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Urban forest strategies of gradually replacing high emitters of biogenic volatile organic compounds
(BVOC) with low-emitting species are being considered as voluntary or emerging control measures for
maintenance of the 8-h ozone standard in the Sacramento Federal Non-Attainment Area (SFNA). We
describe a regulatory modeling study demonstrating the air-quality impacts of such measures as well as
of strategies that increase net canopy cover.

The results indicate that changing the mix of urban trees can improve air quality. The daily reductions
in ozone resulting from species replacement alone reach up to 0.50 ppb. With a more geographically-
targeted replacement, the daily reductions increase to 3 ppb. Population-weighted exposure to ozone
is reduced by up to 34% relative to the NAAQS (120 ppb) and 12% relative to the CAAQS (90 ppb). The
8-h average peak ozone is reduced by 2%. If, in addition to species replacement, the net canopy cover
is increased, the reductions in ozone become much larger but increases in ozone also occur. In some
scenarios, the air-quality impacts are 10 times as large as those of only replacing 650,000 trees (con-
trol measure). Furthermore, because of the canopy growth (including the replacement trees) relative to
2000-2005, the SFNA is cooled by up to 1.2°C by 2018 and 1.6°C by 2023.

State implementation plan
Urban forest

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Among several ozone air-quality improvement strategies, the
Sacramento, CA region Air Districts are considering the use of
urban forests to help the area maintain the 8-h standard. Under
the current federal regulatory framework, an urban-forest strategy
is considered a voluntary or emerging control measure. To include
such a strategy in the area’s State Implementation Plan (SIP), the air
districts must quantify the benefits using best available science and
technology, e.g., via meteorological, emissions, and photochemical
modeling. This paper summarizes modeling performed to support
the development of an urban-forest control measure for the SFNA.
Two main scenarios and combinations thereof were examined:
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(1) Replacement of 650,000 current-mix species (~3% of trees in
the region) with lower emitters (control strategy).

(2) Net increase in canopy cover in newer urbanizing areas where
forest cover will increase to match that in urbanized areas (aux-
iliary benefits).

The first scenario involves minimal impact on the region’s
meteorology or pollutant-deposition rates because no significant
differences in vegetation cover, energy, and water balance of
the replacement canopy are anticipated, nor changes in thermo-
physical properties. In this case, only chemistry impacts resulting
from reductions in emissions of biogenic volatile organic com-
pounds (BVOC) can be expected. The second approach involves both
meteorology and chemistry effects as well as changes in deposition
rates.

Urban forests can impact air quality via several pathways, e.g.,
meteorological, deposition, emissions, and chemical. Replacing the
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current mix with low emitters (i.e., the control measure) is mostly
a chemistry effect and results in decreased ozone concentrations.
This is because the abundance of BVOC in the atmosphere allows
ozone to accumulate via their reaction with nitric oxide (NO),
reducing titration of ozone. Thus a control measure that can reduce
VOC in the atmosphere, such as reducing BVOC from urban forests,
can help reduce ozone accumulation.

However, increasing the canopy cover can impart both positive
(beneficial) and negative (inadvertent) effects on air quality. Pre-
vious studies (e.g., Taha, 1996, 2005) have shown that the relative
benefits and disbenefits differ from one region to another and that
itis possible to maximize the potential benefits on a region-specific
basis by locally optimizing the control strategies. These studies
also showed that it is not possible to generalize the findings or
extrapolate results from one area to another.

McPherson (1998) and Simpson and McPherson (2007) esti-
mate that the regional urban forest in the Sacramento area consists
of ~7 million trees from over 100 different species made up of
61% low emitters, 28% medium-emitting, and 11% high emitters.
Through a combination of community education and policy change
over a period of 10 years, the proposed control measure will cause
650,000 medium- and low-emitting trees to be planted that oth-
erwise would have been higher emitters. This shift will reduce
BVOC emissions by a quarter of a ton per day or more in the
SEFNA. In addition, the Sacramento Urban Forest Ecosystem Study
(McPherson, 1998) concludes that the existing regional canopy in
the Sacramento region is 14% in developed (urbanized) areas and
5% in undeveloped (urbanizing) areas slated for development. Thus
another set of scenarios examined in this study includes increasing
canopy cover in urbanizing areas from 5% to 14% to maintain the
overall target cover in the region.

2. Models
2.1. Meteorological models

The MM5 mesoscale model and a variant of the fine-resolution
UCP MM5 (uMM5) were used in this study. There were two rea-
sons for this choice: (1) compatibility with regulatory modeling
in California that was done with MM5 during 2005-2010, and (2)
facilitate the coupling between the MM5 and the uMMS5, a highly
urbanized model, which would have been more difficult to achieve
with other models. In this study, the uMM5! meso-urban mete-
orological model (Dupont, Otte, & Ching, 2004; Taha, 2008a,b,c)
was used, along with the sub-mesoscale soil model (SM2-u) of
Mestayer et al. (2004) to improve the characterization of urban
heat islands, canopy-layer meteorology, vegetation canopy water
and energy balance, and flow divergence/convergence in the urban
canopy and boundary layers. The model, its application, and model-
specific input are discussed in Dupont et al. (2004) and Taha (2007,
2008a,b,c).

It is to be noted that other models exist that are also ded-
icated to fine-scale urban modeling including the Town Energy
Balance model (TEB) of Masson (2000) and several recent addi-
tions to the WRF model (Skamarock, Klemp, & Dudhia, 2008). These
updates include the urban parameterizations of Martilli, Clappier,
and Rotach (2002), which are also implemented in the uMMS5, and
those of Salamanca, Martilli, Tewari, and Chen (2011). The uMM5
is similar in features and capabilities to the urban WRF models but
its configurations, data input development, and applications are
different and more site-specific.

1 The term “uMMS5” is used here to refer to modifications and updates by Taha
(2007, 2008a,b,c) to the UCP MMS5 of Dupont et al. (2004) resulting in an updated
version of the model.

The MMS5 is described in detail in several papers and techni-
cal notes. For information, the reader is referred to Dudhia (1993),
Grell, Dudhia, and Stauffer (1994), Seaman, Kain, and Deng (1996),
Hong and Pan (1996), Hsie and Anthes (1984), Tao and Simpson
(1993), Schultz (1995), Reisner, Rasmussen, and Bruintjes (1998),
Anthes (1977),Kain and Fritsch (1993), Grell, Kuo, and Pasch (1991),
Betts and Miller (1986), Pan and Mahrt (1987), Chen and Dudhia
(2001), and Stauffer and Seaman (1990).

2.2. Emissions model

Biogenic emissions modeling was carried out with the
SMOKE/BEIS3 models as discussed in Section 6.

2.3. Photochemical model

The CAMx photochemical model (Environ, 2003) was used after
some modifications were made to input, dry deposition calcula-
tions, and other aspects as needed in this study to simulate the
effects of urban forests in support the proposed control measure.
CAMx and its required input are discussed in Yarwood, Morris,
Yocke, Hogo, and Chico (1996) and Environ (2003).

3. Modeling episodes and domains

Two regulatory episodes used by the California Air Resources
Board (ARB) and Air Districts were modeled. These are 27 July-4
August 2000, 5-14 July 1999, and future-year projections of the
episodes (2018 and 2023). The horizontal meteorological modeling
domains are shown in Fig. 1. Both episodes were modeled with 36,
12, and 4-km grids (the 36-km grids differ). This study also adds
a fourth, 1-km grid (D04) for fine-resolution meteorological sim-
ulations with the uMMS5 that are subsequently used to drive the
fine-resolution (1-km) photochemical simulations. Model details,
horizontal and vertical domain attributes, periods, and other infor-
mation are discussed in Taha, Wilkinson, and Bornstein (2011).

The photochemical (CAMx) modeling domains were defined
such that the 4-km grid was inscribed within the 4-km MM5 grid
whereas the 1-km grid was inscribed within the uMM5 domain.
The coarse (4 km) CAMx simulations were driven by the mesoscale
MMS5 fields whereas the fine (1 km) grid simulations were driven
by the uMMS5.

4. Surface characterization

This study applies different models at different scales and, thus,
different parameterizations and corresponding surface characteri-
zations are used in each domain. In the 36- and 12-km grids, surface
characterization generally follows the standard procedure in the
MMS5 using pre-assigned properties except that some parameters
were updated as discussed in Taha (2007) and Taha et al. (2011)
mainly to reduce soil moisture in urban land use?.

In the SFNA domain, a modified approach (Taha, 2005, 2007)
is followed. This employs more recent and location-specific sur-
face data, e.g., from updated land-based surveys, remote-sensing
platforms, LiDAR, or aerial photography, and, in this case, more
recent and more resolved land-use and land-cover (LU/LC) data
(Xiao & Wu, 2008; Xiao, Wu, Simpson, & McPherson, 2009). Note
that whereas the standard MM5 approach characterizes the surface
physical properties based on LU information, this study’s surface
characterization is based on both LU and LC. Furthermore, both LU
and LC characterizations in the SFNA were updated in this project.

2 In general, urban soil moisture was over-estimated in some prior modeling
efforts.
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Fig. 1. Horizontal domain configurations for the July 1999 episode (left) and the July-August 2000 episode (right). Note that domains D02, D03, and D04 are similar in both

episodes.

Surface characterization in this study is two-pronged. First,
thermo-physical properties are assigned to LU classes which are
then mapped to characterize the modeling domains. This part is
termed “LU-based”. In the second part, surface-specific values of
thermo-physical properties are assigned to LC classes (this part is
termed “LC-based”). The LC- and LU-based characterizations are
then meshed.

The LU datais based on the 30-m USGS level-II classification sys-
tem (Anderson, Hardy, Roach, & Witmer, 2001) as further improved
upon and updated by Xiao et al. (2009) specifically for the SFNA. The
LC data, on the other hand, is based on QuickBird/UFORE (“QBU4”
for short) methodologies and analysis developed by McPherson
(1998) and Xiao et al. (2009) to characterize land cover and veg-
etation in the Sacramento region. Because QBU4 data covers only
parts of the meteorological/photochemical modeling domains and
in many cases only parts of individual grid cells, a hybrid LU- and
LC-based approach to surface characterization was followed in this
study. The LC-based calculations apply to areas with QBU4 coverage

whereas the LU-based characterizations apply to the remainder,
non-QBU4 portion of each cell. Thus,

P=(1-uPu+ud Puf Q)
fi= 2)
P =Y _Poif (3)
j
A:
fi= 4 4)

where, P is the grid-cell value of a parameter to be computed, u
is QBU4-data coverage in a grid cell, Py, is the value of a parameter
computed for the non-QBU4 portion of a grid cell, P; is the value of
a parameter for a land cover “i” in the QBU4 portion of the grid cell,
fi is the fraction of land cover “i” in the QBU4 portion (thus is A;/Ay)

Table 1

Parameters for LU-based calculations (summer). Z,: cm, THC: cal cm2 K~1 5703,
Land use o Zy n THC Land use o Zo n THC
Urban Wetland
11 Residential 0.157 85 0.10 0.03 61 Forested wetlands 0.12 30 0.30 0.04
12 Commercial/services 0.139 120 0.05 0.03 62 Non-forested wetlands 0.10 10 0.35 0.05
13 Industrial 0.152 120 0.05 0.03 Barren land
14 Transportation/communication 0.117 35 0.02 0.03 71 Dry salt flats 0.35 5 0.02 0.02
15 Industrial and commercial 0.145 120 0.05 0.03 72 Beaches 0.35 5 0.06 0.03
16 Mixed urban or built up 0.134 50 0.05 0.03 73 Sandy areas (not beaches) 0.30 5 0.02 0.02
17 Other urban or built up 0.142 50 0.05 0.03 74 Bare rock 0.20 10 0.01 0.01
Agriculture 75 Strip mines and quarries 0.20 10 0.01 0.01
21 Cropland and pasture 0.18 15 0.20 0.04 76 Transitional areas 0.18 6 0.02 0.02
22 Orchards, groves, vineyards 0.16 20 0.20 0.04 77 Mixed barren land 0.18 7 0.02 0.02
23 Confined feeding operations 0.12 10 0.12 0.03 Tundra
24 Other agricultural 0.15 10 0.18 0.03 81 Shrub and brush tundra 0.18 20 0.18 0.04
Rangeland 82 Herbaceous tundra 0.18 15 0.18 0.04
31 Herbaceous rangeland 0.18 12 0.15 0.04 83 Bare ground 0.12 4 0.05 0.02
32 Shrub and brush rangeland 0.18 20 0.15 0.03 84 Wet tundra 0.10 7 0.35 0.04
33 Mixed rangeland 0.18 15 0.15 0.03 85 Mixed tundra 0.10 7 0.20 0.04
Forest Snow/Ice
41 Deciduous forest 0.13 70 0.30 0.04 91 Perennial snowfields 0.70 2 0.95 0.05
42 Evergreen forest 0.13 70 0.30 0.04 92 Glaciers 0.35 5 0.90 0.05
43 Mixed forest 0.13 65 0.30 0.04
Water
51 Streams and canals 0.08 2 1.0 0.06
52 Lakes 0.06 1 1.0 0.06
53 Reservoirs 0.08 1 1.0 0.06
54 Bays and estuaries 0.06 2 1.0 0.06
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Table 2

Parameters for LC-based calculations. Z,: cm, THC: cal cm 2 K1 5705,
Land cover Zy o n THC &
Tree canopy 70 0.16 0.40 0.04 0.98
Shrubs 5 0.20 0.20 0.03 0.93
Grass 2 0.18 0.20 0.03 0.93
Bare soil 1 0.20 0.02 0.02 0.97
Roof 100 0.20 0.01 0.03 0.92
Paved 3 0.12 0.01 0.03 0.93
Water 0.01 0.06 1.0 0.06 0.99

where A; is the area covered by land cover “i” and A, is the total area
of the QBU4 portion of a grid cell, Py; is the value of a parameter for
non-QBU4 portion and for land use type “j”, f; is fraction of land use
type “j” in the non-QBU4 portion of a grid cell, thus is A;j/Any, where
Any is the total area of non-QBU4 land-use in a grid cell.

Base LU-dependent input values to these calculations are sum-
marized in Table 1 and the LC-dependent values in Table 2, where
« is albedo, Z, is roughness length, 1 is soil moisture content, THC
is thermal inertia, and ¢ is emissivity.

4.1. Note on albedo

Urban-forest scenarios evaluated in this study include: (1)
species replacement and (2) increased canopy cover. In the first, we
assume no changes in albedo as the replacement canopy is similar
to the one being replaced. In the second scenario, albedo in each
grid cell is recomputed based on the new distribution of vegeta-
tion cover (see also Section 8.1). In terms of photochemistry, those
vegetation-related changes in albedo occur in the visible and near-
infrared spectra (not in ultraviolet) and no impacts on photolysis
rates are expected. Thus the chemistry effect of albedo modifica-
tion from vegetation changes occurs via the temperature pathway
alone.

4.2. Note on dry deposition

For dry-deposition calculations, the CAMx photochemical
model uses an implementation of the Wesely (1989) algorithm
which assigns roughness-length values (and thus deposition veloc-
ities) to each of 11 pre-defined LU categories. However, the
pre-defined categories include only a single urban LU, which is
not sufficiently resolved for detailed modeling. Thus in this study,
roughness length was re-computed directly from gridded surface
properties and used to override the input to CAMXx.

5. Morphological input

Development of morphological parameters for this type of appli-
cations is discussed in Taha (2008a,b,c) and Taha et al. (2011). Here,
a brief overview is provided.

5.1. Building canopy

Where site-specific morphometric data exist, e.g., Burian, Han,
Velugubantla, and Maddula (2003), they were used directly in this
study or further derived from Google Earth (Taha, 2008a,b,c). For
those areas with urban LU and LC but no explicit morphology char-
acterization, the gridded morphology parameters were developed
based on representative vertical profiles of plan-, frontal-, and top-
area densities (PAD, FAD, and TAD). For each grid cell, the building
FAD and TAD can be computed if PAD information is available
which, in this study, was derived from SFNA-specific building frac-
tional cover as a function of the following LU classes (Xiao et al.,
2009): (1) Residential (general), (2) Commercial and Services, (3)
Industrial, (4) Transportation and Utility, (5) other urban/built-up,

(6) Low density residential, (7) High density residential, (8) Mul-
tifamily residential, (9) Non-high-rise commercial, (10) High-rise
commercial, (11) Urban high rise, and (12) Downtown core.

The building PAD profile is then computed for each 1-km grid
cell for each vertical level (k) as:

37
PAD; i (k) = Y "PAD; (k)f; (5)
i=1
where, PAD; is the mean vertical profile for one of the LU cate-
gories identified above and f; is the fraction of LU “i” in each 1-km
grid cell. Note that the form of Eq. (5) is a result of using a vertical
increment Az=1m in this study.

5.2. Vegetation canopy

For vegetation canopy characterization, the process is similar
to that for buildings. Vegetation mean vertical PAD profiles for 9
representative LU are defined as U.S. averages developed based on
Burian et al. (2003) as shown in Fig. 2. Grid-level vegetation PAD is
then computed with Eq. (5).

6. Biogenic emissions

BVOC emissions were calculated and merged with anthro-
pogenic emissions for the regulatory episodes discussed in Section
3. The BVOC calculations use temperature and photosynthetically-
active radiation (PAR) fields obtained directly from the meteoro-
logical models (MM5 and uMMS>5). In this study, emissions were
updated for isoprene (ISOP), monoterpenes (TERP), methyl butenol
(MBO), and other/oxygenated VOC (OVOC). Gridded emission rates
(E) for a BVOC species were computed as:

E=EfA+(1-fEA (6)

where A is the total area of a grid cell, fis fraction of the grid cell with
QBU4 coverage, E; is QBU4 emission flux density, E, is non-QBU4
emission flux density (ARB emission rates).

6.1. ISOP and MBO emissions

These emissions were updated per Guenther, Zimmerman,
Harley, Monson, and Fall (1993) as:

E=EECACrA (7)

where, E is the total emissions rate from vegetated area A, & is
a seasonal adjustment coefficient, Es is the plant species-specific
emissions flux at 30°C and 1000 pmolm~=2s~1, C# is an environ-
mental correction factor that accounts for changes in PAR as further
attenuated by leaves (Eq. (10)), and Cr is a temperature correction
factor that accounts for changes in leaf temperature. For ISOP, this
correction factor is:

exp [ CT1R(£;_T5) ]

T=
1 +exp [7CT2§;S"TTM)]

(8)

where, Crq, Cro, and Ty are empirical coefficients, R is the ideal gas
constant, Ts is an empirical normalizing temperature, and T is the
leaf temperature, which is assumed to be the ambient temperature
and taken from the meteorological model at the height specified in
Table 3. For MBO, the correction factor (where T is again taken at
the height specified in Table 3) is:

Cr(1/Tm—1/T
1.52Crs exp [7“( [T /)}
Cr= (9)
C -1
Cr2 = Cry {1 +exp [7”(”2“ /T)”
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6.2. Temperature height

In this study, varying air-temperature heights (for T in Egs. (8)
and (9)) were used depending on each grid cell’s LU/LC makeup. For
each LU, a suitable temperature height was assigned as a function
of vegetation-canopy PAD profiles shown earlier in Fig. 2. Table 3
summarizes the heights thus computed.

6.3. Canopy-adjusted PAR correction

The environmental correction factor for canopy-adjusted PAR in
Eq. (7) was computed via a model that also accounts for the effects
of variations over shaded and sunlit leaves (Campbell & Norman,
1998):

¢} = ILCL PARs + L, G PARp (10)

where, LJ; is the fraction of sunlit leaves (Eq. (12)), L’]; is the
fraction of shaded leaves (Eq. (13)), C is the light correction fac-
tor (Eq. (11)), PARp is the diffuse fraction of PARs (on the shaded
leaves), and PARs is the fraction of PAR on the sunlit leaves

Table 3
Temperature-height assignments per LU/LC.
LU/LC description USGS LULC mapping Temperature
(crosswalk) height (m AGL)
Residential 11 5.0
Commercial and services/industrial 12,13, 15 7.5
Transportation/communications 14 2.0
Cropland and pasture 21, 24,31, 32,33, 81, 5.0
82, 84,85
Deciduous/mixed forest 41,43, 61 12,5
Bare land/water 23,51,52,53,54,62, 2.0
71,72,73,74,75, 76,
77,83,91,92
Mixed urban-built-up 16,17 7.5
Orchards, groves, and vineyards 22 5.0
Evergreen forests 42 17.5

m~3) for 9 land-use categories.

(direct +diffuse=1). Here, PAR is taken from the meteorological
model.

OlCLl L

1+ a?l2

InEq.(11), @ and C;; are empirical coefficients, and L is the PAR
flux rate (taken from the meteorological model). Eqs. (12) and (13)
define the fractions of sunlit and shaded leaves, respectively.

G= (11)

1T —exp(—kLAI)

f
Ls k LAI

(12)

g=1-1f (13)

where, « is the direct beam solar radiation extinction coefficient
(Campbell & Norman, 1998) and defined by Eq. (14) where 6 is solar
zenith angle (Duffie & Beckman, 1980), and LAl is derived from the
PAD profiles shown in Fig. 2.

1+ (tan «9)2
k=-+—-—a—"— (14)
6.4. TERP and OVOC emissions
We estimate these emissions per Guenther et al. (1993) as:
E=&E;CrA (15)

where, £ is the seasonal adjustment factor, Es is the plant
species-specific emissions flux at 30 °C, A is the area occupied by the
plant species, and Cy is the environmental temperature correction
factor (Eq. (16)):
Cr=exp [B(T - Ty)] (16)
where, 8 is an empirical coefficient, Ts is the normalizing tem-

perature scale, and T is ambient temperature at the heights given
in Table 3.
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7. Reference case and model performance evaluation
7.1. Episode 27 July-4 August, 2000

Synoptic conditions during this episode were dominated by
combined effects of the offshore Pacific high and a synoptic high
over Arizona with day-to-day variations in their relative positions
(i.e.,extension of the Nevada high to eastern California) as discussed
in detail in Taha et al. (2011). Upper-air flow was mostly south-
westerly and southerly whereas the surface-level patterns were
dominated by generally northwesterly flow in coastal areas with
varying flow in eastern parts of the state. The modeled fields show
coupling on some days, e.g., 30 July and 3 August, and some weak
coupling on 28 and 29 July between the Sacramento area and the
San Francisco region (which has implications on ozone and precur-
sor transport). The modeled temperature highs in the Sacramento
region range from the mid to high 30°C throughout the episode,
except on 1 August, where it reached 40°C.

In terms of meso-urban fields, the model shows a daytime heat
island of 2-3°C (relative to time-varying upwind reference, non-
urban temperature), except on 1 August where the UHI reaches
the episode maximum of 4 °C. Areas around the American River are
cooler than the rest of urban Sacramento by 1-2°C (as seen in the
cooler SW-NE corridor in Fig. 3a).

In terms of air quality, the model produces the observed fields,
e.g., ozone concentrations and the downwind displacement rela-
tively well. Taha et al. (2011) discuss the ozone simulations and
various metrics in detail. The peak concentrations occur downwind
of the Sacramento core because of chemistry time scales as well
as advection of ozone and its precursors downwind. The modeled
ozone in those locations depend on temperature, solar radiation,
wind, and dynamics (PBL height, horizontal mixing). The modeled
1-km, 1-h peakis 109, 122, 134,137,121, 156, and 128 ppb, respec-
tively on 27 July through 2 August. Fig. 3b is a sample of simulated
ozone, in this case, the peak for 1 August (corresponding to Fig. 3a
for meteorology).

7.2. Episode 5-14 July, 1999

At the beginning of this episode, the synoptic-scale pattern was
marked by a high over Utah with southeasterly to southwesterly
flow through much of California. On 8 July, the flow was mostly
southerly in central parts of the state producing flow from SFBA
to Sacramento. On 9 July, the flow was dominated by an offshore

high as well as an inland high over Nevada producing northerly
flow in southern California and southwesterly flow in central and
northern California. During the last two days of the episode, the
offshore high weakened and moved north thus changing the wind
direction to northeasterly over much of central parts in the state.

In terms of mesoscale surface-level fields, the model shows day-
time peak temperatures in the Sacramento area in the low 30’s to
34°C(thelatter occurred on 8 and 9 July),35°Con 10 July,and 39°C
on 11 July. On 12 July (peak day), the model produces 41 °Cin Sacra-
mento, but only weak coupling with the San Francisco bay area. The
region coolsdownon 13 July, so that the SENA peakis only 34 °C.The
model captures the observed tendencies well. In terms of daytime
heat islands, the day-to-day variations range from 0.5°C to 4°C.
The general spatial pattern of the heat island during this episode is
similar to that of July-August 2000, and as demonstrated in general
in Fig. 3a. The model shows strong coupling between San Francisco
and Sacramento areas on 6, 9, and 10 July. Detailed discussion of
the meteorology is provided in Taha et al. (2011).

In terms of air quality, the model produces the observed ozone
concentrations relatively well. As with the 2000 episode, the peak
concentrations occur downwind of the Sacramento core because
of chemistry and advection scales. The modeled 1-km, 1-h ozone
peakis 79, 117, 133, 145, 150, and 138, respectively on 7-12 July.

7.3. Model performance evaluation

Extensive model performance evaluation (MPE) was carried out
(Tahaetal., 2011) for both meteorological and photochemical mod-
els and that discussion will not be repeated here. In the following,
a very brief summary of photochemical MPE is provided as an
example. For MPE purposes, the ARB and Air Districts propose
that the central California domain be divided into several zones
as shown in Fig. 4. To be consistent, the same zones were used in
this study. EPA-recommended photochemical-model performance
benchmarks are (EPA, 1991, 1999): Unpaired accuracy of the peak
(UA <420%); Mean normalized bias (MNB < 4 15%); and Mean nor-
malized gross error (MNGE < 35%).

In Table 4, only MPE results for zone 6 (which includes the SFNA)
are presented since it is the relevant area in this study. The monitors
and observational data in this and other zones are discussed in Taha
et al. (2011). Table 4 indicates that in the SFNA, all performance
benchmarks are met or exceeded (compare the metrics with the
benchmarks values in the last column).
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Fig. 4. Sub-domains for model performance evaluation-2: north coast; 3: San
Francisco Bay Area; 4: south coast; 5: Central north; 6: Sacramento region; 7: SJV
central; 8: SJV south; 9: inland.

Table 4

Zone 6 MPE indicators (%) for ozone.
Ozone metric (%) 7/28-8/2/2000 7]7-7/13/1999 Benchmarks
1-h MNB -1.12 —-13.22 <+15.00
8-h MNB -0.04 -12.35 <+15.00
1-h MNGE 15.03 18.84 <35.00
8-h MNGE 12.25 14.94 <35.00
1-h UA 20.44 7.41 <+20.00
8-h UA 18.98 0.05 <+20.00

8. Results and evaluation of urban-forest scenarios

Several urban-forest scenarios were modeled and analyzed in
this study, a subset of which (Table 5) is presented in this paper. The
scenarios described in the table include (1) those involving mainly
emissions control (rows 1-4), and (2) those involving emissions
control and meteorology changes (row 5).

In scenarios with emissions control only, the replacement
of species can be carried out in two manners: (1) uni-
formly, per deployment potential throughout the SFNA, and (2)
geographically-optimized (targeted). Fig. 5a shows the spatial pat-
tern of emissions reductions (e.g., isoprene in this case) in the
1-km domain for the uniform-distribution case (022-020 or 014-
012). The distribution is based on LU and LC analysis of scenarios
developed in this study. The colored grid cells show where the
current-mix species are replaced with low emitters (LE). Further-
more, the red and green overlay contour lines show the areas where
reductions in ROG emissions could have smaller (red) or larger
(green) ozone-reduction impacts, respectively, based on atmo-
spheric carrying capacity of precursorsin the area (Taha,2011; Taha
etal,2011).

Table 5
Urban-forest scenarios presented in this paper.

In Fig. 5b, the same emission-reduction totals of Fig. 5a are
(1) re-distributed in space (relocated towards the eastern parts
of Sacramento and Placer counties, per contour lines depicted in
Fig. 5a) and (2) refocused on smaller areas (instead of distributed
over a larger number of grid cells as in Fig. 5a). This re-arrangement
(scenarios 022c-020 or 014c-012) allows for larger ozone reduc-
tions from the same ROG emissions reduction totals (also see
Section 8.3).

8.1. Meteorology

Strictly speaking, the control measure involves only species
replacement. However, because of growth in existing urban-forest
canopy (including the replacement trees) and because some sce-
narios also involve net increase in cover, the related effects of
increased BVOC emissions and changes in meteorology are also
analyzed. Based on analysis of Xiao et al. (2009), the total tree-
canopy cover in the QBU4 area is 294km? in years 2000-2005
that will grow to 351 km? in 2018, 378 km? in 2023, and 405 km?
in the 2023_7M scenario (the latter includes an additional 2.5 M
trees). This corresponds to an average tree cover of 17.9% in years
2000-2005, 20.6% in 2018, 21.9% in 2023, and 23.5% in 2023_.7M
scenario. Note that these numbers and percentages are relative to
the QBU4 area, not entire SFNA domain in which case the vegetation
fraction will be much smaller than listed above.

As tree cover increases, the areas of other land covers, e.g., roofs,
pavements, soil, grass, etc., decrease reciprocally (this is an “above-
the-canopy” view of land cover). Based on prior urban-fabric
characterization studies of Sacramento and other areas (Akbari,
Rose, & Taha, 1999; Rose, Akbari, & Taha, 2003) the following was
found to be representative and thus used in this study: (a) that 40%
of the increase in canopy cover is a decrease in soil area; (b) another
40% of the increase in canopy cover is a reduction in area of imper-
vious ground surfaces; and (c) that 20% of the increase in canopy
cover becomes a decrease in roof area.

The effects of canopy-cover changes on meteorology are seen
mainly in surface and air temperature differences, with relatively
smaller signals in the flow, mixing, and humidity fields. How-
ever, the photochemical modeling accounts for all meteorological
effects including changes in vertical mixing, turbulent kinetic
energy, boundary layer height, advection and transport, humid-
ity, temperature, and radiation (Taha, 2008a,b,c). The impacts on
air temperature consist overwhelmingly of cooling in the SFNA
domain, e.g., Fig. 6. At the locations where canopy cover increases,
the general impact on air temperature is a daytime reduction and
a smaller or no effect at night. For the overwhelming number of
days in both episodes, there are no significant changes in noctur-
nal air temperature. The decrease in temperature begins at sunrise
and is detectable by 0800, peaks at 1400-1500, and vanishes at

Control strategy scenarios (differences)

July-August 2000 episode July 1999 episode

Interpretation of the difference between the scenarios

Impacts of BVOC emission reductions from BAU to LE (650,000 trees replaced) in the 2018

timeframe. This is the control measure proper.

Impacts of BVOC emission reductions from BAU to LE in the 2023 timeframe (long-term effects

of control measure).

Impacts of BVOC emission reductions from FM to LE in the 2023 timeframe (resulting from 4.5

million trees being switched from FM to LE).

Similar to 022-020 and 014-012 except that the spatial distribution of species replacements

(from BAU to LE) is altered to maximize ozone reduction (Fig. 5b).

1 022-020 014-012
2 025-023 017-015
3 027-026 019-018
4 022¢-020 014c-012
5 2023.7M 2023.7M

This is a scenario in 2023 where 4.5 M trees are converted to LE and an additional 2.5 M LE

trees are planted in the SFNA.

Definitions: BAU: business as usual, current mix; LE: low emitters; FM: functional mix (smaller emissions than BAU, but higher than LE), low emitters: <1.0 ngg~"' h~",
medium emitters: >1.0 and <10.0 pgg~! h~', high emitters: >10.0 wgg~! h~! (McPherson, 1998; Simpson & McPherson, 2007).
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Fig. 6. Temperature difference (C) at 1500 PDT on 27 July for scenario 2018 (022-
020) relative to present, caused by growth in canopy.

1900-2000 PDT. Table 6 summarizes impacts on air temperature
for several scenarios in terms of the mean of daily largest temper-
ature reductions. Some warming, up to 0.4-0.6°C, occurs at times
downwind of or around modified areas but the areas affected by
warming are very small compared to those affected by cooling and
thus not listed in Table 6. Fig. 6, for example, shows the extent
affected by warming (small area highlighted in green, just west of
Roseville) relative to the area affected by cooling (blue color over
most of the region) at that hour.

In terms of boundary-layer (PBL) height, the simulations show
that the nocturnal PBL is typically between 150 and 400 m at differ-
ent locations in the SFNA. During the day, the PBL height peaks at
1.2-1.4km between 1300 and 1800 PDT, and then starts decreasing

Table 6
Mean of largest daily temperature reductions (95% confidence level).

Mean of largest daytime cooling

July-August 2000 scenarios

2018 0.87+0.10°C
20232 1.07£0.10°C
2023 7MP 1.20+0.14°C
July 1999 scenarios

2018 1.05+0.09°C
2023 1.33+£0.13°C
2023 7MP 1.50+£0.12°C

m 0.000

-2.921

-5.841

-8.762

-11.683 -

- -1
g-mol hr July 30,2000 14:00:00
Min= -11.683 at (78,118), Max= 0.000 at (60,102)

Fig. 7. Scenarios 025-023 isoprene emissions difference.

again, repeating the diurnal cycle. The increase in canopy cover
(scenarios involving meteorology) modifies various mechanisms
that affect the PBL height, including transport of momentum, mois-
ture, and heat. The growth of the tree canopy through 2018 causes
no significant modifications to the boundary-layer depth through-
out the day except for a few hours late in the afternoon where the
PBL height changes by less than +50 m (less than +3.5%) in a few
spots in the SFNA. The same pattern is seen for canopy growth
through 2018, except that the PBL height changes in late after-
noon (at a few spots) by less than £10%. In the 2023_7M scenario,
it changes by less than +15% at a few locations in the SFNA. It
is important to reiterate that the photochemical modeling in this
study explicitly accounts for these changes in PBL depth among
other meteorological variables.

8.2. Emissions

Two aspects to BVOC-emission changes were evaluated. One
is emission reductions from species replacement and the other a
meteorology-related effect which, in turn, impacts emissions from
both existing and new vegetation in the area. Fig. 7 is an example of
spatial distribution of isoprene emissions reductions? for the hour

2 Growth in existing canopy (including replacement trees).
b Growth in existing canopy +additional new trees.

3 Changes in emissions of monoterpenes, methylbutenol, and OVOC follow the
same spatial pattern.
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BVOC emissions and changes for Sacramento county (mTPD) on two example dates.
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Episode (example day) case ISOP TERP MBO ovoC Total BVOC (mTPD)
27 July 2000 020 10.10 7.16 4.22 8.51 29.99
022 10.00 7.13 4.19 8.44 29.76
A=-023
023 10.40 7.64 4.58 8.92 31.54
025 10.20 7.59 4,50 8.80 31.09
A=-045
026 10.00 7.47 4.50 8.70 30.67
027 9.51 7.40 4.10 8.28 29.29
A=-138
7 July 1999 012 10.70 7.05 4.55 8.36 30.66
014 10.60 7.02 4,51 8.30 30.43
A=-023
015 11.00 7.53 4.94 8.75 32.22
017 10.80 7.47 4.85 8.65 31.77
A=-045
018 10.70 7.36 4.85 8.54 31.45
019 10.10 7.29 4.42 8.13 29.94
A=-138

at 1400 PDT which is generally the time of largest changes. In this
example, reductions correspond to scenarios 025-023 (see Table 5).

In the July-August 2000 episode, the difference between sce-
narios 022 and 020 (control strategy) translates into a maximum
reduction of 7.24g-molh~! of isoprene in any one grid cell. By
comparison, cases 025-023 (Fig. 7) provide a maximum decrease
of 11.68 g-molh~!, and scenarios 027-026 a maximum of 52.51 g-
mol h~1.In the July 1999 episode, the difference between scenarios
014 and 012 (control strategy) is a maximum reduction of 6.98 g-
molh~! of isoprene in any one grid cell. In cases 017-015, the
maximum decrease is 11.25g-molh~! and in scenarios 019-018
itis 50.19g-molh~1.

Table 7 provides a summary of BVOC emissions and changes in
Sacramento County, for one example day in each episode. Because
this is for Sacramento County only, the reductions in emissions
are smaller (~60%) than the total reductions over the SFNA. While
the control strategy (Simpson & McPherson, 2007) calls for a
reduction of 0.27 mTPD of BVOC (isoprene, monoterpenes, and
methylbutenol), the calculations in Table 7 also include OVOC
emissions. The largest emission reductions occur in scenarios that
involve meteorology changes. For the July-August 2000 episode,
the largest changes are attained in scenarios 027-023 (—2.25 mTPD
in Sacramento County) whereas for July 1999 episode they occur in
scenarios 019-015 (—2.28 mTPD).

8.3. Air-quality

We quantify the impacts on ground-level ozone focusing on
results from the 1-km grid shown in Fig. 1 (SFNA region). Changes
in ozone are also evaluated at monitor locations in the area (moni-
tors are described further in Taha et al. (2011) and shown in Fig. 8).
In this section, the air quality impacts are discussed in terms of:

A. Largest daily changes in ozone (Section 8.3.1).

B. Cumulative changes at monitors (Section 8.3.2) to capture the
overall effects (both positive and negative) during the length of
the episodes.

C. Changes in RRF at monitors (Section 8.3.3) to capture the change
in 8-h episodic maximum.

D. Population-weighted exceedance exposure (Section 8.3.4).

E. Changes in episodic 1-h maximum ozone at monitors (Section
8.3.5).

8.3.1. Largest daily changes in ozone

Table 8 summarizes the largest daily reductions in ozone for sce-
narios of emissions control only (no meteorology changes). Rows
1 and 2 represent the effects of control measure in 2018 and 2023,
respectively. In row 3, differences are taken to diagnose the impacts
of the strategy where 4.5 million FM trees are replaced with LE. This
represents the relatively larger impact of the control measure (up
to 1.52 and 2.93 ppb reductions). Note that since this difference is
for going from FM to LE, the actual effects would have been larger
if differences between BAU and LE were computed.

With geographically-optimized species redistribution (as in
Fig. 5b), row 4 shows that larger benefits are achievable with the
same total reductions in BVOC emissions as in scenarios 022-020
or 014-012, i.e., up to 0.75 versus 0.3 ppb in 2000 and 1.97 versus
0.47 ppb in the 1999 episode. A general observation can be made
that in the 1999 episode, the ozone reductions overall are about
50% larger than in the 2000 episode and that the control measure
is more effective under these conditions. This indicates that the
urban-forest control measure can have significant and large benefi-
cial effects depending on background emissions and meteorological
conditions.

8.3.2. Cumulative changes (CC)
This metric simply is:

T
CC:/A(t)dt (17)
0

where, A(t) is the difference between the perturbation and the
reference unperturbed concentration, t is time, and T is the inter-
val considered in the analysis*.The CC metric (ppb-h) is applied to
(1) daily peaks at each monitor and (2) all hours of the episode
at each monitor. Analysis of differences for the peaks of the
July-August 2000 episode (emissions-only control) indicates that
the most effective scenarios are 025-023, 022c-020, and 027-026,
the latter being the largest. Scenario 022c (converting BAU to LE
with spatially-optimized replacements) can be up to 3 or 4 times
more effective than the control strategy with uniformly-distributed
species replacements. The results also indicate that the effects in

4 In this discussion, the county codes are 067 for Sacramento, 113 for Yolo, 017
for El Dorado, and 061 for Placer.



60 H. Taha et al. / Sustainable Cities and Society 21 (2016) 51-65

0610002

017-00205%

B 0617300,15061-0810

06120006 ¢ ;

_ 06725002
e o
135100382 = 067X
~ 06720013
Dayis
113%0003 2

14135110041 e v,
; 067-00,10

1
¢

067-0005/2

’((067;0002

670001 96710014k

{ <017-0010
067-0012 017:2002 44

-

~ Downtown Sacramento

o >
06725003}

Google earth

Fig. 8. Locations of air-quality monitors presented in the following discussion and figures. Monitor 067-0011 is not shown as it is further outlying to the south of this area.

2023 are about 50% larger than in 2018, thus continued long-term
benefits from the control strategy.

In Fig. 9, total ppb-h changes are shown for all hours (not only
peaks) for the scenarios of emission control only (no meteorology
control). The most effective scenarios are 025-023, 022¢-020, and
027-026, where the latter has the largest effect.

For scenarios of increased canopy cover, effects include
increased emissions from the new canopy, decreased emissions
from the existing canopy due to cooling, and other impacts on
meteorology (as discussed in Section 8.1), thus on photochem-
ical production of ozone. Among these scenarios, the largest to
smallest impacts are 027-023, 027-025, and 026-023, and there are
both increases and decreases in peak ozone. The results in Fig. 10
show that the impacts on all-hours ozone are predominantly a
decrease with instances of increase (occurring at downwind sites).
The results suggest that the effect of meteorology (benefits of cool-
ing) is somewhat more pronounced on non-peak ozone than on
peaks.

The increases in ozone occur mostly at some of the down-
wind monitors such as Sloughouse (067-5003), Auburn (061-0002),
Ponderosa (017-2002), and Roseville (061-0006). However, as dis-
cussed above, if the additional canopy is concentrated relatively
more in the eastern part of the domain, the effects will be larger and
more dominant decreases in ozone. Finally, comparing scenarios
027-023 and 026-023 shows that using LE species in the 2023_7M
scenario rather than FM species is significantly more effective (up
to 2-3 times larger). There are also monitors where the FM sce-
nario does not produce any reduction in ppb-h while the LE scenario
produces such reductions. Finally, at those locations where there
are increases in ozone, the LE scenario produces smaller increases
than the FM scenario.

Table 8
Largest reductions in ozone for species replacement only (no meteorology changes).

For the July 1999 episode, the ppb-h differences of the peaks
at monitors for the emissions-control scenarios are larger than in
the July-August 2000 episode. They are about twice as large and
sometimes more because of different meteorology and emissions.
The most effective scenarios are 017-015, 014c-012, and 019-018,
the latter being the best. This is the same order of scenario effective-
ness as in the July-August 2000 episode. Converting BAU to LE with
spatially optimized species replacements can be up to 3 or 4 times
more effective than the control strategy with uniformly-distributed
replacements. Furthermore, the effects of converting BAU to LE in
2023 are about 50-100% larger than in 2018 (thus sustained long-
term benefits) and the effects in future years of the 1999 episode are
larger than the future-year effects in the July-August 2000 episode.

In Fig. 11, total ppb-h changes are shown for all hours for the
emission-control scenarios. Compared to the July-August 2000
episode (Fig. 9), the effects in the July 1999 episode are roughly
twice as large. The most effective scenarios are those 017-015,
014c-012, and 019-018, the latter being the best.For scenarios with
meteorology changes, the order of effectiveness (from largest to
smallest impacts) is 019-015, 019-017, and 018-015. There are
both increases and decreases in peak ozone because of increases
in emissions but also cooling effects. However, the reductions in
these scenarios are more dominant than the increases, indicat-
ing an overall effectiveness of meteorological changes (cooling) in
compensating for and partially offsetting the effects of increased
BVOC emissions. Except for scenario 018-015, the other two sce-
narios produce only minor increases in ozone but overwhelmingly
a decrease (Fig. 12). The results in Fig. 12 show that the impacts
on all-hours ozone are overwhelmingly a decrease with the excep-
tion of one monitor at Elk Grove (067-0011) and one in Woodland
(113-1003). Overall, the urban-forest scenarios produce more (and

Basis: July-August 2000

Basis: July 1999

Scenarios Largest daily 03 Mean of largest daily Scenarios Largest daily 03 Mean of largest daily
reduction (ppb) reduction (ppb)? reduction (ppb) reduction (ppb)?
1 022-020 0.30 0.16+0.014 014-012 0.47 0.21+0.028
2 025-023 037 0.25+0.015 017-015 0.74 0.36 +0.049
3 027-026 1.52 1.01+0.053 019-018 2.93 1.40+0.190
4 022¢-020 0.75 0.56+0.028 014c-012 1.97 0.90+0.120

2 95% confidence level.
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Fig. 11. ppb-h difference for all hours (future year scenarios of the 1999 episode).

larger) reductions and less (and smaller) increases in ozone during
the July 1999 episode compared to the July-August 2000 episode
(e.g., compare Fig. 12 with Fig. 10).

Comparing scenarios 019-015 and 018-019 shows, as with the
2000 episode, that the use of LE species in the 2023_7M scenario
rather than FM is significantly better at improving air quality (up
to 2-3 times larger). In addition, at those locations where there are
increases in ozone, the LE scenario produces smaller increases than
FM and, sometimes, the LE scenario produces decreases in ozone.

8.3.3. Episodic 8-h maximum and RRF

The 8-h peaks and relative reduction factors (RRF) were com-
puted for each episode, monitor location, and scenario. For the
July-August 2000 scenarios of emission control only, the changes in
8-h episodic maximum reach up to —0.07% for 022-020, —0.12% for
025-023, —0.50% for 027-026, and —0.18% for 022c-020. Thus the
most effective scenario is the replacement of FM trees in 2023_.7M
with LE species. Also, the effect of concentrating the replacement
trees in the eastern part of the domain is about twice as large as the
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Fig. 12. ppb-h difference for all hours (future year scenarios of the 1999 episode) for cases involving increased canopy cover.

effect of the control measure with uniformly distributed replace-
ments (for the same total BVOC emissions reductions).For scenarios
that include net cover increase, emission changes, and meteorol-
ogy impacts, e.g., scenarios 027-023, 027-025, and 026-023, many
locations see areduction in 8-h episodic maximum, but some see an
increase, particularly downwind. Re-distributing the replacement
trees in the eastern part of the domain can prevent or minimize
these increases in ozone. Furthermore, the reductions in 8-h maxi-
mum in scenario 2023_7M using LE species (026) are up to 5 times
larger than when using FM trees (026) and in cases where sce-
nario FM increases the 8-h maximum, scenario LE either decreases
it or does not increase it significantly.For the July 1999 scenarios
of emission control only the effects (RRF) are about twice as large
relative to the July-August 2000 episode. The changes reach up
to —0.14% for 014-012, —0.24% for 017-015, —1.02% for 019-018,
and —0.67% for 014c-012. Again, the effects of geographically-
optimizing the replacement trees in the eastern part of the domain
are about 2-4 times as large as the effect of the control measure
with uniformly distributed replacement species.

For scenarios involving cover increase, emission changes, and
meteorology, e.g., cases 019-015,019-017, and 018-015 during the
July 1999 episode, the impacts are overwhelmingly a reduction in
the 8-h maximum, except for a small number of increases (resulting
mainly from scenario 018). Unlike in the July-August 2000 episode,
the net canopy-cover increase produces very beneficial and larger
effects in the July 1999 episode. The results also show that reduc-
tions in 8-hr maximum in scenario 2023_7M using LE species (019)
are up to 2-3 times larger than when using FM (018). In cases where
the FM scenario increases the 8-h maximum, scenario LE actually
decreases it. While scenario 018 can cause some increase in ozone,
scenario 019 does not (except for one instance). This suggests that
for scenario 2023_7M, the implementation should be carried out
using LE tree species.

8.3.4. Population-weighted exceedance exposure
Exceedance exposure (E) is:

(18)

X H
E= ZZP(X) {Gixn = Cc} Hao)

x=1 h=1

where, x,X are spatial dimensions, h,H are temporal (hourly)
dimensions, Py, is population at location x, Cj , , is 0zone concentra-
tions for scenario i at location x and time h, C; is the concentration

threshold, e.g., 120 (NAAQS) or 90 ppb (CAAQS), and H is defined
as:

X

Table 9 summarizes changes in exposure in the SFNA region.
For the July-August 2000 episode (rows 1-7), the control strat-
egy can, at the minimum, reduce population-weighted exceedance
exposure by between 1.13% and 3.52% with respect to 120 ppb and
between 0.33% and 1.71% relative to 90 ppb (occurring on differ-
ent days). These are relatively significant reductions considering
the very limited credit allowed for the control measure. If addi-
tional effects are allowed, as the rest of the table shows, decreases
in population-weighted exceedances can be large, in some cases
providing a complete offset.

Among the scenarios involving only species replacement (rows
1-4), scenario 027-026 has the largest impacts on reducing
population-weighted exceedance exposure, between 6.79% and
31.36% above 120 ppb and between 2.20% and 11.74% with respect
to 90 ppb. For the scenarios involving canopy-cover increase, emis-
sions changes, and meteorology (rows 5-7), the largest reductions
in population exposure are attained with scenarios 027-023, up to
71.33% relative to 120 ppb and up to 99.08% relative to 90 ppb. It
is also evident that for the 2023_7M scenario, the use of LE species
(027-023) produces larger reductions in exposure than the use of
FM species (026-023) and that the latter causes significant increases
in exposure.

For the July 1999 episode (rows 8-14), the control strategy
(014-012) can reduce population-weighted exceedance exposure
in the SFNA by between 1.25% and 6.03% with respect to 120 ppb
and between 0.35% and 1.02% relative to 90 ppb. The scenario
with geographically-optimized planting (014c-012) produces 2-3
times the reductions in population-weighted exceedance relative
to 014-012. For scenarios involving canopy-cover increase, emis-
sions changes, and meteorology (rows 12-14), some of the larger
reductions in population exposure are attained with scenarios 019-
015, up to 37.88% relative to 120 ppb and up to 9.12% relative to
90 ppb. Note that 018-015 can cause significant increases on certain
days.

1 (Gxn>G)
0 (Gxn=<0C)

(19)

8.3.5. Change in episodic 1-h peak

Simulations of the July-August 2000 episode show that the
largest changes for the replacement scenarios are: —0.12 ppb
for 022-020, —0.19ppb for 025-023, —-0.83ppb for 027-026,
and —0.23 ppb for 022c-02. For scenarios involving changes in
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Changes in population-weighted exceedance exposure (relative to given thresholds) for future-year scenarios of the July-August 2000 base episode (rows 1-7) and July 1999
episode (rows 8-14). NE: No exceedance above given threshold.

Year 2000 Threshold (ppb) 27-Jul (%) 28-Jul (%) 29-Jul (%) 30-Jul (%) 31-Jul (%) 1-Aug (%) 2-Aug (%)
1 022-020 120 NE NE -1.89 -1.13 NE -1.27 -3.52
90 -1.71 -0.63 -0.33 -0.35 -0.95 -0.34 -0.78
2 025-023 120 NE NE -2.92 -1.74% NE —-2.06 -4.48
90 -2.70 -1.07 -0.54 -0.58 —99.05 -0.56 -1.30
3 027-026 120 NE NE -12.26 -6.79% NE -8.35 -31.36
90 -11.74 -4.15 -2.20 —2.36% -5.74 -2.30 -5.47
4 022¢-020 120 NE NE -3.92 -2.49 NE -1.70 -5.34
90 -7.13 -1.28 -0.58 -0.58 -3.78 -0.57 —-0.86
5 027-025 120 NE NE -9.76 -2.13 NE -4.97 —69.98
90 -9.99 0.92 0.67 -0.76 -2.90 -0.93 -10.92
6 027-023 120 NE NE -12.39 -3.83 NE -6.93 -71.33
90 -12.42 -0.16 0.13 -1.34 -99.08 -1.48 -12.08
7 026-023 120 NE NE -0.15 3.18 NE 1.55 -58.23
90 -0.77 4.16 2.38 1.05 —-99.02 0.84 —-7.00
Year 1999 Threshold (ppb) 7-Jul 8—Jul (%) 9—Jul (%) 10—Jul (%) 11-Jul (%) 12—Jul (%)
8 014-012 120 NE NE -6.03 -1.82 -1.25 -1.44
90 NE -0.92 -1.02 -0.59 -0.88 -0.35
9 017-015 120 NE NE -8.49 -3.07 -2.31 -2.58
90 NE -1.58 -1.66 -0.98 —1.46 —-0.60
10 019-018 120 NE NE -33.90 -13.62 -11.53 -9.46
90 NE —6.56 —-6.84 —4.25 -5.56 -2.28
11 014c-012 120 NE NE —20.92 —4.56 -0.63 -2.99
90 NE -5.13 -2.70 —-1.00 -1.93 -0.62
12 019-017 120 NE NE -32.11 -16.31 4.81 3.44
90 NE —~7.66 —~7.66 —4.58 6.25 -2.60
13 019-015 120 NE NE -37.88 -18.88 239 0.77
90 NE -9.12 -9.20 —5.51 4.70 -3.18
14 018-015 120 NE NE —-6.01 —6.09 15.74 11.31
90 NE -2.74 -2.54 -1.31 10.86 -0.92

emissions and meteorology, there are both increases and decreases
in the peaks. On the average (domain-wide), the change in the 1-h
peak is —0.1, —0.03, and 0.21 ppb for cases 027-023, 027-025, and
026-023, respectively. These are relatively small changes compared
to those in non-peak metrics discussed earlier.

For the July 1999 episode, the largest changes for the emissions-
control scenarios are: —0.21ppb for 014-012, —0.36ppb for
017-015, —1.31 ppb for 019-018, and —0.89 ppb for 014c-012. For
scenarios with cover increase, emissions changes, and meteorol-
ogy variations, the sum (cumulative) changes in the 1-h peaks are
—35.92 ppb for scenarios 019-015, —33.33 for 019-017, and —25.00
for 018-015. Two observations can be made: (1) that the reductions
of the 1-h peaks in the July 1999 episode are much larger than in
the July-August 2000 episode, and (2) that the implementation of
the 2023_7M scenario with LE species produces larger decreases
in the 1-h peaks (about 50% larger) than using FM species. On the
average (domain-wide), the change in the 1-h peakis —1.3, —1.2,
and —0.9 ppb for the three cases, respectively, which are significant,
much more so that in the 2000 episode.

9. Conclusions

This study evaluated the potential meteorological, emissions,
and ozone air-quality impacts of an urban-forest control measure in
the Sacramento Federal Non-Attainment Area (SFNA). The control
measure includes replacing current-mix species with medium and
low emitters of biogenic volatile organic compounds (BVOC) and, in
the future, increasing the net canopy cover. The modeling indicates
that changing the mix of urban trees can improve ozone air quality

modestly to moderately and that if the changes in the mix are also
accompanied by a net increase in canopy cover, the reductions in
ozone become much larger. However, in the latter case, there can
also be significant increases in ozone.

Considering both regulatory episodes modeled in this study, the
largest daily reduction in air temperature (due to growth of canopy,
including replacement trees) is 0.7-1.2°C in 2018, 0.9-1.6°C in
2023, and 1.0-1.8°Cin 2023, the latter including an additional 2.5
M new trees planted. Such changes in air temperature are signifi-
cant and have large impacts on local meteorology, emissions, and
air-quality. However, the control measure allows credit only for
emission reductions and the rest is considered auxiliary benefits.

The results show a range of impacts on ozone depending on the
scenario and level of canopy modifications. In terms of largest daily
reductions, the most effective scenario produces a reduction of up
to 1.5 ppb (in 2000 episode) and 3 ppb (in 1999 episode). For both
episodes, this is a scenario in which the current, functional mix
(FM) of species is replaced with medium and low emitters (LE). The
effect of spatially redistributing species replacement in the SFNA
(geographically-optimized) is to double or quadruple the effects of
the control measure on ozone, with reductions of 0.75 and 1.97 ppb
up from 0.30 and 0.47 ppb, respectively.

While replacement-only scenarios consistently produce reduc-
tions in ozone (in varying degrees depending on modifications),
scenarios with increase in canopy cover can produce larger
decreases in ozone (up to 10 times larger) but also increases. Thus it
is important to select an optimal combination of control strategies
that will locally maximize the benefits and minimize the inadver-
tent, negative impacts on air quality.
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In terms of cumulative metrics (ppb-h) over monitors in the
SENA, the effects of all scenarios are larger in the July 1999 episode
than in July-August 2000, about 50% larger for cases with species
replacements only and 3-4 times larger in cases with cover increase
and meteorology changes. The effects of the control strategy in the
2023 timeframe is 60-70% larger (or more) than in the 2018 time-
frame thus indicating continued and significant long-term benefits
from this control measure. The most effective scenario in impacting
the peak ozone in the SFNA is that of switching 4.5 M trees from
FM to LE, whereas the most effective scenario impacting all-hours
ozone is that of adding 2.5 M LE trees to the urbanizing areas in
the SFNA and converting 4.5 M existing BAU trees to LE. Averaged
over the two episodes, the effect of this scenario is 10 times that of
changing 650,000 trees from BAU to LE.

In terms of population-weighted exceedance exposure to ozone,
scenarios involving only emissions control, i.e., species replace-
ment only, result in reductions of up to 31.36% relative to 120-ppb
and 11.74% relative to the 90-ppb threshold (for the 2000 episode).
For the 1999 episode, the reductions are 33.90% relative to 120 ppb
and up to 8.23% relative to 90 ppb. In cases involving canopy-cover
increase, the changes are larger.In concluding, the study shows that
the air-quality effects of the proposed urban-forest control measure
are beneficial. However, if canopy cover is increased, the relative
levels of benefits and negative effects depend on meteorological,
emissions, and land-cover conditions in each area and scenario.
Further research is needed to evaluate this strategy in more detail
and its effects on the long term. The methods developed in this
study can be applied elsewhere to evaluate the potential benefits
of urban-forest measures in other areas and different climates.
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