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Abstract Urban greening is often proposed for urban heat island (UHI) mitigation because vegetation
provides shade and increases evapotranspiration. However, vegetation has lower albedo and higher emissivity
than the bare soil it often replaces, which increases incoming energy fluxes. Here, we use the Weather
Research and Forecasting model to quantify and compare the albedo and non-albedo effects (i.e., changes in
emissivity, surface roughness, and evaporative fluxes) of urban greening in the Los Angeles Basin under policy
relevant urban greening scenarios. When albedo-induced effects were included in the model, daytime surface
temperatures in urban areas warmed by 0.70 + 0.89°C with increases in the sensible heat flux outweighing
increases in the latent heat flux from increased evapotranspiration. In contrast, daytime surface temperatures
cooled by 0.27 + 0.72°C when the albedo-induced effects were ignored. At night, including albedo-induced
effects of urban greening resulted in only half the cooling modeled in the non-albedo simulations. Near surface
air temperatures also had contrasting model results, with nighttime cooling of 0.21 + 0.47°C outweighing
slight daytime warming of 0.04 + 0.32°C in the non-albedo simulations and daytime warming of 0.33 + 0.41°C
outweighing slight nighttime cooling of 0.05 + 0.46°C in the albedo simulations. Our results reveal the critical
role that albedo plays in determining the net surface climate effects of urban greening. Reductions in albedo
from urban greening should be carefully considered by policy makers and urban planners, especially as high
albedo roofs and pavements are simultaneously being deployed for UHI mitigation in many cities.

Plain Language Summary Urban greening initiatives are often proposed to cool cities because
vegetation can provide shade and increase evaporative cooling. However, vegetation also has competing
warming effects like decreasing albedo, meaning vegetation absorbs a larger fraction of incoming energy than
the bare soil it often replaces. In this study, we used the Weather Research and Forecasting model to quantify
and compare the effects of reduced albedo from urban greening to non-albedo effects, which included changes
in emissivity, surface roughness, and evaporative fluxes. When reductions in albedo from urban greening were
included in our model, daytime surface temperatures warmed by 0.70 + 0.89°C, indicating that the competing
warming effects of urban greening outweighed the increased evaporative cooling from the added vegetation. In
contrast, daytime surface temperatures cooled by 0.27 + 0.72°C when reductions in albedo from urban greening
were ignored. Our results reveal the critical role that albedo plays in determining the temperature effects of
urban greening. Reductions in albedo from urban greening should be carefully considered by policy makers
and urban planners to better optimize urban greening for heat mitigation, especially as cool surfaces like high
albedo roofs and pavements are simultaneously being deployed in many cities.

1. Introduction

The urban heat island (UHI) effect describes the warmer temperatures observed in urban areas compared to their
rural surroundings (Rosenfeld et al., 1998). Anthropogenic climate change will exacerbate the UHI effect and
urbanization is rapidly increasing, making UHI mitigation of great public health interest to reduce heat exposure
in densely populated urban areas (IPCC, 2023; United Nations, 2018).

The UHI effect is caused by the unique surface properties of urban areas, as is illustrated by comparing the
surface energy balance of urban and rural land cover. The surface energy balance for an idealized control volume
with no horizontal advection of heat can be expressed with Equation 1 (Oke et al., 2017; L. Wang and Li, 2021).

AH + (1 — @)SWi, + eLW;, = SH+LH + G + 0T} (1)
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where AH is the anthropogenic heat flux (W/m?), a is albedo of the surface, SW, is incoming shortwave radiation
(W/m?), € is emissivity of the surface, LW, is the incoming longwave radiation (W/m?), SH is the sensible heat
flux (W/m?2), LH is the latent heat flux (W/m?), G is the ground heat flux (W/m?), ¢ is the Stefan-Boltzmann
constant (W/m? K*) and T, is the land surface temperature (K; L. Wang and Li, 2021). The left-hand side of
Equation 1 represents incoming energy to the control volume whereas the right-hand side represents different
pathways for energy transfer away from the control volume. In cities, the contribution of anthropogenic heat from
buildings and cars as well as the presence of low albedo, thermally massive surfaces (i.e., low a and high ¢ values)
results in a large flux of incoming energy. The abundance of impervious surface cover and the lack of vegetation
makes water availability low in urban areas, shifting outgoing energy toward higher sensible heat fluxes and
lower latent heat fluxes (Oke, 1982). As a result of these physical surface properties as well as the difference in
the heat capacity of built versus natural land cover, urban areas experience warmer surface and near surface air
temperatures relative to their rural surroundings (Oke, 1982).

UHI mitigation strategies aim to favorably shift the surface energy balance by changing the surface properties of
urban areas. Urban greening and tree planting goals are increasingly proposed for UHI mitigation because plants
increase evapotranspiration and provide shade, thereby increasing the latent heat flux and, in the case of shade,
reducing incoming energy fluxes below the plant canopy (Rosenfeld et al., 1998). Urban greening also has the
co-benefits of providing ecosystem services and reducing building energy use (Akbari, 2002; Akbari et al., 2001;
Rosenfeld et al., 1998). While urban greening may increase evaporative fluxes, vegetation also has lower albedo
and higher emissivity than the bare soil it often replaces, leading to larger net fluxes of shortwave and longwave
radiation at the surface (Betts, 2000; Bonan, 2008). Moreover, vegetation also has enhanced surface roughness
compared to bare land cover, which may reduce the cooling effects of wind on near surface air temperatures.
Quantifying the competing warming and cooling effects of vegetation is critically important for optimizing urban
greening for UHI mitigation.

Observational studies have offered clear consensus that areas shaded by vegetation are cooler than areas
without shade (Mcginn, 1982; Pincetl et al., 2013; Souch & Souch, 1993), but few have attempted to compare
the relative contributions of shading and evapotranspiration from vegetation to the overall cooling observed
(e.g., Pincetl et al., 2013) and none consider the competing warming effects of vegetation outlined above.
Similarly, atmospheric modeling studies have focused on quantifying the cooling effects of urban greening,
such as the effects of shading (Morakinyo et al., 2017; C. Wang et al., 2018) and evapotranspiration (X.
X. Li & Liu, 2021), without considering the potential warming effects of changes to surface properties.
Though studies like these provide valuable insight into the physical processes that contribute to cooling from
vegetation, the competing warming effects of urban greening remain largely unquantified. Another limiting
assumption of several previous works is that new vegetation would replace existing infrastructure such as
urban land cover or lawns in urban greening scenarios, which leaves model results difficult to generalize to
real world urban greening implementation (e.g., Fallmann et al., 2016; X. X. Li & Norford, 2016; Vahmani
& Ban-Weiss, 2016b).

The albedo-induced effects of urban greening have yet to be considered in any prior modeling studies, but
recent attention has been paid to the albedo-induced effects of global changes in vegetative land cover. Rohatyn
et al. (2022) quantified the carbon sequestration potential of planting forests in drylands and compared it to
the radiative forcing from accompanying changes in albedo in those areas. Their model results showed that the
climate mitigation potential of forestation was low after accounting for albedo effects, only offsetting ~1% of
carbon emissions under a business as usual emissions scenario (Rohatyn et al., 2022).

In the work presented here, we aim to address the literature gaps outlined above by quantifying and comparing the
albedo-induced and non-albedo effects (e.g., emissivity, surface roughness, and changes to evaporative fluxes)
of urban greening on surface climate using realistic, policy-driven scenarios. We used the Weather Research and
Forecasting model (WRF) V3.7 with chemistry to simulate a 50% increase in urban vegetation in the Los Angeles
Basin, an area with a long history of proposing urban greening initiatives (Pincetl et al., 2013). We quantified the
response of albedo, evaporative fluxes, emissivity, and surface roughness to increased urban vegetation across
the Los Angeles Basin in this realistic policy scenario. This work offers valuable insight for policy makers, urban
planners, and regional modelers by demonstrating the critical role of albedo in determining the regional surface
climate effects of urban greening.
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2. Material and Methods
2.1. Model Description and Configuration

We simulate the response of the urban atmosphere to increasing vegetation using the WRF model V3.7 coupled
to Chemistry (WRF-Chem) and the Single Layer Urban Canopy Model (SLUCM). Since the focus of this manu-
script is on regional meteorology, information on chemistry schemes, chemical boundary conditions, and emis-
sions data sets used can be found in the SI. Note that the results presented are not expected to be impacted by
using WRF-Chem instead of the standalone version of WRF. The only drawback to using WRF-Chem for these
simulations was increased computational time. The physics schemes used in the model were as follows: the
Yonsei University Planetary Boundary Layer Scheme (Hong et al., 2006), the MM5 surface layer scheme (Dyer
& Hicks, 1970; Paulson, 1970), the Lin et al. scheme for cloud microphysics (Lin et al., 1983), the rapid radiative
transfer model longwave radiation scheme (Mlawer et al., 1997), the Goddard shortwave radiation scheme (Chou
& Suarez, 1999), and the Grell 3D convective parameterization (Grell & Dévényi, 2002).

2.2. Simulation Domains

WREF uses two-way nested domains so that coarser, parent domains can be used as boundary conditions for the
higher resolution, child domains that they contain. For the simulations presented in this work, three two-way
nested domains were used with horizontal resolutions of 18, 6, and 2 km that were centered at 33.9°N, 118.14°W,
as shown in Figure S1 of Supporting Information S1. Each domain had 29 unequally spaced, terrain-following
vertical levels from the surface to 100 hPa. The North American Regional Reanalysis data set was used for initial
and boundary meteorology conditions for all three domains (Mesinger et al., 2006).

2.3. Land Cover Data

Predicting the exchange of heat, momentum, and moisture between the land and atmosphere necessitates real
world representation of land surface properties. Hence, we replaced WRF default values for several physical
properties with real time remote sensing data (Vahmani and Ban-Weiss, 2016b). Input data for the green vegeta-
tion fraction (GVF), leaf area index, and albedo were derived from real-time satellite observations made by the
MODerate resolution Imaging Spectroradiometer (MODIS) for the innermost domain. Raw data were retrieved
from the United States Geological Society's Earth Explorer website and regridded to the innermost domain
following Vahmani and Ban-Weiss (2016a).

Landcover was categorized using the National Land Cover Database (NLCD) from 2006 for all three domains.
This 33-category land classification data set categorizes urban areas as low-intensity residential, high-intensity
residential, and industrial/commercial (Fry et al., 2011). Whereas the default version of the SLUCM uses prede-
fined urban fraction values for each urban category, we replaced default values with gridded urban fraction
data for the innermost domain using the 2006 NLCD imperviousness data set (Wickham et al., 2013) following
Vahmani and Ban-Weiss (2016a). Note that the 2006 NLCD imperviousness data set may slightly underestimate
impervious land cover for 2012 due to urban development during this timeframe. When available, a gridded
data set of urban morphology parameters (e.g., building heights, road widths, and roof widths) was created with
the National Urban Database and Access Portal Tool (NUDAPTS; Ching et al., 2009). Where NUDAPTS data
were unavailable, average building and road morphology for each of the aforementioned NLCD urban categories
was used from the Los Angeles Region Imagery Acquisition Consortium, as was done in Zhang et al. (2018).
Lastly, we used an irrigation module tuned for Southern California that simulates irrigation three times a week
at 23:00 PST in the pervious fraction of urban grid cell by prescribing soil moisture to equal 28% (Vahmani and
Hogue, 2014).

2.4. Single Layer Urban Canopy Model

In WREF, urban grid cells are divided into pervious and impervious land cover, the latter of which is referred
to as the urban fraction. For the urban fraction of grid cells, WRF uses the Single Layer Urban Canopy Model
(SLUCM; Chen et al., 2011; Kusaka et al., 2012; Yang et al., 2015) to calculate the surface energy balance
between urban surfaces and the atmosphere. The SLUCM accounts for the radiative effects of the geometry
of urban areas (i.e., shading from buildings, reflection off canyon walls, and trapped radiation) and includes
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Table 1 anthropogenic heat fluxes. The remaining pervious fraction of urban grid
Vegetation Parameters Used for Urban Grid Cells in the Noah Land Surface cells is composed of bare soil and vegetation. Our configuration of WRF
Model includes an added land cover category called Urban Vegetation for vegetative
Min. Max. land cover in the pervious fraction of urban grid cells. Note that soil types for

Max. roughness  roughness all three domains are from the National Center of Atmospheric Research in

Vegetation category

emissivity length (m) length (m)  a data set derived from 30-s data from the State Soil Geographic Database.

Urban vegetation

Urban and built-up land

0.97 0.14 0.34

S DY Lo 2.5. Noah Land Surface Model

The Noah Land Surface Model (LSM) is used to calculate the surface energy

balance for pervious land cover in urban grid cells and for all non-urban grid
cells. GVF, defined here as the fraction of pervious land cover that is vegetation, is a key parameter in the Noah
LSM. Our model code is modified to convert pixel-level GVF to the GVF of the pervious fraction of urban grid
cells, hereafter referred to as the pervious-level GVF and described in Vahmani and Ban-Weiss (2016b). GVF
is used in the Noah LSM to partition total evaporation between direct evaporation from bare soil and evapo-
ration from the plant canopy (e.g., through transpiration or evaporation of intercepted precipitation; Chen &
Dudhia, 2001). Seasonal variability in GVF is used to scale several other land surface parameters that include
roughness length, emissivity, and albedo. Roughness length and emissivity are scaled proportionally with increas-
ing GVF using Equation 2:

GVF
GVqux - GVFmin

)VEGPARMmin + ___GVF VEGPARMax 2)

VEGPARM = (1 —
GVFumnax — GVFuin

where VEGPARM is the calculated parameter value used in WRF, GVF is the current GVF, GVF_, , and GVF
are gridded data sets of the yearly minimum and maximum GVF, and VEGPARM, . and VEGPARM,  are
minimum and maximum values of roughness length or emissivity for each land cover category. The minimum
and maximum parameter values for urban land cover are shown in Table 1. For urban vegetation, we used param-
eter values from Vahmani and Ban-Weiss (2016b). These parameter values represent two-thirds mixed forest and
one-third grass lawns, which reflects typical urban landscaping in the Los Angeles area (McPherson et al., 2008).

In the default Noah LSM, albedo is scaled inversely with increasing GVF using Equation 3:

~ GVF
GVFmax - GVFmin

GVF

oo~ —albedomin
* GVFmax - G\/Fmin atbedo (3)

Albedo = <1 >albedomux

where Albedo is the calculated albedo used in WRF in the absence of gridded, real-time albedo data and albedo_,
and albedo_, are the yearly minimum and maximum albedo values for each land cover category, respectively.

The Noah LSM has a few shortcomings that should be noted when interpreting the results of this study. First, the
Noah LSM does not include the effects of shade from trees when calculating surface temperatures of pervious
landcover and only includes effects from shade when calculating evaporative fluxes from bare soil. Thus, the
diagnostic 2 m air and surface temperatures discussed in the results reflect the temperature above the plant canopy
and the temperature of the vegetated surface, respectively, rather than temperatures below the plant canopy (e.g.,
Vahmani and Ban-Weiss, 2016a). Additionally, by treating the urban and pervious fractions separately, poten-
tial interactions between urban landcover and vegetation are not resolved. In particular, the effect of increased
vegetation on roughness length may be overestimated since buildings would dominate surface friction in urban
areas. Moreover, this modeling framework does not allow us to explore potential effects of adding vegetation to
the urban fraction of model grid cells. Additionally, pixel-level albedo values are used to calculate the surface
energy balance for sub pixel-level land cover, which may not accurately reflect the individual albedo of pervious
and impervious landcover. Future work is needed to improve the representation of heterogeneous land cover in
regional atmospheric models.

2.6. Simulation Design

To quantify and compare the albedo-induced and non-albedo effects of urban greening, we designed two sets
of simulations that are summarized in Table 2 and described here. The first set of simulations are the GVF50
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Table 2 and Baseline simulations, which we hereafter referred to as the non-albedo

Summary of Simulations

simulations. The Baseline scenario used the MODIS-derived GVF described

above to represent the baseline land cover. For the urban greening scenario,
GVF50, the existing pervious-level GVF in urban grid cells was increased by

Mean albedo
in urban grid

Simulation name GVF Albedo cells arelative change of 50%, as depicted schematically in Figure S2a of Support-
Baseline MODIS MODIS 0.11 + 0.03 ing Information S1. In contrast, urban gr.eemng scenarios used in pre.Vl(.)us
work (e.g., Fallmann et al., 2016; X. X. Li & Norford, 2016) replace existing
GVF50 1.5 x MODIS MODIS 0.11 +0.03 . . .. . R
urban land cover with vegetation similar to the illustration in Figure S2b of
Baseline_Albedo MODIS Noah LSM 0.18 £0.05 Supporting Information S1. In the rare instance where increasing GVF by
Min. albedo: 0.18 50% would surpass the total pervious fraction of grid cells, the pervious-level
Max. albedo: 0.24 GVF was set to 100%, meaning new vegetation never replaced existing urban
GVF50 Low Albedo 1.5 x MODIS Noah LSM 0.12 + 0.04 land cover. In GVF50 and Baseline, we turned off the option in the Noah
. ) LSM that scales albedo with the seasonal variation in GVF and instead used
Min. albedo: 0.18 ) ) . ) T
] the gridded MODIS albedo described above for both simulations, which is
ax. atbedo: B shown in Figure S3a of Supporting Information S1. Hence, changes between
GVF50_High_Albedo 1.5 xMODIS  Noah LSM 0.12.£0.05 GVF50 and Baseline reflect only the non-albedo effects (i.e., changes to
Min. albedo: 0.23 emissivity, roughness length, and evaporative fluxes) of urban greening.

Max. albedo: 0.24

The second simulation set includes Baseline_Albedo, GVF50_Low_Albedo,
and GVF50_High_Albedo, which are referred to as the albedo simulations.
For the albedo simulations, we turned on the option in the Noah LSM that
adjusts albedo proportionally with seasonal variations in GVF. Accordingly, the albedo simulations include
albedo-induced effects in addition to the non-albedo effects of urban greening. The Baseline_Albedo simulation
used the MODIS-derived GVF (i.e., the GVF used in Baseline) to establish a baseline for the Noah-calculated albedo
against which the GVF50_Low_Albedo and GVF50_High_Albedo simulations could be directly compared. This
was necessary since the albedo simulations have somewhat different albedo values in both urban and nonurban areas
compared to the non-albedo simulations since the former used the Noah LSM to calculate albedo throughout the
entire domain whereas the latter used measured albedo values, as shown in Figure S3 of Supporting Information S1.
In the GVF50_Low_Albedo and GVF50_High_Albedo simulations, the pervious-level GVF was increased by 50%
in urban grid cells, as was done in GVF50. Then, albedo was correspondingly scaled by the Noah LSM using Equa-
tion 3. In GVF50_Low_Albedo, we used the default albedo, ;, and albedo,, look-up table values of 0.18 and 0.24,
which reflect seasonal minima and maxima in albedo. The differences between the default Albedo_; and Albedo_,,
values was 0.06, which is the similar to the difference between the MODIS derived albedo for grid cells in our study
area composed primarily of vegetation (mean albedo = 0.11) and those composed primarily of bare soil (mean
albedo = 0.18). We tested the sensitivity of our model results to potential parametric errors in the albedo calculation
in the Noah LSM in GVF50_High_Albedo. Here, we increased the Albedo,; look-up table value, which is weighed
more heavily in the albedo calculation as GVF increases (see Equation 3), to reflect a smaller difference in albedo
look-up table value of 0.23 in GVF50_
High_Albedo, which reflects a change in albedo of 0.01 between seasonal maxima and minima albedo values. This

between bare soil and the new vegetation replacing it. We chose an Albedo,
change in albedo is similar to observations reported by Rose and Levinson (2013) for dry, bare soil converted to dry
vegetation and may be more representative of summer albedo values compared to GVF50_Low_Albedo.

Note that the model scenarios explored in this study do not cover all potential albedo outcomes from urban
greening, but instead represent upper and lower bounds for a policy realistic urban greening implementation
where vegetation has replaced bare soil. Net albedo effects depend on both the albedo of the vegetation added as
well as the albedo of the surface being replaced. Though unlikely, an urban greening implementation where high
albedo vegetation replaces low albedo urban surfaces (e.g., freshly paved roads) could potentially increase albedo
in certain areas. For both the albedo and non-albedo simulations, we assumed no additional irrigation would be
needed to sustain the newly planted vegetation given the already water stressed region and made no changes to
the irrigation scheme used in the urban greening scenarios. Since our irrigation scheme simulates irrigation in
the pervious fraction of urban grid cells (i.e., soil moisture is prescribed for both bare soil and vegetation), our
simulation design instead represents a significant shift in the allocation of total evaporation. This transition moves
the landscape away from being predominantly dominated by evaporation from bare soil, and instead, promotes
evapotranspiration through the plant canopy. We ran our simulations from 1 July 2012 00:00 through 31 July 2012
23:00 LST to represent a typical summer month and employed a 5-day model spin-up.
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3. Results
3.1. Model Validation

We assessed model performance by comparing the Baseline simulation against hourly observations of 2 m air
temperature data from the network of Air Quality System (AQS)_maintained by the US EPA (2012). AQS data
were obtained from 25 measurement stations located throughout the innermost domain (US EPA (2012) Air Qual-
ity Systems Data Mart). Their locations are presented in Figure S4 of Supporting Information S1. We compared
hourly model outputs to hourly 2 m air temperature data from the Baseline simulation in Figure S5a of Supporting
Information S1. We spatially averaged the hourly AQS data and compared it against the average of the WRF grid
cells that contained AQS stations in Figure S5b of Supporting Information S1. The 2 m air temperature from the
Baseline simulation was strongly correlated with observations (r = 0.91). The model tends to underestimate 2 m
air temperature relative to observations, with a mean error of 2.1 K and a mean bias of 0.4 K. This model perfor-
mance is consistent with previous studies that have used similar model configurations in the same study area (Y.
Li et al., 2019; Vahmani & Ban-Weiss, 2016a, 2016b; Zhang et al., 2018). A comparison of model statistics and
recommended model benchmarks is presented in Table S1 of Supporting Information S1.

We also compared land surface temperatures predicted by WRF against MODIS daytime surface temperatures
from the MOD11A1 version 6.1 data product (Wan et al., 2021). The MOD11A1 data product provides daytime
surface temperature data with daily temporal resolution and 1-km horizontal resolution based on remote sensing
measurements made by MODIS. Data availability was limited by cloud cover and quality assurance issues during
our simulation period, so we limited our analysis to time periods with high MODIS data coverage. We found that
mean daytime land surface temperature predicted by WRF was 307.8 K and the mean from MODIS was 308.3 K,
the correlation between the two data sources was reasonably high (r = 0.51, see Figure S6 in Supporting Informa-
tion S1). These results are consistent with the model performance reported in L. Wang and Li (2021), which used
a similar model configuration. Given that MODIS errors can be large over spatially heterogenous surfaces as in
urban regions (e.g., Duan et al., 2019), we believe that the similar mean surface temperature and relatively high
correlation support the use of WREF for sensitivity studies presented here. However, future work investigating the
bias between WRF simulations and MODIS surface temperature retrievals would be beneficial.

3.2. Changes to Physical Surface Properties From Urban Greening

Figure 1 shows surface properties for the baseline landcover and the changes in those properties from increas-
ing GVF in the urban greening scenarios, GVF50, GVF50_Low_Albedo, and GVF50_High_Albedo. The
mean =+ standard deviation of the GVF in urban grid cells was 33.4 + 12.7% for Baseline and Baseline_Albedo
(Figure 1a). Since the urban greening scenarios employed a relative increase in pervious-level GVF, the increase
in GVF was spatially heterogeneous. Following a 50% relative increase in GVF, the mean GVF increased by
16.6 + 6.23% in the urban greening scenarios, shown in Figure 1b.

Increasing GVF considerably decreased albedo in both the GVF50_Low_Albedo and GVF50_High_Albedo
simulations relative to the Baseline_Albedo simulation, as shown in Figures 1c and 1d. For urban grid cells
in the Baseline_Albedo simulation, the mean + standard deviation of albedo calculated by the Noah LSM was
0.18 + 0.05. Albedo decreased on average by 0.06 + 0.03 and 0.06 + 0.04 in the GVF50_Low_Albedo and
GVF50_High_Albedo simulations, respectively. Our estimated decrease in albedo from urban greening is within
the range estimated by Rose and Levinson (2013), a remote sensing study that quantified changes in albedo
following increased vegetation in neighborhoods in Sacramento and Los Angeles, CA. Though the albedo
value for urban vegetation increased considerably in the GVF50_High_Albedo simulation, there was practically

min

no change compared to the albedo calculated for the GVF50_Low_Albedo simulation (Figure S3 in Supporting
Information S1), indicating that the calculated albedo is more sensitive to the large increase in GVF as opposed
to the lookup table albedo values.

Figures le and 1f shows the roughness length for baseline landcover and the change in roughness length for
the urban greening scenarios. Increasing GVF by 50% increased roughness length considerably in urban grid
cells. The mean increase was 0.11 + 0.05 m in the urban greening simulations, which corresponded to a relative
increase of 42.3% compared to the roughness length of the baseline land cover. Increasing GVF did not cause as
large of a change to emissivity, as shown in Figures 1g and 1h. The mean increase in emissivity for urban grid
cells was 0.03 + 0.01 in the urban greening simulations, which was a relative increase of 2.8%.
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Figure 1. Surface properties for baseline land cover (left column) and changes in those properties from increasing urban
vegetation (right column). Note that panel (c) shows the albedo calculated by Weather Research and Forecast for the
Baseline_Albedo simulation and Panel (d) shows the change in albedo between the GVF50_Low_Albedo and the Baseline_
Albedo simulations. The change in albedo between GVF50_High_Albedo and Baseline_Albedo is nearly identical to that
shown in Panel (d) and is shown is Figure S3 in Supporting Information S1.
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Figure 2. Panel (a) shows spatially-averaged diurnal cycle of surface temperature (TS) in urban grid cells for the baseline
simulations and Panel (b) shows the change in surface temperature for the increased green vegetation fraction simulations
compared to their respective baselines. Panels (c and d) are the same as Panels (a and b) but for 2 m air temperature (T2).

Shading denotes the standard deviation, which reflects both spatial and temporal variability.

3.3. Changes in Land Surface and Near Surface Air Temperatures

The baseline and changes in diurnal cycles of surface and near surface air temperature in urban grid cells are
shown in Figure 2. Here we discuss the mean daytime (06:00-19:00 LST) and nighttime (20:00-05:00 LST)
temperature changes, which were spatially averaged over all urban grid cells. Note that the standard deviations
reported here reflect both temporal and spatial variability. Accounting for the albedo effects of urban greening
changed the direction of the daytime surface temperature signal and reduced the magnitude of the nighttime
cooling signal, as shown in Figures 2a and 2b. When albedo was left unchanged in GVF50, mean daytime surface
temperature cooled by 0.27 + 0.72 K urban grid cells. Including the albedo-induced effects of increasing GVF led
to warmer mean daytime surface temperatures of 0.70 + 0.89 and 0.61 + 0.93 K in urban grid cells in GVF50_
Low_Albedo and GVF50_High_Albedo, respectively. Nighttime surface temperature cooled in urban grid cells
by 0.52 + 0.94 K in GVF50. The large standard deviations of these surface temperature results are partly due to
the spatial heterogeneity of changes in GVF in the urban greening simulations. We used a two-tailed 7-test and
found that the surface temperature signals in urban grid cells were statistically significant under a 95% confidence
interval for all of our urban greening simulations compared to their respective baselines.

Figures 2c and 2d illustrate the average diurnal cycle of 2 m air temperature in urban grid cells for the suite of
simulations. Including albedo-induced effects resulted in daytime 2 m air temperature warming of 0.33 + 0.41 K
and 0.29 + 0.38 K in urban grid cells in GVF50_Low_Albedo and GVF50_High_Albedo, respectively. Although
surface temperature slightly cooled when albedo-induced effects were neglected, daytime 2 m air temperature had
a slight warming signal during the day of 0.04 + 0.32 K in urban grid cells in GVF50. This daytime warming is
consistent with the effect of increased surface roughness reducing wind speeds (Figure S7 in Supporting Infor-
mation S1), resulting in less turbulent transport of warm, near surface air compared to the baseline scenario. At
night, a strong cooling signal of 0.21 + 0.47 K was modeled in urban grid cells when albedo-induced effects were
neglected in GVF50. In comparison, the albedo simulations had a reduced nighttime cooling signal by more than
50% with mean nighttime surface cooling of 0.23 + 0.91 K in GVF50_Low_Albedo and cooling of 0.27 + 0.90 K
in GVF50_High_Albedo. The reduction in nighttime cooling indicates that the warming effects from reducing
albedo somewhat counteracted the nighttime cooling effects of urban greening. We used a two-tailed z-test and
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Figure 3. The average daily change in (a and b) surface temperature and the average daily change in 2 m (c and d) air
temperature. Areas shown in gray were not statistically distinguishable from zero under a 95% confidence interval. Results for
GVF50_High_Albedo are shown in Figure S8 of Supporting Information S1.

found that the 2 m air temperature signals in urban grid cells were statistically significant under a 95% confidence
interval for all of our urban greening simulations compared to their respective baselines.

Figure 3 shows the spatial distribution of changes in the daily mean surface temperature and 2 m air temperature
for the urban greening scenarios compared to their baselines. We used a two-tailed 7-test with a 95% confidence
interval and show only statistically significant changes in daily average temperatures in the data presented in
Figure 3. Changes in surface temperature, shown in Figures 3a and 3b, were constrained to urban areas and
visually comparable in magnitude to the spatial distribution of increased GVF shown in Figure 1a for both GVF50
and GVF50_Low_Albedo. Surface temperature changes corresponded to small 2 m air temperature changes in
the albedo and non-albedo simulations, as shown in Figures 3¢ and 3d. While changes in 2 m air temperature
followed roughly the same spatial pattern as changes in surface temperature for the GVF50 simulation, the 2 m
air temperature warming modeled in the GVF50_Low_Albedo simulation extended to some areas outside of
the urban grid cells. Notably, including the albedo-induced effects of urban greening in GVF50_Low_Albedo
reversed the mean daily surface and near surface air temperature signals in most urban grid cells. A cooling signal
was modeled in several grid cells in Long Beach, indicating that enhanced evapotranspiration outweighed the
albedo-induced effects of urban greening in this small region.

3.4. Changes in Energy Fluxes

Figure 4 shows the spatially averaged diurnal cycles of the incoming and outgoing energy terms from Equa-
tion 1 for urban grid cells with the diurnal cycles for the energetic contribution of net shortwave and longwave
fluxes shown in Figures 4a—4d. The net shortwave fluxes shown in Figure 4a are different for Baseline and
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Figure 4. (a—d) The spatially averaged diurnal cycles of the incoming and
(e-1) outgoing energy terms from Equation 1 for urban grid cells. Panels on
the left represent diurnal cycles of energy fluxes for baseline land cover and
panels on the right are changes in energy fluxes modeled in the urban greening
simulations compared to their respective baselines. Shading denotes the
standard deviation.

Baseline_Albedo since the former used gridded observational albedo data
and the latter calculated albedo values based on GVF using Equation 3 (see
Figure S3 in Supporting Information S1). In the albedo simulations, albedo
decreased with increased GVF resulting in increased net shortwave radiation.
The mean + standard deviation of the daytime change in the net shortwave
flux for GVF50_Low_Albedo and GVF50_High_Albedo was 41.01 + 42.88
and 38.5 + 44.82 W/m? respectively. Note that the wide standard deviation
reflects the spatial heterogeneity of the albedo-induced effects since GVF
was increased by a relative percent. In contrast, GVF50 had almost no change
in the shortwave flux compared to the baseline simulation. Small variations
modeled during daytime hours are consistent with slight changes in scattered
shortwave radiation by aerosols between GVF50 and Baseline. Incoming
longwave fluxes changed slightly between the baseline and urban greening
simulations, as shown in Figures 4c and 4d. During the day, incoming long-
wave fluxes increased by 9.28 + 7.88, 9.90 + 8.07, and 9.58 + 7.95 W/m?
in the GVF50, GVF50_Low_Albedo and GVF50_High_Albedo simula-
tions compared to their respective baselines (Figure 4d). At night, incom-
ing longwave fluxes similarly increased by 8.94 + 9.04, 8.99 + 9.13, and
8.86 + 8.87 W/m? for each respective simulation (Figure 4d). The incom-
ing longwave fluxes are similar for the albedo and non-albedo simulations
because the incoming longwave flux is more sensitive to changes in emissiv-
ity rather than changes in albedo, which is consistent with Equation 1.

Figures 4e—4h depict the spatially averaged diurnal cycles of sensible and
latent heat fluxes, which are the first two outgoing energy terms on the right-
hand side of Equation 1. The sensible heat flux increased only slightly during
the day in GVF50 compared to Baseline with a mean daytime increase in
urban grid cells of 2.96 + 16.55 W/m?2. In comparison, the sensible heat flux
increased by nearly an order of magnitude more in GVF50_Low_Albedo
and GVF50_High_Albedo, with mean daytime changes of 25.62 + 27.44
and 23.46 + 28.35 W/m?, respectively. Note that the standard deviation can
be large given the spatial heterogeneity of increased GVF and the month-
long simulation length. At night, the albedo and non-albedo simulations
had slightly lower sensible heat fluxes compared to their respective base-
lines with average nighttime change for urban grid cells of —3.61 + 5.71,
—2.02 + 5.06, and —2.10 + 4.99 W/m?, for GVF50, GVF50_Low_Albedo,
and GVF50_High Albedo, respectively.

Increasing GVF changed evaporative fluxes in urban grid cells and is reflected
by changes in the latent heat flux as shown in Figures 4g and 4h. During the
day, latent heat fluxes increased slightly in the GVF50 simulation compared
to the Baseline simulation with a mean change of 4.62 + 10.20 W/m?2.
Daytime latent heat fluxes increased by approximately twice that modeled
in GVF50, with GVF50_Low_Albedo increasing by 9.63 + 11.63 W/m? and
GVF50_High_Albedo by 9.09 + 11.38 W/m? compared to Baseline_Albedo.
The increased daytime latent heat fluxes in the albedo and non-albedo simu-
lations reflect increased evapotranspiration from added vegetation. The
albedo simulations had higher increases in the latent heat fluxes due to the
additional effect of increased near surface air temperatures, which promote
evapotranspiration and direct evaporation from bare soil. At night, total evap-
oration is dominated by evaporation from bare soil since vegetation is treated
as photosynthetically inactive with closed stomata. Since the urban greening
simulations had less landcover made up of bare soil, nighttime latent heat
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fluxes decreased. The average nighttime changes were —1.87 + 5.71 W/m? in GVF50, —1.59 + 5.06 W/m? in
GVF50_Low_Albedo, and —1.65 + 4.99 W/m? in GVF50_High_Albedo.

Figures 4i—41 show the baseline and changes to the diurnal cycles of the ground heat flux and the outgoing
longwave radiation flux from the right-hand side of Equation 1. The GVF50 simulation had minimal changes
in surface temperature during the day and only a small increase in emissivity, resulting in a slight daytime
increase of 10.76 + 5.78 W/m? in outgoing longwave radiation compared to Baseline, as shown in Figures 4k
and 41. The albedo simulations experienced increased surface temperatures and correspondingly had higher
increases in outgoing longwave radiation during the day, with average daytime increases of 16.27 + 9.37 and
15.73 + 9.16 W/m?, respectively. Though surface temperature cooled at night in GVF50, the increased emis-
sivity from increasing GVF led to slightly increased outgoing longwave radiation with an average increase of
5.78 + 6.22 W/m? in urban grid cells. In the albedo simulations, nighttime surface temperatures decreased less
than in the GVF50 simulation, resulting in larger increases in outgoing longwave radiation of 8.22 + 6.37 W/m?
in GVF50_Low_Albedo and 8.31 + 6.32 W/m? in GVF50_High_Albedo.

During the day, energy is transferred from the atmosphere to ground storage through conduction, shown as a posi-
tive ground flux in Figure 4i. Less energy was transferred to ground storage in GVF50 compared to Baseline during
daytime hours, with an average daytime change of —8.55 + 16.73 W/m? in urban grid cells. Smaller decreases
were modeled in the albedo simulations, with average changes of —4.90 + 13.50 and —5.19 + 8.31 W/m? in the
GVF50_Low_Albedo and GVF50_High_Albedo, respectively (Figure 4j). Again, note that the large variability
can be attributed in part to the spatial heterogeneity of increased GVF in the region. At night, energy is released to
the atmosphere from ground storage which is represented as a negative flux in Figure 4i. The change in the night-
time ground storage terms for the albedo and non-albedo simulations were approximately equal in magnitude and
opposite in direction to their corresponding daytime changes described above (Figure 4;).

4. Discussion

Urban greening is one of the most often proposed methods of UHI mitigation, yet little work has been done to
quantify the competing warming effects of increased vegetative cover on surface climate. In particular, no prior
work has considered the albedo-induced effects of urban greening on surface climate. Understanding the compet-
ing warming effect of urban greening, like that of reduced albedo, is critically important for optimizing urban
greening implementation for UHI mitigation.

In this study, we used WRF-Chem to simulate realistic, policy-driven urban greening scenarios and quantified the
albedo-induced and non-albedo effects (e.g., changes in surface roughness, emissivity, and evaporative fluxes)
of urban greening in the Los Angeles Basin. Our model results showed that accounting for the albedo-induced
effects of urban greening changed the direction of the daytime surface temperature signal and suppressed night-
time cooling. Interestingly, in both the albedo and non-albedo simulations, changes in surface temperature corre-
sponded to only slight changes in 2 m air temperature despite the large increase in GVE.

The unintuitive daytime surface temperature warming modeled in the albedo simulations is made clear when
compared to the changes in the incoming and outgoing energy flux terms from Equation 1. In the albedo simu-
lations, the reduced albedo from urban greening led to large increases in the net shortwave flux and increases
in the sensible heat flux that outweighed increases in the latent heat flux, resulting in daytime surface temper-
ature warming up to 0.70 + 0.89 K in GVF50_Low_Albedo. In contrast, neglecting the albedo effects in the
non-albedo simulation led to increased latent heat fluxes that outweighed increases in the sensible heat flux,
resulting in cooler mean daytime surface temperatures in urban areas by 0.27 + 0.72 K.

Our temperature results are consistent with findings from Pincetl et al. (2013), who analyzed remote sensing
data and found that irrigated grass lawns in Los Angeles, CA did not reduce surface temperatures, suggest-
ing that evapotranspiration did not contribute significantly to cooling from vegetation (Pincetl et al., 2013).
However, prior regional modeling studies on urban greening predict more cooling than was modeled in
both the albedo and non-albedo simulations. Beyond differing model configurations, one likely cause for
the discrepancy is the different urban greening implementation scenarios between our studies. Fallmann
et al. (2016) and X. X. Li and Norford (2016) used urban greening scenarios where vegetation replaced
urban land cover and report more near surface air cooling than was modeled in our non-albedo simulation. In
contrast, our urban greening scenarios assumed that new urban vegetation would only replace bare soil and
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hence, we made no changes to the impervious fraction of urban grid cells. Our results therefore isolate the
role of increased vegetation in a manner that better aligns with how cities will realistically increase vegetated
land.

Our model results point to important directions for future work. First, our temperature results showed that
the albedo-induced effects of urban greening outweighed cooling from increased evapotranspiration during
the day, but fully capturing the net temperature effects of urban greening requires a better representation of
heterogenous land cover in urban areas. As described in the methodology, WRF by default calculates the
surface energy balance separately for pervious and impervious land cover, which means that our model results
do not capture several important radiative effects of urban greening, such as shading of pavement from street
trees or the trapping of outgoing longwave radiation from increased canopy cover. Recent work has made
progress improving the representation of temperatures below the plant canopy and within urban canyons (e.g.,
Lee et al., 2016; Morakinyo et al., 2017; C. Wang et al., 2018), but more work is needed to elucidate how the
albedo-induced effects of vegetation explored in the current study play into the complex radiative effects of
urban tree planting.

Our model results also show that large regional increases in urban vegetation have the potential to reduce albedo,
which needs to be considered as cities are simultaneously implementing high albedo roofs and pavements for
UHI mitigation. As an illustrative example, Ko et al. (2022) measured the albedo of a pilot scale implementation
of high albedo pavement in a neighborhood in Covina, CA and measured an increase in albedo compared to pre
installation ranging from 0.08 to 0.26. In comparison, the 50% increase in vegetation in our study corresponded to
a mean decrease in albedo of 0.06 + 0.03 in GVF50_Low_Albedo. The extent to which decreases in albedo from
urban greening may counteract increases in albedo from high albedo roofs and pavements needs to be quantified
in future work.

5. Conclusion

In the work presented here, we used WRF-Chem to quantify the response of albedo, evaporative fluxes, emissiv-
ity, and surface roughness to a 50% increase in urban vegetation across the Los Angeles Basin under a realistic
urban greening scenario. We analyzed our model results in the context of the surface energy balance by looking
at changes in incoming and outgoing energy fluxes from the albedo-induced and non-albedo effects of urban
greening. This work is the first to consider changes in albedo from urban greening.

The contrasting daytime temperature results between the albedo and non-albedo simulations and the reduced
nighttime cooling signal in the albedo simulations highlight the critical importance of constraining the role of
albedo when assessing the net effects of urban greening on the surface energy balance. The daytime surface
warming signal in the albedo simulations suggests that more irrigation may be needed to outweigh the competing
warming effects of urban greening, which may not be realistic in water stressed regions like Southern California.
Moreover, the dampened nighttime cooling signal in the albedo simulations may indicate that previous modeling
studies overestimated cooling from urban greening. These albedo-induced effects of urban greening need to be
carefully considered in future modeling studies and more work is needed to investigate temperature effects below
the plant canopy. Reductions in albedo from urban greening should also be carefully considered by policy makers
and urban planners, especially as cool surfaces like high albedo roofs and pavements are simultaneously being
deployed for UHI mitigation in many cities.
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