultimately reaching a second low at midnight. In the
light clothing scenario, initial values were very low (PET ~ —10.7 °C,
COMFA ~ —-253 W/mz), and thermal sensation as measured by the PET
index consistently remained within the "extreme cold stress" range,
except a few hours in the afternoon, when thermal sensation was clas-
sified as "strong cold stress." Wearing warm clothes seemed to be helpful
in colder conditions: PET values were approximately two degrees
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warmer versus the light clothes scenario. COMFA values indicated that
cold stress was much more severe during the night, and wearing warm
clothes could preserve heat by reducing a heat loss of more than 100 W/
m?.

The thermal condition of the base point at 7:00 and 15:00 for each
site is presented in Fig. 7. Strong spatial variations in thermal sensation
of around 8 °C were observed within each neighborhood. Areas close to
buildings were generally warmer, especially those within 10 m on the
downwind side (5.0%-21.0% warmer than base point). As buildings
could slow the wind, evaporative heat loss was suppressed in areas
affected. Tree canopy and shading structures also impacted PET, but
their effects varied with time; for example, in some locations, canopy
cover rendered the area warmer at 7:00 but colder at 15:00. Before
sunrise, solar radiation was not a major factor, and thus the reduced
wind speeds under canopy cover contributed to greater PET values. In
contrast, solar radiation was a major determinant of the thermal con-
dition at 15:00, and reduction of solar radiation by canopy cover had a
negative impact on PET values.

3.4. Buildings, wind, and cold stress

As the intra-neighborhood patterns indicated that the variations in
wind speed and cold stress may be related to the presence and locations
of buildings, we constructed COMFA models to represent a simplified
typology comprising eight zones surrounding a building: upwind (U1),
downwind (D1, D2, D3, D4, and D5), left-hand side (L1), and right-hand
side (R1). The downwind area was divided into five zones due to that
side featuring great gradients in thermal level. A base point was also
included that is located away from the building in an open area.

Over the interval represented by D1 to D5, as distance to the building

Site I Site 11

Site III

Potential Air Temperature (°C)
Bl below -10.65
-10.65 1o -10.60
-10.60 10 -10.55
-10.55 to -10.50
-10.50 to -10.45
-10.45 to -10.40
~10.40 to -10.35
-10.35 10 -10.30
-10.30 10 -10.25
-10.25 0 -10.20
-10.20 to -10.15
=105 0 -10.10
~10.10 to -10.05
-10.05 10 -10.00
above -10.00

EERRRRERCCONN

Relative Humidity (%)

B 69.60 to 69.90
B 69.90 10 70.20
70.20 to 70.50
1 70.50 to 70.80
2 70.80 10 71.10
I 71.10 10 71.40
H 71.401071.70
I 71.70 t0 72.00
R 72.00 10 72.30
I 72.30 10 72.60
Hl 72.60 to 72.90

I 72.90 10 73.20
B above 73.20

Wind Speed (m/s)

B below 0.40
B 0.40 to 0.80
B 0.80 0 1.20
B 1.20 to 1.60
1.60 to 2.00
[ 20010240
[ 2.40 10 2.80
I 25010320
.20 1o 3.60

.
B above 3.60

Fig. 5. Top view of spatial Patterns of air temperature, relative humidity, and wind speed at the three study sites (7:00).
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facade increased, both PET and COMFA decreased (Fig. 8). At 7:00,
there was no direct shortwave radiation and both relative humidity and
air temperature were distributed evenly, thus wind speed change was
the major factor impacting COMFA. It was observed that at 5 m from the
building, the thermal sensation was warmer in both the upwind and
downwind directions, suggesting the building to exert wind and cold
mitigation effects. For the downwind direction in particular, those ef-
fects seemed to be nonlinear: PET and COMFA values dropped more
steeply going from 5 to 10 m from the building, then the slope became
gentler beyond 10 m.

3.5. Effects of windbreak designs in cold mitigation

To mitigate cold stress, windbreaks were proposed in the upwind
direction where cold stress was more severe; three designs were
considered, representing very sparse, moderate sparse, and moderately
dense foliage conditions.

Fig. 9 shows the post-intervention increases in PET values (light
clothing scenario). Table 5 presents the means and standard deviations
of PET and wind speed values in areas near the building (area defined as
up to 25 m in the downwind direction up to 10 m in other directions).
Moderately dense foliage was found to be the most effective in reducing
wind speed and improving thermal comfort, with mean wind speed
being 20.4% to 41.1 lower—reduced by 0.7 m/s for Site I (p < .01), 0.8
m/s for Site II (p < .010), and 0.6 m/s for Site III (p < .01). Thermal
comfort conditions likewise improved under the moderately dense
windbreak, with mean PET values increases of 1.4 °C for Site I (p < .01),
2.6 °C for Site II (p < .01) and 1.4 °C for Site III (p < .01). In the
moderately sparse scenario, average wind speed was reduced by 18.7%
(Site 1), 32.7% (Site II), and 20.9% (Site III), while average PET was
improved by 1.0 °C (Site I), 2.0 °C (Site II), and 1.1 °C (Site III). The very
sparse scenario only achieved an average wind reduction of 12.7% (Site
D), 23.3% (Site II), and 14.7% (Site III), along with mean PET
improvement of 0.7 °C (Site I), 1.5 °C (Site II), and 0.8 °C (Site III).

Regarding the locations that were most affected by the design
intervention, more positive impact on thermal comfort was observed at
U1, D1, and D2, while less impact was seen at D3, D4 and D5; this
indicated the effect of the windbreak decreased with distance.
Furthermore, although the windbreak’s effect extended behind a second
wind-blocking structure, the effect ultimately wore off. Taking Site I as
an example, the moderately dense windbreak had more apparent impact
on cold stress at D1 (APET = 2.2 °C) and D2 (APET = 1.9 °C) compared
with D3 (APET = 1.1 °C), D4 (APET = 0.5 °C), and D5 (APET = 0.1 °C)
(Table 5). An exception was evident at D1 of Site II, where the moder-
ately dense windbreak had less effect on both wind speed and thermal
comfort (AWind speed = 0.05 m/s, APET = 0.26 °C) than either the very
sparse (AWind speed = 0.08 m/s, APET = 0.30 °C) or moderately sparse
(AWind speed = 0.08, APET = 0.40). A potential explanation is that D1
is located in a canyon created by the building; such areas have complex
wind turbulence. The windbreak may disturb the flow field and alter the
shape of horseshoe vortex, thus producing faster wind speeds and
further lowering PET values. Another exception was observed at R1, for
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thermal improvement (AWind speed = 2.8 m/s, APET = 6.1 °C), relative
to both Site I (AWind speed = 0.4 m/s, APET = 1.4 °C) and Site II
(AWind speed = 1.6 m/s, APET = 2.8 °C). One potential explanation
relates to the orientation of the buildings in the neighborhoods (Site I:
31° from north, Sit II: 47° from north, Site III: 135° from north).

4. Discussion

This study investigated outdoor thermal comfort in three subsidized
housing neighborhoods during the 2021 Winter Storm Uri. We used
ENVI-met models to reconstruct microclimate conditions, employed two
human thermal comfort indices to assess the degree of cold stress and its
spatiotemporal patterns, and elucidated the effects of different clothing
and windbreak scenarios in cold stress mitigation. In this section, we
summarize the main results, discuss implications on policy and neigh-
borhood design, and propose directions for future research.

4.1. Findings and contributions

The results of this study confirm that for both light and warm
clothing scenarios (Fig. 6), the biometeorological cold stress during
Winter Storm Uri was extreme for the majority of the day (remaining
below 6 °C), but especially at nighttime (when it dropped to below 0 °C).
For the light clothing scenario, extreme cold stress lasted about 13 h
from 18:00 to 7:00 of the next day, the PET values were mostly between
—10 °C and —8 °C. This diurnal variation was consistent with the result
by Nastos [70], which indicated the extremely low PET between 0:00 to
7:00 and 18:00 to 24:00. COMFA values were mostly between —250 and
—200W/m? (Fig. 6, Light clothing), which also indicated severe cold
stress during nighttime. This result was consistent with Ziaul et al. [71]
reported the slight cold stress during the daytime while strong cold
stress during the nighttime and early morning in winter. This level of
cold stress is dangerous and can lead to elevated risk of cold-related
mortality for elderly adults if it persists for a prolonged time [72]. As
many subsidized housing neighborhoods experienced power outages for
several consecutive hours, indoor temperatures would continue to
decrease until reaching levels similar to outdoor temperatures, leading
to severe health consequences. The results also supported an important
role for clothing insulation in keeping individuals warm during extreme
cold stress (Fig. 6). With the Clo improving from 0.72 to 1.07, the
COMFA values increased by an average of 105W/m? (Site I), 102W/m?
(Site II), and 101W/m? (Site III), and the PET values increased by an
average of 1.6 °C (Site I), 1.4 °C (Site II), and 1.4 °C (Site III), respec-
tively. Those results were in line with the Andrade et al. [73] reported
that more than 1.8 Clo was necessary during the winter night-time
(PET<4 °C). Those results present an additional inequality factor for
low-income families in Texas, who may not be able to afford warm
clothing or do not consider having backup clothing a priority over other
basic needs.

Our study additionally demonstrated considerable spatial variation
in biometeorological conditions due to the design characteristics of the
neighborhoods. Not only was the level of cold stress different across the

which Site III showed a much higher degree of wind speed reduction and three neighborhoods, but it also greatly varies within each
Table 5
Means and standard deviations of PET (light clothing scenario) and wind speed near the sample buildings under different windbreak foliage densities.
Intervention scenarios Site I Site II Site IIT
Mean + 2Std.  Mean diff p-value ~ Mean + 2Std. ~ Mean diff p-value ~ Mean + 2Std. =~ Mean diff p-value
Wind speed (m/s)  Original 2.7 +1.7 20+1.1 21+1.9
Scenario 1. Very sparse windbreak 23+17 p<.01 16+1.1 p<.01 1.8+1.6 p<.01
Scenario 2. Moderately sparse windbreak 2.2 + 1.8 p<.01 14+12 p<.01 1.7 +1.4 p<.01
Scenario 3. Moderately dense windbreak 2.0 + 1.8 p<.01 1.2+1.2 p<.01 1.5+1.3 p<.01
PET (°C) Original -9.7+3.1 —-85+29 -84+ 4.3
Scenario 1. Very sparse windbreak —9.0 + 3.4 p<.01 -7.0+3.3 p<.01 —7.62 + 3.8 p<.01
Scenario 2. Moderately sparse windbreak ~ —8.6 + 3.6 p<.01 —6.4 + 3.6 p<.01 -7.3+3.38 p<.01
Scenario 3. Moderately dense windbreak =~ —8.3 &+ 4.0 p<.01 —5.9+4.0 p<.01 -7.0 £ 3.9 p<.01
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Fig. 6. Temporal Patterns of cold stress across the day as evaluated by PET and COMFA.

neighborhood because of the spatial typologies of buildings, pavilions,
and tree canopy cover (Fig. 7). Tree canopy coverage played an
important role in solar radiation and thermal comfort. Site I has 10.3%
canopy coverage ratio, which is much higher than Site II (2.5%) and Site
III (2.1%), the average direct shortwave radiation received at 15:00 was
797.1 + 271.7 W/m? in site I, which was higher than site II (858.3 +
187.7), and site III (840.7 + 208.0). Table 5 shows that in the original
scenario, Site I have a lower average PET of —9.0 °C compared with site
II (—7.0 °C), site III (—7.62 °C). And this result is consistent with
Teshnehdel et al. [74] reported the negative relationship between tree
canopy coverage ratio and PET. Another example is the impact of wind
on biometeorological conditions near the building, sophisticated pat-
terns were evident in the meteorological conditions surrounding a
building (Fig. 7). Both PET and COMFA indicated warmer thermal
conditions surrounding areas on the upwind and downwind sides of the
building. This result was consistent with Rui’s study that reported
warmer temperatures and lower wind speeds around the upwind and
downwind sides [75]. It may be counterintuitive that both the upwind
and downwind areas immediately around a building featured warmer
thermal sensation compared to areas out in the open, although the
spatial range of this protective effect was much extended in the down-
wind direction as intuitively expected. The impacts of canopy cover on
thermal comfort were also complex and dependent on time of day
because it can affect both wind pattern and solar radiation input. Solar
radiation had a great impact on thermal comfort during the cold winter
day, and thus the shade cast by tree canopies can exacerbate cold stress.

Mitigation designs such as windbreaks composed of trees are effec-
tive in reducing wind and consequently cold stress under extreme cold
conditions, as the LAD,, increased from 0.5 to 2.0 m?>/m?, the wind
speed decreased, and the PET increased (Fig. 9). This result was
consistent with Spangenberg et al. [76] that compared reported the trees
with higher LAD have a higher effect in reducing the wind speed. Our
study found that a single row of Picea pungens reduced wind speed by
2.45%-45.61% and increased thermal sensation by 0.14 °C-6.09 °C over
a span of up to 40 m in the downwind direction (Fig. 9). Previous
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evidence has shown trees and other plants to provide significant thermal
improvement for urban environments in cold weather [77-79]. Our
results further indicated that effect of the windbreak in reducing wind
velocity was enhanced with denser foliage, which is consistent with
findings from prior studies. For example, dense planting of evergreen
trees is reported to block cold airflow more significantly, resulting in a
greater improvement in PET and thus allowing a site to be more ther-
mally comfortable [80].

4.2. Policy and environmental design implications

This study calls policy attention to capacity building against extreme
cold conditions in disadvantaged neighborhoods. As many subsidized
housing projects in the United States were built in the 1960-1970s, their
building layouts and environmental designs did not consider the
extreme weather conditions and impacts associated with present-day
and future climate change. Outdated infrastructure and thermal insu-
lation often associate with unhealthy biometeorological conditions both
outdoors and indoors. Even without power outages, energy burden and
fuel poverty have been shown to relate to excess winter deaths in low-
income neighborhoods [81]. When power outages occur, these resi-
dents, many of whom do not have a car or other means of transportation,
are often stuck in their homes. Lack of warm clothing presents yet
another layer of risk. Given these factors, environmental modifications
that improve overall thermal performance and programs that provide
necessities such as warm clothing during extreme weather conditions
are essential. Assistance and programs providing on-bill financing,
building retrofits that replace inefficient heating equipment, and better
emergency warning systems may be helpful in preventing health risks.

Our study suggests that when planning and designing a neighbor-
hood, the placing of structure and green infrastructure components
should be carefully thought out based on thermal stress not only during
summer but also the winter season. Our findings also reveal that
building typology and the thermal conditions of the surrounding open
space are closely related. The downwind area of buildings tends to have
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Fig. 7. Spatial variation in cold stress as evaluated by PET and COMFA.

warmer thermal comfort during cold weather; accordingly, policy-
makers and designers should consider such downwind areas as spaces
for outdoor activities during cold weather. Regarding vegetation,
although evergreen species can improve shading and reduce radiation in
the summer, excessive shading in the wrong location may exacerbate
cold stress in the winter. Strategically located deciduous trees may be
preferable, as they will provide shading in summer while also allowing
solar radiation through in the winter. Windbreaks may be designed to
mitigate cold stress in activity areas that are persistently colder or
experience wind vortexes.

This study also demonstrated significant temporal and diurnal
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variations in cold stress, an important consideration as extra precautions
are needed when cold stress is more severe. Air temperature alone would
not reveal human thermal sensations or offer practical guidance on
appropriate clothing to prevent cold stress. A warning system is needed
to inform residents of the level of cold stress on an hourly basis and city
block basis, and to give advice on appropriate clothing so residents can
make informed decisions.

4.3. Limitations and future study directions

Several limitations of this study need to be noted. First, as Winter
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Fig. 8. Cold stress at selected sample points surrounding a building.

Storm Uri set record-low temperatures and crippled the infrastructure in
Texas, we were unable to mobilize the team and make in situ measure-
ments during the storm. Although field measurements were made under
microclimates as closely-matching as possible and ENVI-met simulations
of the day of the storm were utilized to reconstruct the conditions, the
results cannot perfectly represent the actual cold stress experienced by
residents. Future studies that aim at capturing extreme heat and cold
conditions should develop emergency response plans to deploy teams
into the field and use various portable and installed sensors to obtain
microclimate data while those conditions are in effect. Our study also
only considered three subsidized housing neighborhoods, which may
not be representative of the full range of environmental and de-
mographic conditions of such neighborhoods. This limitation may
reduce the external validity of this study and the results should be dis-
cussed with caution when other settings are involved.
Methodologically, as our study focused on cold stress in the built
environment, future studies can expand on this work by utilizing indoor
thermal stress models to evaluate cold stress indoors, which may have
stronger relationships with cold-related morbidity and mortality out-
comes. Another important limitation is the short duration of the mea-
surements made in each neighborhood (approximately 60 min) for the
model validation. In order to compare the spatial distribution of
microclimate conditions inter- and intra-neighborhoods and use
research-grade microclimate measurements, we had to adopt the
method of measuring multiple locations each during a short time. For
example, research conducted by Zhao [82] used a vehicle equipped with
sensors to do a short period traverse in the neighborhood. Jiang [83] use
hand-held meteorological instruments to measure the meteorological
situation of 10 sample points spread over the site (for the ENVI-met
model calibration) at 10:00 a.m. Labdaoui [84] used the LM 8000 to
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measure the microclimate of street at specific points in a short time to
calibrate ENVI-met model. However, longer duration of measurement of
at least 24 h would ensure that the diurnal conditions that affect solar
radiation, shades, and wind can be accounted for. Future studies need to
try to incorporate more complete hourly measurement and actual
measured solar radiation or cloud conditions for better results in the
numerical simulation. In addition, this study used the simple forcing
mode of ENVI-met, which operates under a static cloud condition (clear
sky) and so tends to overestimate solar radiation and underestimate cold
stress.

Regarding the environmental intervention, this study mainly
considered trees as the material for windbreaks; however, the contri-
bution of such green infrastructure to a thermal environment depends on
multiple factors including height, crown characteristics, vegetation
coverage ratio, and planting arrangement. More complex planting ar-
rangements and factorial designs that consider the interactions of these
parameters on thermal performance would advance knowledge. The
simplified typologies of vegetations used in this study are more effective
in controlling for confounding factors and generating knowledge, but
comprehensive designs for these neighborhoods should be considered to
identify optimal scenarios for cold stress mitigation and better guide
renovation practices. It is also necessary to identify designs that offer
balanced thermal conditions throughout the year. In further studies, the
thermal performance of proposed scenarios under both summertime and
wintertime extreme weather conditions needs to be fully examined so as
to develop integrated coping strategies for weather-related hazards.

5. Conclusion

Extreme weather conditions often place disproportionate burdens on
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Fig. 9. Effect of windbreak foliage density on wind speed and cold mitigation (7:00).

disadvantaged communities such as subsidized housing neighborhoods.
To our knowledge, our study is the first to examine cold stress in these
neighborhoods during the record-setting 2021 Winter Storm and explore
environmental modification methods for cold mitigation. Our results
showed that the thermal conditions during the winter storm was
assessed to be “extremely cold”, especially during nighttime. Not having
warm clothes proved to be an additional risk factor associated with
considerable decreases in human energy balance. By comparing simu-
lations of windbreaks for cold mitigation, results showed the effects of
moderately dense-foliage windbreak was the most effective in reducing
wind speed and improving thermal comfort. Resources should be allo-
cated to subsidized housing neighborhoods and environmental modifi-
cation strategies should be considered increase community resilience to
extreme temperature related hazards.

Appendix A

Table Al
Plans and the perspectives of ENVI-met models with detailed input parameters
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Fig. Al. Detailed plants model setting in ENVI-met Albero.

14

Leaf Weight [g/m3]: Leaf Weight [g/m]: Leaf Weight [g/m): Leaf Weight [g/m]:
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