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Abstract

Extreme heat and its health impacts are on the rise. Globally, the six warmest years on record all
occurred since 2015, and in Los Angeles (LA) average temperatures are expected to increase up to 4.5°Cin
coming decades. Extreme heat causes more deaths in the United States than all other weather-related causes
combined, with heat risk being most pronounced in urban areas due to the heat-island effect. Reducing urban
heat exposure is an equity issue, as low-income communities and communities of color are more likely to live
in neighborhoods with older buildings, low tree canopy cover, more heat-retaining surfaces, and limited access
to coping strategies such as air conditioning.

The Los Angeles Urban Cooling Collaborative (LAUCC) is a multi-disciplinary partnership of researchers
and expert practitioners working with communities and government to understand and mitigate heat in LA.
LAUCC completed a modeling study of current and projected heat in LA County to: 1) identify geographic areas
with highest vulnerability to heat-related death; 2) quantify how various urban forest cover (UFC) and built
environment albedo scenarios would affect heat-related mortality, temperature, humidity, and oppressive air
masses that lead to elevated mortality; and 3) quantify the number of years that climate change-induced
warming could be delayed by implementing these interventions.

We find that increasing shade, evaporative cooling, and albedo through increases in UFC and reflective
surfaces could save one in four lives lost to heat waves in Los Angeles, mostly in low-income communities and
communities of color. We also find that these measures could modify local meteorology sufficiently to delay
local effects of global climate change-induced warming by 25 to 60 years under business-as-usual and
moderate mitigation scenarios, respectively. These strategies can be adapted to combat extreme heat in other
regions that are experiencing similar challenges.

Keywords: Human health and well-being, Research, Sustainable forest management, Adaptive and integrated
management, Climate change

Introduction, scope and main objectives
Extreme heat threatens public health

Extreme heat has negative health consequences including increases in emergency room
visits, hospitalizations, and premature deaths. Heat kills more people than hurricanes, floods,
tornadoes and lightning combined, causing more than 7,800 official heat-related deaths in the
United States between 1999 and 2010 (Karl et al. 2009). The Chicago heat wave of 1995 killed over
700 people (Davis et al. 2003) and the European heat wave of 2003 caused over 70,000 deaths
(Robine et al. 2008). Official deaths account for only a portion of heat-related mortality because
heat-related deaths are multi-factorial and there is a lack of a clear case definition when deaths occur
(Ostro et al. 2009). As the planet warmes, cities are warming more than many non-urban areas,



pushing humans to live in hotter conditions than they have in the past, and putting into question the
habitability of many cities worldwide (Estrada et al. 2017; Xu et al. 2020). North America is expected
to see very large temperature increases compared to the global average (IPCC 2021).

The burden of extreme heat disproportionately affects low-income communities and people
of color (Jesdale et al. 2013). These communities are more vulnerable due to higher risk of exposure
to climate change hazards, structural and institutional conditions including limited access to services,
higher economic inequality, and a lack of political representation that perpetuate poverty and limit
adaptive capacity (Broto 2017). Black Americans are 52% more likely than average to live in areas
where a high risk for heat-related health problems exists; Latino communities are 21% more likely to
live under such conditions (Jesdale et al. 2013).

Extreme heat impacts a large number of people in Los Angeles (LA) because many residents
lack the resources necessary to cope, such as adequate insulation or air conditioning (Li et al. 2020;
Chakraborty et al. 2019). There is an 8% increase in all-cause mortality — deaths from all causes
combined — during the hottest days in an average LA summer, even before factoring in a warming
climate (Kalkstein et al. 2014). Consecutive days of heat can occasionally increase all-cause deaths by
30% (Kalkstein et al. 2014), and back-to-back extreme heat days are expected to occur more
frequently in the future (Sheridan et al. 2012). Due to climatic and topographic variability in LA
County, some cities will have 5 to 6 times the number of extreme heat days compared to current
conditions (Hall et al. 2018). Continued warming is projected to increase average temperatures
2.2-2.8°C by mid-century, and by 2.8-4.5°C by the end of the century (Hall et al. 2018).

Urban forest cover and cool surfaces can combat heat

Tree planting is a heat mitigation strategy that has received investment in many cities around
the world (Keith et al. 2020). Shading and evapotranspiration effects from trees offer the most
significant ecosystem benefits for mitigating urban heat, contributing to decreases in park air
temperatures by up to 6°C in comparison to surrounding streets (Vanos et al. 2012). In LA, higher
urban forest cover (UFC) is correlated with lower ambient temperature: city blocks with more than
30% UFC are about 2.8°C cooler than blocks without (Pincetl et al. 2013). In addition to trees,
structural improvements can be made to increase the albedo (or solar reflectance) of roofs, walls,
and pavements to reduce air temperatures. Average ambient temperatures are reduced by 0.3°C per
0.10 increase in albedo across a city, and peak ambient temperatures decrease by up to 0.9°C
(Santamouris 2014).

Scope and main objectives
This project models current and projected heat in LA and quantifies the effect that various
UFC and albedo intervention scenarios could have on reducing temperatures and decreasing
heat-induced deaths. The Los Angeles Urban Cooling Collaborative (LAUCC), a multi-disciplinary
partnership of researchers and expert practitioners working with communities and government to
understand and mitigate heat in LA, undertook this study to:
1. Identify the most heat-vulnerable geographic areas in Los Angeles County, California, USA.
2. Quantify how varying scenarios of increased UFC and albedo of roofs and pavements could
impact summer temperatures; the number of oppressive air mass days which lead to
elevated mortality; and heat-related mortality.
3. Estimate the number of years that climate change-caused warming could be delayed as a
result of implementing the various UFC/albedo scenarios.



Methodology/approach
Synoptic climatology

Using historical weather and mortality data, we developed a model for LA County to test the
impacts of four different UFC/albedo scenarios for the entire county and then in 11 smaller districts.
We use “synoptic” climatology, which classifies days into discrete air mass types that traverse an area
and have unique weather characteristics. Human health responds to an entire suite of weather
variables that impact the individual simultaneously, and synoptic climatology provides a holistic
evaluation that enables the identification of harmful conditions that lead to negative health impacts,
including heat-related mortality (Hondula et al. 2014).

By considering observations of temperature, dewpoint, pressure, wind, and cloud cover four
times daily for a particular location, we develop a “spatial synoptic classification” that categorizes
days into air mass types (Sheridan 2002). Of about a dozen air masses that impact LA in summer, we
focus on the two air masses associated with higher mortality rates: dry tropical (DT) and moist
tropical plus (MT+) (Lee and Sheridan 2018).

County-level analysis

We first focus on how heat impacts human mortality in LA — that is, to what degree the
number of average daily deaths that occur from all internal causes (deaths not caused by accidents or
violence) increase under different heat wave conditions. We use patient-level mortality data provided
by the California Department of Public Health to generate daily frequencies of the number of deaths
resulting from all internal causes between May and October for the years 2000 through 2010. We use
the Weather Research and Forecasting (WRF) model, version 3.8.1 (Chen et al. 2018), routinely used
to simulate urban climates and the various processes occurring within an urban area, to model
meteorological conditions and changes.

Correlating the mortality data with the meteorological data for the offensive DT and MT+ air
masses, we arrive at the following statistically significant algorithm:

% MORT =-1.426 + 0.363 NFPTS + 5.219 DT + 1.609 MT + 0.057 AT05
Where:

® % MORT is the percent change in mortality from the baseline (average) value

® NFPTS is the Nairn-Fawcett Extreme Heat Factor, which evaluates heat in three consecutive day
increments and determines whether the period before a heat wave has been hot or comfortable,
which can have a significant impact on health outcomes (Nairn and Fawcett 2015)

e DT is a dummy variable which is added for the DT air mass days

® MT is a dummy variable for MT+ which is added for the MT+ days

e ATO5 is apparent temperature at 5:00 AM

Using this algorithm, we determine that during an average five-day heat wave in LA there are
4.1% more deaths above the baseline on the first day of the event, and 11.9% more deaths on the
fifth day of the event. Clearly, heat is a significant threat to the health of residents of this region. We
then estimate how various UFC/albedo scenarios would impact local meteorology relative to baseline
conditions (Table 1).

We then model four historic heat waves, each with distinct humidity levels and heat
intensity, occurring at different times during the summer season.

Jul. 22-26, 2006: hot and humid, dominated by MT+ air mass days
Jun. 19-22, 2008: drier event with both MT and DT days

Aug. 26-30, 2009: |less extreme, to evaluate a more common situation
Sept. 26-29, 2010: very hot and dry event, dominated by DT days



Table 1: Tree cover and albedo scenarios tested. Low tree cover scenario is a 25% relative increase above baseline of 16.6%;
Medium is a 100% increase; High is 40% total tree cover regardless of baseline. Low roof and pavement albedo means
reflectance of .27 and .2, respectively; Medium is .37 and .25; High is .45 and .35.
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District-level analysis

We then segment LA County into smaller geographic areas to evaluate regional variations in
heat-health sensitivity and effectiveness of interventions. Districts were designed to be as
homogeneous as possible in socio-economic status, density, and climate. We selected a total of 11
districts, each with a population of about 300,000, and most of which are low-income and
heat-vulnerable. We made the conservative assumption that UFC/albedo interventions would be
applied only to the district being evaluated and not to any other part of the county. As with the
county analysis, we developed a relationship between heat and mortality for each district and used
the Nairn-Fawcett excess heat factor.

Climate change projections

Using the Intergovernmental Panel on Climate Change-approved Representative
Concentration Pathways (RCP) models 8.5 (business-as-usual) and 4.5 (moderate mitigation), we
model the UFC/albedo scenarios and evaluate the impact on average temperatures in terms of how
many years of climate change-caused warming could potentially be delayed. We first determine the
mean reductions in maximum temperature for LA County using the UFC/albedo scenarios. The mean
reduction for each scenario is just above 1°C for case 1, just below 1°C for cases 2 and 3, and 1.71°C
for case 4. We looked at the 90" percentile of daily maximum temperature for the entire year and
then just for summer (May through October). Using modeled data for the years 1950 to 2099, we
determine the average temperature increases under RCP 8.5 and 4.5 (+0.034°C and +0.015°C per
year, respectively). We then divide the average temperature reduction of each UFC/albedo scenario
by those average annual temperature increases to determine how many years of warming could be
delayed.

Results

County-level analysis

In this paper we present results for just one of the four heat waves. We discuss other heat
events in de Guzman et al. 2020. We observe that UFC/albedo scenarios produce clear changes in
temperature and dewpoint temperature under all scenarios. Temperatures show decreases in the
range of 1-2°C; dewpoint temperatures show similar increases in magnitude (Table 2). Scenarios with
more modest UFC increases show smaller changes than those with larger UFC increases, which is
intuitive since UFC adds water vapor into the atmosphere, increasing dewpoint temperature.
Nevertheless, the largest decreases in temperature also occur in cases 2 and 4, sometimes exceeding
3°C.



Table 2: Changes in meteorology for June 2008 heat
wave. Delta T is the change in temperature (°C) from
the baseline. Delta Td is the change in dewpoint
temperature (°C) from the baseline. Increasingly
dark blue represents greater reductions;
increasingly dark orange represents greater
increases.

Increases in dewpoint
temperature can be partly attributed to
cooling temperatures, especially for cases
2 and 4. As temperatures cool, vertical
motion of the atmosphere and dispersal of
near-surface moisture is inhibited. Thus,
moisture from sources such as car exhaust,
air conditioning, or trees is more likely to
accumulate near the ground. However,
decreases in air temperature are more
consequential to human health than
increases in dewpoint temperature. The
apparent (or perceived) temperature is
influenced more by a drop in temperature
than a rise in dewpoint temperature.

Local Time Case1 | Case2 | Case3 | Case 4
AT ATd| AT ATd| AT ATd| AT ATd

06-19-08 5:00 |-0.6 -0.6|-0.7 -1.3/-0.5 -0.9 |-1.0 -1.3
06-19-08 11:00 (-1.6 0.3 |-1.2 2.5 |-1.3 1.3 |-2.2 2.6
06-19-08 17:00 |-0.9 1.7 -1.0 3.4 -09 2.5 -14 43
06-19-08 23:00 |-1.1 1.6 -1.4 1.9 -1.2 1.9 |-19 23
06-20-085:00 |-1.6 -1.2|-1.2 -16|-1.4 -1.4 -1.9 -1.4
06-20-08 11:00 |-1.8 0.5 |-1.4 3.7 -1.6 2.1 -25 4.0
06-20-08 17:00 |-09 0.4 |-1.0 1.9 -09 1.1 -14 2.1
06-20-08 23:00 |-1.2 -0.7 (-1.6 -0.3|-1.4 -0.4|-2.2 -1.2
06-21-08 5:00 |-1.8 -1.8(-1.4 -2.1|-1.5 -1.8 (-2.4 -3.1
06-21-08 11:00 [-23 0.7 |-1.6 '3.7 (-1.9 2.3 |-3.1 "4.0
06-21-08 17:00 |-1.0 0.6 -0.9 1.8 -09 1.2 -24 34
06-21-08 23:00 |-0.6|-0.2 (-0.7| 0.0 |-0.5| 0.0 |-1.1|-0.1
06-22-085:00 |-1.3 -0.8|-1.2 -1.2|-1.2 -0.9|-1.8 -1.3
06-22-08 11:00 |-1.7 -0.5|-1.4 1.9 [-1.5 0.7 |25 1.9
06-22-08 17:00 |-1.0 0.4 |-11 1.6 -1.0 1.0 |-1.5 1.8

Table 3: Changes in air mass type and mortality for each of the scenarios under during the June 2008 heat wave. 5AM
apparent temperature (AT) and mean daily apparent temperature are displayed for each heat wave day. Red rows indicate
percent increase/decrease in excess mortality over the mortality standardized value. The mean increase for all heat wave
days is shown at the second row from the bottom. The net decrease in heat-related mortality from the baseline scenario is

shown in the bottom row. Blue rows show air mass type.

Baseline Case 1 Case 2
SSC Type MT MT MT
5am AT 18.2 17.4 17

/191
8118/08 Mean AT

Mortality Increase
%

SSC Type

Sam AT 24.4 223 226

6/20/08
Mean AT

Mortality Increase
%

SSC Type

5am AT 24.9 225 224

/211
6121108 Mean AT

Mortality Increase
%

SSC Type

S5am AT 26.3 24.7 25.1
6/22/08

Mean AT

Mortality Increase
%

Mean 4-day (6/19-22) increase
in Mortality % cY 22 L
Net decrease. in heat-related wa 15% 8%
mortality cases

Case 3 Case 4
MT MT
17.3 16.7

225 22

22.4 21:1

252 24.5

Changes in meteorology show a
quantifiable impact on human
mortality. A favorable outcome would
be a reduction in the percent increase
in mortality across the scenarios
when compared to the baseline. The
June 2008 heat wave (Table 3)
provides an example. We estimate
that 43 people died in LA from
heat-related causes during this heat
event. OnJune 19 and 20, the
baseline shows an MT air mass is
present. A DT air mass is present on
June 21, while a transition air mass
(TR) is present on June 22. In the
baseline case, representing reality,
the mortality increase is 1.2% above
mean daily mortality. On June 21, the
hottest day of the heat wave, the
mortality increase is 11%; on June 22,
it is 13.5%.



Looking at case 1 for June 19, we see no reduction in excess mortality although apparent
temperatures are lower. Reductions are seen for the other days. For the entire heat event period,
case 1 produces a 1% decline in excess mortality, from 6.9 to 5.9% — a relative 15% decrease in
heat-related mortality representing about 6 saved lives (from 43 to 37 excess deaths). In contrast,
case 2 only reduces mortality by 8% (or 3 deaths). Case 4, the most aggressive UFC/albedo scenario,
reduces mortality by 18%, or about 8 deaths. We find these results encouraging, as they indicate that
heat-related deaths can be reduced by up to 18% in a heat wave of this type. All four heat events
evaluated in this county-level analysis demonstrate double-digit percentage decreases in mortality
when UFC/albedo are increased, with other heat events showing even more encouraging results than
those seen for June 2008. For example, during the September 2010 event, case 1 reduced mortality
by 15%; case 2 by 22%; case 3 by 24%; and case 4 by 29%. A 29% reduction saved 23 lives based on
our algorithm, from 78 deaths to 55. Several heat wave days also saw actual air mass changes to
more benign air masses as a result of UFC/albedo intervention. These results will be shared in detail
in a forthcoming peer-reviewed publication.

District-level analysis

Heat impacts the health of communities in LA County differently. Variations in heat
vulnerability among districts appear related to socio-economic factors, with our analysis indicating
that the burden is larger in lower-income, more densely-populated areas. Variations may also be
influenced by the frequency and intensity of common heat waves, with hotter areas generally being
less sensitive. Hotter neighborhoods are generally better adapted to heat both from a physiological
and infrastructural standpoint. Heat variability appears to be a more significant risk factor than
merely extremes in temperature.

Table 4. Results showing excess deaths during very hot days for 11 districts, in two LA climate regions of Long Beach
(coastal) and Burbank (inland). Values on the left are based upon the Nairn-Fawcett index; values on the right are based
upon the spatial synoptic classification. Excess deaths represent average total deaths above/below the baseline for each
category evaluated; % represents the percentage increase/decrease of anomalous deaths over the baseline total.

Nairn-Fawcett Index Synoptic Classification

Moderately Hot Very Hot Days Moderately Hot Very Hot Days

Days Days
Distit | LIS % Geame * | ceane *  ceane %
5 -0.19 -4% 0.69 15% 0.04 1% 1.12 25%
6 0.30 8% 0.84 22% 0.15 4% -0.19 5%
10 0.14 6% 0.00 0% 0.13 6% 0.81 36% | Long Beach
Region
11 0.30 12% 1.31 52% 0.42 17% 0.80 32%
12 -0.09 2% 0.53 12% 0.11 2% 0.44 10%
14 0.20 9% 0.46 21% 0.16 7% 0.40 19%
# of days 68 12 62 10
1 -0.06 2% 1.92 55% 0.13 4% 0.18 5%
8 0.35 10% 0.50 15% 0.31 9% 0.07 2%
9 0.61 22% 0.53 19% 0.19 7% 0.10 4% Burbank
16 005 - 2% 1.03 = 36% | 0.01 0% 0.05 2% Region
18 0.06 2% -0.82 = -20% 0.00 0% 0.10 2%
# of days 96 15 226 154

However, outcomes vary. Some heat-vulnerable districts only demonstrate large mortality
increases during days with the most extreme heat (Table 4). For example, during less severe heat,
District 5 shows little or no excess mortality, but during more extreme heat mortality increases by



15%. The percentage rises to 25% when there are 4+ consecutive days. Conversely, District 11 shows
high levels of excess mortality across all heat wave categories.

We see reductions in temperature in virtually all districts and under all UFC/albedo
scenarios. Reductions are modest to moderate depending upon the district and time of day. The
largest reductions generally occur midday. Mortality reductions often exceed 20% for more
aggressive scenarios. For example, for District 6, reductions greater than 35% occur under all
scenarios for June 2008, a common result in other districts as well (Table 5).

Table 5: Changes in excess mortality during June 2008 heat event in District 6. “Sum” row indicates total mortality for this
four-day event; “Reduction” row indicates percent mortality reduction from baseline for each case.

6/19/2008
6/20/2008
6/21/2008

6/22/2008

. REDUCTION

Overall, hotter events produce greater excess mortality, and more aggressive land cover
changes show greater reductions — with one to two of every four lives currently lost to heat
potentially spared. For example, high-density, high-minority districts 1, 6, and 11 demonstrate
highest mortality and often also have the greatest reductions under the intervention scenarios.
Low-density higher-income districts 12, 14, and 18 show a less robust response, with low percentage
mortality decreases or low excess mortality. Thus, we obtain a quantitative comparison of how
different districts with unique socio-economic characteristics behave during various types of heat
waves.

However, not all results are intuitive. District 10,

which is a high-density, low-income district, shows
non-significant findings. District 10 is socio-economically
similar to District 11 (the most vulnerable district with the
most encouraging results), but it does not show similar
responses. This points to the possibility of social or other
factors making this a more heat-resilient district, and
i U

warrants further investigation which we seek to pursue in a

future research phase.

Climate change projections

Fig. 1: Years of delay of climate change-induced warming under o2 :{:J 29
UFC/albedo scenarios (source: de Guzman et al. 2020).

Results of the climate change analysis demonstrate
that UFC/albedo scenarios could delay or even negate
anticipated warming in LA County. Implementing case 4,
for instance, would reduce temperatures by an average Bl -ss-unsel eminios (ROPES)

1.7°C. By leldlng 1.7 by 0.034 (antlupatEd annual . Moderate mitigation (RCP 4.5)
warming under RCP 8.5), we arrive at 50 years of possible

Casel Case2 Case3 Case4



delay (Figure 1). This means climate change-caused warming could potentially be delayed 50 years
relative to a business-as-usual emissions scenario if UFC/albedo were increased aggressively. In this
example, LA could experience a climate in the year 2070 that was like the climate in 2020.

Discussion

The results of the county- and district-level analyses show that upwards of 25% of lives
currently lost to heat could be saved if aggressive action is taken to increase UFC and albedo in LA.
The climate change projections indicate that heat impacts of a changing climate could be delayed by
2 to 6 decades or more, depending on the emissions scenario. Heat wave temperatures can be
reduced by 2-3°C during the hottest times of day and even overnight, leading to a reduction in the
magnitude of heat waves and related risk to heat-vulnerable individuals.

The scenarios are based on presently available cooling strategies, indicating that we currently
have the ability to cool neighborhoods and cities sufficiently to change local meteorological
conditions and reduce heat-related mortality. The heat wave of June 2008 represents only one event,
and impacts of the UFC/albedo interventions show substantial reductions in temperature and
mortality across all modeled heat waves. At the county level, the interventions occasionally produce
a change in air mass from the most oppressive DT or MT+ categories to more benign categories that
have a less harmful effect on human health.

Conclusions/ wider implications of findings

This study quantifies the critical service that urban forests and cool surfaces provide in
cooling cities and protecting vulnerable urban dwellers from extreme heat. This indicates land cover
modifications in LA County can save many lives during common heat waves. The research was
completed by the Los Angeles Urban Cooling Collaborative (LAUCC), an interdisciplinary partnership
of researchers and expert practitioners working with communities, nonprofit organizations,
academia, private enterprise, and government toward the goal of understanding and implementing
urban cooling strategies. This cooperative approach brought together physical and social scientists to
make collaborative decisions about how to mitigate extreme heat in urban settings in ways that are
scientifically, technologically, and socially feasible. The results have already been used to support
local- and state-level policy and funding to move toward implementation of city cooling, including
informing targets in the City and County of Los Angeles resilience and sustainability plans. These
strategies can be adapted to combat extreme heat in other regions that are experiencing similar
challenges.

The views expressed in this information product are those of the author(s) and do not necessarily
reflect the views or policies of FAO.
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