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1. Introduction

Project 2.1 comprises two sub-projects:

The first sub-project seeks to establish and demonstrate a methodology for obtaining
a detailed spatial distribution of storm water in an existing urban location, and a tool
for deciding how to allocate the resource to locations where the water may be
treated, stored, recharged or used. The study takes into account the size, geometry
and land use patterns of catchment areas in prototypical urban typologies of Israeli

cities.

The second sub-project attempts to provide a quantitative assessment of specific
benefits from extensive planting of vegetation supported by storm water harvesting
and treatment in existing urban areas, with regard to pedestrian thermal comfort and
conservation of energy in buildings. The study investigates by means of computer
simulation the integrated effect of vegetation on air temperature, humidity, radiant
exchange and wind speed — all of which affect both pedestrian comfort and building

energy performance.

Work on both sub-projects proceeds in parallel. A proof-of-concept study will first
demonstrate that the methodology can, in principle, estimate local-scale benefits to
urban amenity from the implementation of generic WSUD elements, in the context of
Israeli urban morphology and climate. As detailed, site-specific WSUD solutions are
implemented in the proposed urban renovation plans, the climate and energy models
will be updated to assess the effect of these actions.

An overview of the two component sub-projects of the research follows below.

1.1 Development of a methodology for identifying and mapping effective retrofit
of physical infrastructure in existing urban areas to utilize storm water

To improve storm water runoff management and harvesting in existing urban areas, it
is important to first recognize and map the existing urban typology, the spatial runoff
network in the city and the sub-surface hydrology. A GIS-based spatial analysis
provides the framework, methods and tools to apply a quantitative analysis which can
take into account all the parameters that play an important role in defining the surface
water drainage network. The ArcGIS software package (ESRI, 1984) includes
hydrological modelling capabilities, which combined with the SUSTAIN hydrological
model (Shoemaker, 2009; 2011; 2013) provide a set of powerful tools for
characterizing surface runoff. Parameters such as land-use and land cover, proportion

of impervious areas, soil type, meteorological data (precipitation and



evapotranspiration), elevation and slope are used to delineate the surface flow
direction and accumulation and eventually the flow path network. Input data on urban
cover is obtained from the Israeli national mapping agency or from local city
authorities. This part of the study will build upon current work being carried out within
Australian CRC for Water Sensitive Cities (Project A4.3: Socio-technical modelling tools

to examine urban water management scenarios, http://watersensitivecities.org.au).

Once the existing flow network and potential water accumulation is established, the
infiltration/runoff ratio can be determined and locations for bio-filtration systems or
modular systems can be defined. Such locations should consider the quality of
filtrating water and be situated in a way to harvest higher quality runoff water at
source and prevent it from mixing with runoff water of low quality such as runoff
generated from industrial areas and roads. The calculated infiltration/runoff ratio will
be used to derive the potential amount of water which will be diverted for above-
ground runoff harvesting. Data received from project 1.2, such as hydrographs and
pollutographs, will be used to refine and validate the GIS model. In addition, GIS-based
spatial analysis will be used to superimpose layers of various parameters such as
microclimate, vegetation, water quality and runoff accumulation to recognize spatial

correlations among them.

The primary application of the model will be to make the most effective use of storm
water near the source, preferably for aquifer recharging, while existing infrastructure
for storm water conveyance (removal from the sites) will be used to manage overflow
in case of intense rain events. A second aim of the project is to enhance the quality of
life in cities. Because conditions in Israeli cities are different from those in, for
example, Melbourne, the implementation of storm water facilities may need to be
different, too. Since Israel has a prolonged completely dry season, water is not
available to be used directly to produce cooling by evaporation when it is most
needed; Moreover, since cities in Israel have less open space in which to plant
vegetation, which is an integral feature of many SW facilities, achieving measurable

effects on microclimate will require very careful integration in the urban fabric.

Of specific interest in this context is the selection of appropriate vegetation, which is
not only compatible with storm water harvesting infrastructure but which will also
contribute the most to increased quality of life. Research has demonstrated that in
Israeli conditions, the most effective use of vegetation to improve pedestrian thermal
comfort is to plant shade trees; the contribution of grass to comfort is relatively minor

—yet requires much more water (Shashua-Bar et al., 2009; 2011).



The project will examine integration of tree planting in storm water treatment and bio-
filtration facilities, building on the work of Galon and Heller (2010), who provided an
authoritative guide to planting trees in city streets. Their study, carried out on behalf
of the Ministry for Environmental Protection and the Ministry of Agriculture, focused
on integrating trees in the design during the planning phase of new neighbourhoods,
and covered such aspects as the recommended cross-section of streets, coordination
with sub-surface infrastructure and the suitability of tree types to Israeli conditions.

The final outcome of the project will include case studies of two Israeli cities (near the
coast and in an inland location; Bat-Yam and Ramla or/and Kfar Saba), which will test
the methodology and demonstrate the applicability of retrofit interventions in the
physical infrastructure at different scales. Such actions may include creation of micro-
catchment areas diverting water to small modular treatment and recharge units
(MFUs); collection of storm water from private open space or parking lots and
diverting it to newly created planted areas; or diversion of storm water from streets to
small neighbourhood parks or filtration and aquifer recharge units (such as the one in
Kfar Saba).

1.2 Modelling the effect of vegetation supported by stormwater harvesting on

the microclimate of existing urban areas

One of the benefits of water sensitive urban design is enhancement of quality of life,
and in particular, modification of urban microclimate and mitigation of the urban heat
island. However, the focus on studying the effects of vegetation on air temperature
has been accompanied by insufficient attention to the complexity of the processes
that affect the desired practical outcomes. For example, although a majority of the
studies on the effects of vegetation focus on reduction of air temperature, typically in
the context of mitigating the urban heat island, air temperature is only one of several
factors that affect pedestrian thermal comfort in outdoor spaces; in warm, sunny
climates such as Israel, radiant exchange is much more important (Shashua-Bar et al.,
2009; 2011).

It is therefore suggested that the study of the effects of vegetation supported by storm
water should be carried out by means of models that were implemented to answer
practical questions that require detailed description of what is typically a very complex

reality. In particular, useful conclusions may be drawn regarding the following issues:

a. How does adding vegetation affect the energy consumption of buildings in

typical urban settings in Israel?

b. How does vegetation, especially trees, affect pedestrian thermal comfort?



Nice (2012) noted in a survey of computer modelling tools that evaluate the impacts of
WSUD on human thermal comfort in urban areas that assessment required a number
of different tools. The present study therefore employs a three-step computer
modelling study to answer these questions.

The first step is the analysis of microclimate in representative locations of the cities
where storm water harvesting pilot studies are proposed. The analysis is carried out
using the CAT model (Erell & Williamson, 2006), which uses meteorological data from
a representative (non-urban) weather station in the region to generate time series of
local-scale meteorological parameters at an urban street canyon. The transformation
is based on a complete surface energy balance at the two sites. In addition to a 2.5-
dimensional analysis of radiant exchange accounting for short and long-wave fluxes, it
incorporates several elements of the LUMPS parameterization scheme (Grimmond &
Oke, 2002), including moisture advection from nearby vegetation and bodies of water,
as detailed in Erell et al. (2010). The effect of turbulent mixing in different stability
regimes is estimated by means of an empirical correlation validated using site data

from Adelaide and Goteborg.

The CAT model currently describes vegetation using fairly coarse parameterizations
linking surface cover with advection of moisture and latent heat. The proposed
research will seek to provide a more detailed treatment. Model performance will be
tested using field data from Adelaide (Erell & Williamson, 2007); Goteborg (Eliasson et

al, 2006); and Melbourne (using monitoring data provided by Monash partners).

The outputs of the CAT model, including localized air temperature, wind speed,
relative humidity and the temperatures of ground and wall surfaces, will then be used

as inputs to two additional models:

a. The impacts of vegetation on pedestrian thermal comfort will be modelled
using the Index of Thermal Stress (ITS). The ITS (Pearlmutter et al., 2007) is a
measure of the rate at which the human body must give up moisture to the
environment in order to maintain thermal equilibrium, in response to both
metabolic heat production and to heat exchange with the environment. The
value of the index (ITS) is the ratio between the sweat rate required for
thermal equilibrium and a cooling efficiency which is estimated by an empirical
relationship that accounts for the humidity of the air, wind speed and the
insulation value of the clothing (assumed to be small). To calculate the value of
the index, a full energy balance must be evaluated for the pedestrian
(approximated by a cylinder) and the surroundings, accounting for net short

wave radiation (direct, diffuse and reflected from adjacent surfaces, as well as



reflected from the skin); long wave radiation (received from the sky and from
terrestrial surfaces, and emitted by the skin); and convection with the
surrounding air. The ITS in its present form describes the environment
surrounding the pedestrian in terms of two walls and a ground surface. To
account for vegetation, a further level of detail will be added to the model, to
account for the compound effects of vegetation on the energy balance of a
pedestrian, in addition to modifications of microclimate already accounted for
by CAT.

b. The energy consumption of buildings may be predicted by computer
simulation. The calculation requires a detailed description of the geometry and
construction of the building, a schedule for operation of equipment to account
for occupancy and internal loads and a description of local climate. Many
building simulation software packages come with inbuilt climate data files,
which include hourly data for a Typical Meteorological Year (TMY). TMY files
are compiled from long term records at weather stations such as airports,
which are assumed to be representative of the surrounding area. However,
evidence of urban modification to weather indicates that the differences
between city-centre locations and the typical rural reference sites used by
meteorological services are often quite substantial. The CAT software may be
used to generate a location-specific weather file. Appropriate descriptions of
urban locations in the vicinity of storm water pilot projects, both in the initial
condition and after the storm water treatment and vegetation are in place, will
allow generation by CAT of two modified input files, for use by a building
energy simulation tool such as EnergyPlus. Differences in the output of this last

simulation will thus reflect the contribution of the added vegetation.

2. Progress update

2.1 Modelling ground surface temperature

The ground surface temperature is one of the most important controls on the urban
microclimate: It affects both air temperature in the immediate proximity and the
radiation balance with other objects and pedestrians in the street. The presence of
moisture in the uppermost layer of soil (following rain events or irrigation) affects this
temperature. Modelling the temperature should preferably be done by means of a
simple and accessible tool, which would be available to consultants, and which would
require a minimum number of inputs, publicly available from standard weather

stations.



As outlined in the report for Year 2, such a model was assembled, based on elements
drawn from several existing schemes which were modified to require only data that
may be expected to be widely available. The model has been validated using
meteorological data and surface temperature data from Sde Boger, and performs very
well in a variety of conditions. The model is now implemented in FORTRAN and has
been integrated in the Canyon Air Temperature (CAT) model. A research paper
describing the model and validation in detail was prepared and submitted for
publication.

The revised paper, amended in response to reviewer comments, has now been
accepted and published (Leaf and Erell, 2017). It is attached to this report as Appendix
1.

2.2 Moaodifications to the Canyon Air Temperature (CAT) model

Creating an interface between CAT and a GIS software was seen as an essential step in
mapping the integrated effect of vegetation on urban microclimate simultaneously for
a large number of locations in a real city. CAT was initially conceived as a computer
program designed to generate urbanized descriptors of meteorological conditions,
especially air temperature, drawing upon measured data from a standard weather
station in the region (typically, but not necessarily, located at the airport). The
simulation requires a description of the geometry of the urban street canyon and
details of land use and land cover (LULC). CAT was originally drawn up to calculate
conditions in one urban location only. The interface with GIS software allows us to
carry out the CAT simulation automatically for a large number of points within the

urban fabric.

An interface was first written to read the data from the GIS in a systematic manner,
and then to generate the input files required by CAT for each of the urban sites. A
second procedure was then written to organize CAT output in a format that allows
dynamic visualization of the simulation products, describing the evolution of air

temperature across the city at hourly time steps.

The interface was described in a journal paper, which was published in Applied
Geography (Kaplan et al, 2016) and was appended to the second annual report. The

procedure has now been further refined, as follows:



Albedo

Landsat 8 images are used to estimate albedo with an empirical formula previously
developed for the Landsat TM/ETM+ sensor (Liang, 2001):

a =0.356*b2+0.13*b4+0.373*b5+0.085*b6+0.072*b7-0.0018,

where b2, b3, b4, b5, b6 and b7 correspond to the reflectance in Landsat-8 spectral
bands 2 (0.45-0.515 um), 3 (0.525-0. 60 um), 4 (0.63-0.68 um), 5 (0.845-0.885 um), 6
(1.560-1.660 um) and 7 (2.1-2.3 um), respectively. The building footprints are then
masked, and the mean albedo for each grid cell is calculated and incorporated into the
CAT model.

Vegetation and water fraction

CAT entails a detailed description of vegetation and water fractions in each grid cell
and its vicinity, which accounts for the advection of moisture from source areas that
are defined by wind direction and stability (Erell et al, 2009; 2010). Vegetation fraction
is estimated from Sentinel-2 images at 30 m resolution using an unsupervised
maximum likelihood classifier. Initialized with 50 land use/land cover classes, the
identified classes are later collapsed into 4 types: roads, built-up, desert and
vegetation. In the city of Beer Sheva, no significant surface water body exists due to

the semi-arid climate dominating the region.

The vicinity of each cell is partitioned into 32 wedges based on pre-assigned azimuths
and distances: 16 pie-shaped slices of 22.5° per each are further divided into 2
concentric segments at distances of 100-500 m and 500-1000 m away from the grid
cell center. The vegetation fraction of each wedge is calculated based on the gridded

land use/land cover map generated above.
Street width

After scrutinizing the geospatial data on streets and building footprints provided by
the municipality and the Israel Mapping Agency (MAPI), we modified our method to
derive the average street width in response to deficiencies in existing data. As road
pavements are not bound to lie in the center of urban street canyons, which are
defined by the space between building facades on opposite sides of the street, the
previous method relying on streets is prone to underestimate the street width. And
even worse, in some cases line features for roads and building footprints intersect with
each other, which results in erroneous estimation of street width. To overcome these
shortcomings, we propose an enhanced method relying only on detailed inputs of

building footprints.



Using the building footprint layer as input, a grid of 1x1 meter resolution raster cells is
generated, which gives the distance from each raster cell to the closest building. The
distance raster reaches its local maxima along the centerline between any two
adjacent buildings. The set of local maxima constitutes the de facto urban streets. As
the distance represents only half of the street, the real street width is double the local
maxima. Taking into account the site-specific street characteristics, we introduced a
minimum threshold of 20 m, i.e., only streets wider than 20 meters are regarded as
streets in Beer Sheva. The street width of a grid cell is averaged over all streets within
it.

Considering the fact that an urban street canyon (defined for the purpose of
microclimatic analysis) can be formed even if there are no discernible paved roads
between adjacent building blocks, our approach is capable of robustly describing
urban geometry in a statistically sound way.

Street orientation

The street orientation (azimuth) is determined based on the de facto urban streets
delineated above. We specified 0° for the north. Each link (edge) of streets in a grid cell
is projected onto the cardinal directions. However, due to the symmetry of the street
orientation, we restricted the orientation angle to 0-180°. The street orientation of a

grid cell is the vector sum of street vectors within it.
Building height

For each grid cell, the mean building height is calculated by averaging heights of

buildings within the very cell, weighted by their wall areas.
Anthropogenic heat

The urban surface energy balance (SEB) includes anthropogenic heat, primarily heat
lost from buildings and from vehicle traffic. In early versions of CAT, this component of
the SEB was derived from estimates obtained by a variety of methods, either top-
down or bottom-up, in other cities. Values used were monthly city-wide averages,
included in the CAT input files, which were then processed to generate a typical
diurnal profile. This method was satisfactory for simulations in one urban site,
provided an appropriate estimate of the urban average anthropogenic heat was
available. The method is not capable, however, of describing intra-urban variations of

heat emissions.

A methodology was therefore proposed to account for differences in emissions among
neighbourhoods of different density, at hourly time steps. It uses building height to

estimate heat losses by conduction through facades, using typical thermal properties



of walls and windows. To simplify the calculation procedure, conduction is assumed to
be proportional to the difference in air temperature between the building interior
(25°C in summer, 20°C in winter) and exterior. Heat loss by convection is estimated
assuming a fixed number of air changes per hour between the interior and the
exterior, again based on the difference between internal and external air temperature.
The building volume is estimated from its height and assuming a fixed depth
(measured from the street facade) of 10 meters. The number of air changes per hour is
fixed at 2, an estimate that is based on the construction quality and airtightness of
fenestration in Israel. In summer, heat ejected by air conditioners is assumed to be
proportional to the difference in air temperature between the interior and exterior.
Heat emitted by automobiles is estimated as the product of the heat emitted by an
average car — 3,795 J/m (Sailor & Lu, 2004) - and the number of vehicles travelling
down the street. The latter number is very difficult to obtain, and requires detailed
traffic counts or proxies generated by navigation apps such as Waze — which are not
available to us at this point. A simplified procedure, which is necessarily crude, assigns
automobile traffic to the street in a given location based on street width (broad streets
have higher traffic) and time of day. The diurnal hourly profile accounts for a minimum
load at night, maximum load during the morning and afternoon peak hours, and

intermediate loads at other times.
2.3 Validation of the revised CAT model

Validation of the new version of the CAT model was performed by comparing
measurements made in the Israel Meteorological Service weather station in central
Beer Sheva (N31.251 E34.799) with simulated values generated by CAT for the same
location using data from the Nevatim station, about 12.8km to the southeast
(N31.2050 E34.9227). This allows us to assess the ability of CAT to simulate the urban
effect, which is the outcome of the interaction among several factors, including land

cover, building geometry, vegetation and anthropogenic heat.

Figure 1 shows a time series for a period of 7 days at the end of July 2016. The urban
effect on air temperature is quite weak during daytime, and may in fact be exhibited in
a very small reduction in peak air temperature at mid-day, and a still-modest heat
island at night. The night-time heat island is primarily due to restricted long wave
radiant cooling. The contribution of anthropogenic heating at night during summer is
minimal, because vehicle traffic is very small and there is very little heat emission from
buildings, either through the envelope (conduction or convection) or by air
conditioning plant. Daytime anthropogenic heating is higher due to vehicular traffic,

but Beer Sheva is relatively dispersed and the weather station, which is located in an



open area at the old campus of the Negev Research Institute (near City Hall) exhibits
few urban characteristics.
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Figure 1.

Time series showing air temperature measured at Beer Sheva and Nevatim, and simulated
values generated by CAT for the last week of July 2016.
The scatter plot showing measured and modelled air temperature for Beer Sheva
during the month of July 2016 (Figure 2) confirms the visual impression given in the
time series plot. Likewise, the summary of goodness-of-fit statistics (Table 1) is an
indication of the overall robustness of the modelling methodology.
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Figure 2.

Scatter plot showing measured and modelled air temperature for Beer Sheva during the
month of July 2016. CAT model output is derived from measured data outside the city.
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Table 1. Error statistics for the CAT model of Beer Sheva air temperature for the month

of July 2016.

N 744  hours
Mean error -0.29 °C
Minimum error -2.67 °C
Maximum error 137 °C
Std Deviation 0.58 °C
MSE 042 °C
Systematic MSE 0.11 °C
Unsystematic MSE 031 °C
Willmott index 0.99
Degree of confirmation* 0.24

* According to the Williamson degree of confirmation (Williamson, 1995), a model will
be considered effective if the predicted value (in this case modelled air temperature)
will provide a better fit to the measured value than an arbitrary estimate such as the
input value (in this case measured air temperature at Nevatim). The indicator varies
from —oo to 1.0, with values between 0.0-1.0 indicating an improvement relative to the

arbitrary reference.
2.4 Simulation of spatial variations of urban air temperature using CAT

To demonstrate the ability of the CAT model to analyse the air temperature variations
for an entire city using the new model, a simulation was carried out for the city of Beer
Sheva. The city and its vicinity were divided into a total of 10,400 grid cells at a size of
90x90 m>,

Analysis of the surface and land cover characteristics of Beer Sheva, which were

incorporated in the input for the CAT simulations, is presented in Figure 3.
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Figure 3.

The spatial distribution of land use and land cover in Beer Sheva. The underlying data are
incorporated in input for each pixel simulated by CAT.

The spatial distribution of intra-urban differences in air temperature in Beer Sheva,
simulated by CAT for a 24-hour period on July 26-27, 2016, is shown in Figure 4. The
reference temperature in each case is the temperature measured at the Nevatim
weather station at the same time. As demonstrated in numerous studies all over the
world, the urban heat island (UHI) is primarily a nocturnal phenomenon. It begins to
form shortly after sunset, is clearly visible at 22:00 (top left panel) and reaches a
maximum value later at night. In the case of Beer Sheva, the intensity of the UHI in
summer is fairly modest, reaching a maximum of about 3 degrees (top right panel).
This is because Beer Sheva is relatively dispersed, with mostly low and mid-rise
buildings and broad streets. By early morning, the UHI has mostly dissipated, and
temperature in the city is similar to the temperature recorded at Nevatim (bottom left
panel). Intra-urban temperature differences remain small throughout the day (bottom
right panel).
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The spatial distribution of intra-urban differences in air temperature in Beer Sheva
simulated by CAT for a 24-hour period on July 26-27, 2016 (IST=lIsrael Standard Time).
Temperature differences are displayed relative to the air temperature measured at the
Nevatim weather station. The continuous black line represents the municipal boundary of

the city.

It is of some interest to compare the simulated air temperature with Land Surface
Temperature obtained by satellite (Figure 5). During daytime, the bare desert loess soil

around the city, which is dry and has less thermal mass than urban surfaces, warms up

more quickly, so that the city appears as an urban cool island (left pane). The coolest

pixels in the image (surrounded by a rectangular frame on the left side of the image)
are the irrigated fields of Kibbutz Hatzerim. The warm patch neat the center of the city

(indicated by the circle) is the old Moslem cemetery, which has no vegetation and no

buildings, and in many ways resembles the exposed rural soil. At night, the situation is

reversed (pane on right): The rural surface cools down more quickly, so that the

nocturnal urban heat island becomes readily apparent. The fields of Kibbutz Hatzerim
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are still distinguishable (see area surrounded by rectangle), and the urban surface is

almost uniformly warmer.

The night time thermal image bears a strong resemblance to the simulated air
temperature (Figure 4 above). Daytime surface temperature anomalies are not
reflected in the spatial pattern of air temperature, due to both horizontal mixing by
advection and vertical mixing of the unstable atmosphere.
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Figure 5.

The Land Surface Temperature of Beer Sheva during the daytime (left panel) and at night
(right panel), on clear summer days.

2.5 Effect of vegetation in the bio-filters on pedestrian thermal comfort

One of the advantages of BMPs that include vegetation, in general, and of bio-filters in
particular, is that they contribute to the thermal comfort of pedestrians. We have
been asked to assess the potential benefit of several different types of plants

considered for use in bio-filters. The plants being considered are illustrated in Table 2:
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Table 2.

Plants being considered for use in bio-filters in Israel. Key: Blue outline — grasses; red
outline: bushes or small trees; pink outline: small flowering plants. (Plants marked with a
red X have now been discarded from use).

Melaleuco green doom Melaleuca ericifolic  Juncus effuses ‘spiralis’ Zantedescia ethiopica

™' L—.l
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Vetiver Agapantos Tulbergia Louisiana irises

None of the plants in the table above appear on a list of water-conserving plants
recommended by the Israel Ministry of Agriculture for use in landscaping (Israel
Ministry of Agriculture, 2008). However, similar plants that are available in Israel and
are generally considered water-conserving might be suitable for incorporation in the
bio-filters. They should be investigated in future experiments with the bio-filter as

possible replacements for the existing plants.

These generally fall into two categories: Large bushes, mostly variants of Melaleuca;

and grasses, mostly variants of Carex.

Most melaleucas are endemic to Australia, but they may be found in a wide variety of

habitats. The genus comprises close to 300 species, which have different
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characteristics. The species pictured below (Figure 6) - Melaleuca lanceolate,
Melaleuca elliptica and Melaleuca bracteata - are found in Israel and are generally
suitable for planting in a variety of soils and in different climate regions
(http://www.tokeep.co.il/). They are hardy and require little maintenance and only

modest irrigation.

Figure 6.

Three species of Melaleuca found in Israel. (http://www.tokeep.co.il/)

Carex is a vast genus of more than 2,000 species, also known as sedges, which may be
found across most of the world. Most (but not all) sedges are found in wetlands, so
their suitability to the bio-filters depends on a generous supply of water, although
some species are fairly tolerant to drought. The species pictured below (Figure 7) -
Carex flava, Carex morrowii 'Variegata' and Carex testacea - are found in Israel and are
may be suitable, but there is probably no species that will thrive all over the country
(http://www.tokeep.co.il/).

Figure 7.

Three species of Carex found in Israel. (http://www.tokeep.co.il/)

-16 -



Small flowering plants, including the ones incorporated in the bio-filters, typically
require substantial irrigation, and although their aesthetic contribution is undeniable,
their contribution to thermal comfort is very modest.

To assess the possible contribution of the different plants used in conjunction with the
bio-filters, their effects on microclimate must be understood. These will be discussed
in brief in the next paragraphs. However, it should be recognized that the effect most
commonly attributed to them, lowering ambient air temperature, is highly unlikely to
be a major contribution of bio-filters because of their compact overall area. This does
not mean, however, that they have no microclimatic benefits.

Uniquely among urban surfaces, plants have both a very low albedo, typically about
0.20-0.25 (meaning that they reflect very little sunlight), and a low surface
temperature, so they emit less long wave radiation than other surfaces. This is possible
because plants remain cool by evapotranspiration, which occurs when stomata are
open during photosynthesis. However, evapotranspiration requires a sufficient supply

of water — a limitation on employing large planted areas in landscaping in dry regions.

In contrast to surface cover plants, whose main contribution to human thermal
comfort is through mediation of radiant energy transfer at the surface, trees in
addition provide shade, mitigating the effect of direct solar radiation on pedestrians as

well as reducing the solar flux on the ground surface.

A series of studies carried out in Sde Boger (Shashua-Bar et al 2009, 2011; Snir et al,
2016) demonstrated the relative contribution of trees, grass and other surface cover
plants to pedestrian thermal comfort. The contribution to thermal comfort was
analysed in terms of the reduction to thermal stress, as indicated by the Index of
Thermal Stress (Givoni, 1963; Pearlmutter et al, 2007). A ‘cooling efficiency’ was
defined as the ratio between the reduction thermal stress and the latent heat of
vaporization of the water lost by the plants (both expressed in W/m?). The results of

these studies may be summarized as follows:

1. Vegetation may make a substantial contribution to thermal comfort even when

its effect on air temperature is negligible.

2. Aplanted surface can substantially reduce the energy load on a pedestrian
° because of lower surface temperature (so there is less IR radiation)
° because of lower albedo (so there is less reflected sunlight)

3. Various landscape treatments have demonstrated a clear contribution to
pedestrian comfort, with the greatest reduction in mid-day thermal stress

provided by a combination of shade trees and grass.
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4. The vegetative treatment achieving the highest cooling efficiency in terms of
water usage was shade trees alone.

5. Succulents are less effective than grass in lowering the surface temperature,
but have a higher cooling efficiency than grass because of their lower water
requirement.

The effect of surface cover plants on pedestrian thermal comfort can now be
evaluated for a generic situation by means of computer simulation that combines the
CAT model, which provides localized meteorological conditions in a given urban
environment, including surface temperatures, and the Index of Thermal Stress, which
is evaluated based on data generated by CAT. This procedure was demonstrated by
Leaf and Erell (2017).

2.6 Application of methodology for selecting best management practices (BMP's)
for management of urban runoff

In order to identify the most cost-effective BMPs for meeting water quality (pollutant
reduction) and water quantity (flow mitigation) targets to manage urban runoff, the
selected hydrological model should be able to:

= Model water quantity and water quality

= Model both surface and sub-surface networks
® Include a cost-benefit optimization module

= QOperate on the scale of individual buildings

The SUSTAIN model (Shoemaker, 2009; 2011; 2013; Baek et al., 2015) which was
selected as the preferred model for simulating runoff and BMP's (see annual report for
Year 2) meets these objectives and is a free and open-source model. It was applied to
the case study of Kfar Saba and was applied in a preliminary examination of the city of
Bat-Yam. In addition to modelling optimal locations for a variety of BMPs, the runoff
network was simulated in order to examine correlations between surface runoff and
areas that were recognized by the model as suitable for BMP locations (Boulos et al.,
2015; Sun et al., 2016).

It is important to note at this stage that an accurate urban database of high spatial-
resolution is essential to draw substantial conclusions from locations suggested by the
model for placing BMP's. The database must include street and sidewalk elevations as
well as the elevation of other urban surfaces because analysis of the surface
hydrological network is based on it. For example, in the case study of Kfar Saba an up-

to-date and accurate DEM, received from the Kfar Saba municipality, ensured the
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integrity of surface runoff analysis and outputs. Consequently, the results coincide
with the street network and the drainage system (Figure 8). The output of the
hydrological analysis also includes a flow accumulation computation (the number of
pixels contributing flow into each adjacent pixel). The measured precipitation allows
calculation of the amount of surface runoff generated, supporting predictions of
whether enough runoff will be accumulated at the locations suggested by the model
for BMP siting.

In the case of Bat-Yam, only a basic DEM was accessible with a spatial resolution of 5
meters, which is insufficient for capturing differences in elevation of urban surfaces.
The hydrological analysis resulted in a hydrological surface network which does not
necessarily coincide with the actual urban land cover (Figure 9). Comparing BMP siting
outputs for placing infiltration basins in Kfar-Saba (Figure 10) and Bat-Yam (Figure 11)
highlights the difference in quality that is the result of insufficiently detailed inputs.

Figure 8.

Case study area in Kfar Saba showing the surface runoff hydrological analysis and its
correlation with existing land-cover and drainage system
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Figure 9.

Case study area in Bat-Yam showing the surface runoff hydrological analysis.
In cases where only a basic DEM is available, without actual urban topography, the output
does not necessarily correlate with the urban land-cover. See for example the area in the
blue circle where modelled water paths appear to cross built-up land-cover.

Figure 10.

BMP siting output for locating infiltration basins in the modeled catchment in the city of
Kfar Saba. Note the influence of soil type on the location of infiltration basins which are
not placed where the soil type has a tendency for erosion and development of gullies.
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Figure 11.
BMP siting output for locating infiltration basins for an area in the city of Bat-Yam (note
location of existing bio-filter).

An important attribute of the SUSTAIN model is the option to parameterize and
customize a variety of attributes to comply with specific environmental and urban
conditions. In addition, the parameters for placing each BMP such as slope, soil type,
water table level, distance from buildings etc. can be manipulated to suit specific
requirements (Figure 12). Each defined BMP can also be customized in terms of its
structural details, dimensions, infiltration and cost factors. Site-specific solutions such
as biofilters can thus be recommended, accounting for their total evaluated cost per
unit.
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Figure 12.

Defining specific parameters to customize the BMP in terms of its substrate properties
(left) and customizing the cost to define a per-unit overall cost such as for a biofilter
(right).

Regrettably, the EPA has recently decided to stop supporting the SUSTAIN model for
newer versions of Windows and ArcGIS (ESRI, 1984). It has been superseded by
InfoSWMM (http://www.innovyze.com/products/infoswmm/), a commercial model

which integrates the SWMM model and includes a BMP module and cost-optimization
called InfoSWMM-Sustain, based on EPA's Sustain model. The model meets all
objectives and is fully integrated within a GIS framework which streamlines the work
process. Unfortunately, a fully functional version of the new software costs about

$30,000, and requires a license that must be renewed annually at additional cost.

A limited free trial version of InfoSWMM, developed for student use, was downloaded
and used to test runoff modeling in the Kfar Saba catchment. Similar to SUSTAIN it
allows customization for specific environmental and urban conditions. For example,
evaporation data can be input for each month as well as using a specific climatological
file for temperature data or inputting monthly average wind speed. The study area can
be subdivided into any number of irregular sub-catchments to represent the effect of
spatial variability in terms of topography, land cover and soil. Low impact development
(LID's) can be modeled in the simulation as well. This model will be further tested to

examine its suitability.

In addition, other models were re-examined to determine which of them (if any) might
be able to support abilities similar to the SUSTAIN model, and which will also meet the
objectives stated at the beginning of this report. The only public-domain model which
offers similar abilities to SUSTAIN and is also scientifically-grounded and widely-used is

the SWMM model. However, it does not include a cost-optimization module; it is a
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stand-alone model (no GIS framework), its interface is not user-friendly and applying it
requires a steep learning curve.

The Australian model MUSIC (https://ewater.org.au/products/music/) was examined

as well. However, it is a lumped type model (Salvadore et al., 2015): such models are in
general simpler than other models and may be most suitable when data are limited.
MUSIC, for example, uses default values based on calibration of the model to typical
urban catchments. Calibration for Israeli cities requires multiple storm water
monitoring campaigns of several years duration — an exercise that is both costly and
very demanding from a logistical perspective.

3. Work plan for Year 4

During Year 4, work will continue in parallel on both the hydrological modeling and

further development and validation of CAT. The following objectives will be addressed:

o Refining the Kfar Saba model using InfoSWMM and applying the hydrological

analysis to the Bat-Yam case study.

e Calibration of the model using data collected by the work group of Prof. Rony
Wallach.

e Compiling a set of recommendations for selecting a suitable hydrological model.

e Report on effect of vegetation on building energy consumption — integrated
modelling CAT and building energy software (e.g. Energy+)

e Integrated assessment of the effect of adding vegetation to modify urban

microclimate in Israeli cities

e Conducting a workshop for introducing the concept of urban hydrological
modelling in general and BMP siting in particular. The workshop will demonstrate
the theory and application of BMP siting to a case study and will be accompanied
by a tutorial for the use of drainage consultants, planners, decision makers and
urban hydrologists.

e Final report with integrated methodology, application examples and design

guidelines
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Abstract Micrometeorological models at various scales re-
quire ground surface temperature, which may not always be
measured in sufficient spatial or temporal detail. There is thus
a need for a model that can calculate the surface temperature
using only widely available weather data, thermal properties
of the ground, and surface properties. The vegetated/
permeable surface energy balance (VP-SEB) model intro-
duced here requires no a priori knowledge of soil temperature
or moisture at any depth. It combines a two-layer characteri-
zation of the soil column following the heat conservation law
with a sinusoidal function to estimate deep soil temperature,
and a simplified procedure for calculating moisture content. A
physically based solution is used for each of the energy bal-
ance components allowing VP-SEB to be highly portable.
VP-SEB was tested using field data measuring bare loess de-
sert soil in dry weather and following rain events. Modeled
hourly surface temperature correlated well with the measured
data (¥ = 0.95 for a whole year), with a root-mean-square
error of 2.77 K. The model was used to generate input for a
pedestrian thermal comfort study using the Index of Thermal
Stress (ITS). The simulation shows that the thermal stress on a
pedestrian standing in the sun on a fully paved surface, which
may be over 500 W on a warm summer day, may be as much
as 100 W lower on a grass surface exposed to the same mete-
orological conditions.
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1 Introduction — modeling surface temperature

The temperature of different urban surfaces, whether imper-
meable concrete, permeable bare soil or vegetation, has an
effect on urban micrometeorological conditions and urban cli-
mate (Mueller and Day 2005; Yilmaz et al. 2008), on pedes-
trian thermal comfort (Shashua-Bar et al. 2009, 2011; Lee
et al. 2016), and on energy in buildings (Meier 1990-91).
Surface temperature governs two important processes: sensi-
ble heat flux and longwave radiation emitted by the surface.
Modeling schemes for urban micrometeorological condi-
tions may incorporate any of several methods for estimating
surface temperature (7;). If most street canyon surfaces are
shaded, either by buildings or vegetation, it is convenient to
assign a uniform fixed surface temperature to enable the
estimation of emitted longwave radiation (Krayenhoff et al.
2014). Alternatively, the temperature of shaded surfaces may
be set as being equal to air temperature (7,), while the tem-
perature on surfaces exposed to the sun is estimated based on
a linear relationship between maximum solar elevation and
maximum difference between T, and 7, during clear day
conditions (Lindberg et al. 2008). The surface temperature
may also be approximated by the sol-air temperature, T
(Mackey and Wright 1943), which is defined as “the equiv-
alent outdoor temperature which will cause the same rate of
heat flow at the surface and the same temperature distribu-
tion throughout the material as results from the outdoor air
temperature and the net radiation exchange between the sur-
face and its environment.” In Eq. (1), 7, is the measured air
temperature, K| is the incoming shortwave radiation, « is the
albedo of the surface, ¢ is its emissivity, L, is the incoming
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longwave radiation, L, is the longwave radiation emitted
from the surface, and /. is the convective heat transfer
coefficient.

(1_0() th_::(Ll_LT) (1)

Tsotair = Ta +

This equation is relatively simple, and although it requires
an iterative numerical solution to determine the emitted
longwave radiation, it is incorporated in the Canyon Air
Temperature (CAT) model (Erell and Williamson 2006).
However, the sol-air temperature does not account for the
thermal properties of the sub-surface material, including the
thermal conductivity and heat capacity, both of which may be
affected by soil moisture. It also fails to account for the effects
of latent heat flux at the surface (mostly evaporation but some-
times condensation in the form of dew).

There are several methods to estimate sensible, latent, and
storage heat fluxes from a moist surface—either vegetated or
saturated bare soil. Penman (1948) combined an acrodynamic
approach with the surface energy balance to estimate evapo-
ration from a wet surface without knowing the surface tem-
perature. Monteith (1965) subsequently added the effects of
partially closed stomata to calculate evapotranspiration from
water-stressed vegetation in what is known as the Penman—
Monteith equation. Shuttleworth and Wallace (1985) further
developed this equation to represent sparse crops by means of
the Leaf Area Index (LAI), which enabled them to partition
the effect of vegetation and the effect of bare soil while main-
taining a one-dimensional representation of the fluxes.

Deardorff (1978) proposed a parameterization of surface
temperature which includes a representation of a vegetation
canopy layer interacting with both its underlying soil layer and
the atmosphere above it. This model operates by solving
energy balance equations for a bare soil surface and for a
full cover vegetation canopy and by correlating the heat
fluxes between these cases for a partially vegetated surface.
The correlation includes fluxes of moisture and heat from both
the canopy and the underlying soil to the air space within the
canopy. The air space within the canopy is then used to
calculate these fluxes to the atmosphere.

Best (1998) proposed a simplification of Deardorft’s model
of vegetation that would nonetheless result in a minimal loss
of accuracy. This model assumes that the turbulent transfer
between the vegetation and the soil is much smaller than the
turbulent transfer into the atmosphere. By neglecting the tur-
bulent fluxes between the vegetation and the soil for dense
vegetation, the internal canopy air temperature and humidity
are no longer required. The fluxes of heat and moisture into
the atmosphere can then be calculated directly from the veg-
etation properties. This allows Best’s Portable Surface
Temperature (POST) model to be used in various settings with
inputs that are available at a standard weather station.

@ Springer

Liang et al. (1994) described an energy flux model that
is comprised of a two-layer characterization of the soil
column and uses an aerodynamic representation of the
latent and sensible heat flux at the land surface. The al-
gorithm can account for soils with varying infiltration
capacities and allows for different types of vegetation to
be represented simultaneously. The actual evapotranspira-
tion from each vegetation type is characterized by poten-
tial evapotranspiration, together with canopy resistance,
aerodynamic resistance to the transfer of water, and phys-
ical resistance. The upper soil layer is defined so as to
respond to rainfall events, and the lower soil layer is used
to characterize the slowly varying soil moisture behavior.
The ground heat flux is estimated using two thermal soil
layers. The first soil layer has a varying daily temperature
at the interface with the second layer which is required as
an input for the model. The second (deeper) soil layer is
characterized by constant soil temperature as the bottom
boundary condition. The heat storage in the first soil ther-
mal layer is assumed to be negligible. The model is for-
mulated as a fully coupled water and energy balance
system.

The Fast All-Season Soil Strength (FASST) model
(Frankenstein and Koenig 2004) calculates the energy
and water budget from a vegetated surface using a compre-
hensive multi-layer description of the soil. It quantifies
both the flow of heat and moisture within the soil and also
the exchange of heat and moisture at all interfaces
(ground—air or ground-snow; snow—air) using both mete-
orological and terrain data. FASST is a very detailed mod-
el, suitable for users who have a full description of their
site, and allows thermal and hydrological analysis of sev-
eral terrain types including asphalt, concrete, bed rock,
permanent snow, or low vegetation such as grasses, shrubs,
marsh, tundra, and desert vegetation. At a minimum, the
only meteorological data required is air temperature, but
model performance with such limited inputs is not
validated.

The objective of this research is to propose a relatively
simple formulation for urban micrometeorological models
that is simpler to apply than FASST or the Liang et al.
method, yet which accounts for the changing thermal prop-
erties of soils in response to variations in moisture content,
as well as a simplified means of describing the effect of
surface cover vegetation, such as grass. The model should
be capable of calculating the hourly surface temperature
using only widely available data from a standard meteoro-
logical station (namely air temperature, incoming radia-
tion, precipitation, and vapor pressure) and inputs that
characterize the ground such as albedo, thermal conductiv-
ity, heat capacity, and infiltration capacity. It should require
no a priori knowledge of soil temperature or moisture at
any depth.
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2 Methods
2.1 Model development

The vegetated/permeable surface energy balance (VP-SEB)
model is based on a surface energy balance formulation com-
bining several equations from various sources. Foremost,
among these is the ground storage flux formulation proposed
by Liang et al. (1994), which uses a two-layer characterization
of the soil column with a prescribed boundary condition at
each ground level. The sub-surface temperature is obtained
using a sinusoidal function proposed by Hillel (1982), for
annual and diurnal cycles. The latent heat flux is estimated
using the Penman—Monteith equation (Penman 1948;
Monteith 1965). A simplified procedure to describe changing
soil moisture content is proposed, which then affects the latent
heat flux and, in turn, the surface temperature. The energy
fluxes are a function of the surface temperature itself, so an
iterative procedure is used to solve the SEB equations.

The energy balance of a surface is described by the follow-
ing general equation:

0" =0y + O + AQg (2)

where Q* (W m?) is the net radiative flux, oy (W m ?) is the
sensible heat flux, O (W m?) is the latent heat flux, and AQs
(W m ) is the change in energy stored in the soil.

2.1.1 Sensible heat flux

The sensible heat flux (Qy) represents the energy exchange
between a surface and its adjacent air and is proportional to the
difference between the surface temperature (7, K) and the air
temperature at screen height (7,, K). This difference is multi-
plied by the convective heat transfer coefficient (4.,
W m? K ') which depends mainly on wind velocity and
turbulence. The heat transfer coefficient is obtained empirical-
ly and is affected by the specific heat and density of air [C,
(J kg™ K™ and p, (kg m™), respectively] and the aerody-
namic resistance (r,, s m ') which is a function of wind speed
and the stability status of the atmosphere.
The sensible heat flux is described as follows:

_ paCP(TsiTa)

Va

QH = hC(Ts_Ta) (3)

Rearranging Eqs. (2) and (3) gives the surface temperature

Ts - Ta + fa (QA_QE_AQS)
paCP

(4)
Air temperature is obtained from the meteorological time

series, but the remaining terms depend on the surface temper-

ature as well, so an iterative scheme is used to obtain them.

There are numerous expressions relating the convective
heat transfer coefficient to wind speed above the surface. As
the intended application of VP-SEB is in studies of urban
micrometeorological conditions, the expression proposed by
Hagishima and Tanimoto (2003) was considered the most
appropriate

he =3.96\ u? +v* + w? + 6.42 (5)

where u, v, and w (m sfl) are the wind speed components at
0.13 m above the surface. In the case of a relatively large
exposed surface, it may be possible to neglect the v and w
components without compromising accuracy substantially.

Wind speed adjacent to the surface is obtained from the
meteorological record using the transformation proposed by
Macdonald (2000). Equation (6), which was derived from
wind tunnel data, gives the relation between wind speed at
two given heights, accounting for three-dimensional surface
obstacles (cubes) which could be representative of a simple
urban-type surface. The frontal density (\g), which is the ratio
between the frontal area of each obstacle exposed to wind and
the underlying surface area of the obstacle, governs the change
of wind speed with height

0.13

U0.13 = Uloexp (96/\f (W 1)) = Uloexp(—9,4752)\ f) (6)

2.1.2 All-wave radiation

The net radiative flux of a surface (Q*, \\% mfz) is the sum of
the net shortwave (solar) radiation and the net longwave radi-
ation. It can also be represented as the sum of the radiative
forcing (Q', W mﬁz) and the emitted longwave radiation (L4,
W m ?) (Eq. (7)). (Fluxes that exit the surface are considered
negative and inward energy flow positive). The radiative forc-
ing is governed by the intensity of the sun and by the temper-
ature of the sky, as well as the albedo of the surface and its
infrared absorptivity. The radiation emitted from the surface is
given by the Stefan—Boltzmann law (Eq. (8)).

0" = 0Lt = (K, =Ky + Ly ~Lep) Lt (7)
Ly = essch;1 (8)
K, =ak, 9)
Lygp = (=&)L, (10)

where K| (W m ?) and L L (W m?) are the incoming short-
wave and longwave radiation, respectively, which are avail-
able from the meteorological time series; € is the emissivity of
the surface; o (W m 2 K74) is the Stefan-Boltzmann constant
(5.67 x 10°®); Loy (W m 2) is the reflected longwave radia-
tion; and Ky (W m?) is the solar radiation reflected from the
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surface, depending on its albedo (). Typical values for the
surface albedo vary between 0.05 and 0.4.

The albedo of the soil (@) is also affected by moisture, with
dry soils typically displaying a higher albedo. The increase in
albedo with moisture is estimated by an expression following
the general form proposed by Sugathan et al. (2014):

Qdry = Osatyrated +Cy x exp(—ﬁo/Cz) (1 1)

where 6, is the soil moisture content and C; and C, are the
empirical constants.

2.1.3 Ground storage

The ground heat flux is obtained by solving the heat diffusion
equation with a prescribed boundary condition at the bottom
of the solution domain. Figure 1 shows a schematic represen-
tation of the ground temperature profile, which consists of two
soil layers with depths zpiq (m) and zgeep, (M), respectively. At
depth z4eep, the soil temperature variations are assumed to be
negligible on a diurnal cycle, and the temperature at this depth
is represented by Tyeep (K). The temperature 71,;q (K) at depth
Zmia changes throughout the day.

Liang et al. (1994) described the ground heat flux by com-
bining the representation of fluxes at each thermal soil layer.
The first soil layer with depth z,,iq is described using the ther-
mal conductivity () and the temperature at the bottom of this
depth (7,;q), while heat storage is considered negligible

A

AQ = — (T Tmia) (12)

Zmid

G
T

Zmid e b
Zdeep —_—]

z v

Fig. 1 Schematic representation of the sub-surface temperature profile
(illustrated for the daytime). Diurnal variations decrease with depth
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For the second layer with depth z4ccp,, the heat capacity (Cv)
and thermal conductivity () of the soil are used together with
the intermediate soil temperature at the end and the beginning

of a time step (7)., and T, respectively)

O(T i~ Tmia) _AQ M T mia=T deep)
2At o Zd@ep

(13)

2
Zaieep

The volumetric heat capacity and soil thermal conductivity
depend on water content (6, vol/vol), which will vary with
depth. If the water table is very high, soil moisture may in-
crease with depth. However, it is assumed here that the source
of moisture is precipitation (or irrigation), so that moisture will
decrease with depth and, beyond a certain depth, will remain
at an equilibrium typical to the region. VP-SEB requires in-
puts of these properties for the dry soil and applies simplified
relationships to fit experimental values reported by de Vries
(1963) for different soil types.

The volumetric heat capacity is estimated as

Cvs = Cvg_gry + (4.186 X 6y) (14)
The thermal conductivity is estimated as
As = >\s_dry + C3 X 90C4 (15)

where C3 and C, are empirical constants.
From Egs. (12) and (13), the ground flux is expressed as

A CV Zieep

Za (Tsdeeep) + 2 At (TS?T;lid)
AQ, =~ (16)
14 Zmid CV Zmid Zdeep
Zdeep 2 At A

Equation (16) requires inputs for the intermediate and deep
ground temperature. The VP-SEB model estimates these in-
puts using a sinusoidal function (Eq. (17)), following Hillel
(1982). The deep ground temperature fluctuates on an annual
cycle but is assumed to be constant during the course of a day.
The intermediate temperature changes on a diurnal basis with
intervals similar to the meteorological time series

T(2,1) = Tayg + Age “sin [w(t—to)—g] (17)

Equation (17) is applied differently for an annual or a daily
time scale (note the change of units)

Ao (K) is the amplitude of the sine function (Ty,aTimin)/2,
which is half of the difference between the coldest and hot-
test day in a year (annual use) or hour in a day (diurnal use).
T (K) is the daily or yearly averaged surface tempera-
ture. If the mean annual surface temperature is not avail-
able, the mean annual air temperature with an addition of
2° can be used (Hillel 1982).
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w (h™") or (day ") is the angular frequency (27” ): P =365
(days) (annual use) and P = 24 (h) (diurnal use).

t (h) or (days) is the unit of the time series.

to (h) or (days) is the offset in hours (or days) to match the
sine function to the actual measured oscillation. The year-
ly value is obtained for a specific geographic location by
matching the sine function of daily-averaged air temper-
ature to the results of Eq. (17). Once the value is estimat-
ed for a specific location, it can be used for shorter (or
other) time periods.

d (m) is the damping depth given as d = /2 AV/V—C
z (m) is the desired depth.

The sinusoidal model has several characteristics: (1) the
diurnal or annual temperature cycle is due to the fluctuating
inputs of air temperature during a 24-h period (day/night) or
during a year (summer/winter), (2) the amplitude of tempera-
ture fluctuations decreases with depth, and (3) transfer of heat
down (or up) the soil levels takes time, so there is a lag in the
peak temperature occurrence between different soil levels.

2.1.4 Latent heat flux

The latent heat flux is calculated using the Penman—Monteith
equation

§(0-00) + p,Cp %)
Op = \ET = a (18)

S+1/1<1+E>
Ta

where s (mb K ™) is the slope of the saturation vapor pressure—
temperature relationship, ¢ (0.66 mb K ') is the psychromet-
ric constant, 7 (s m™ ') is the surface resistance, r, (s m™ ") is the
aerodynamic resistance, and the product p,C;, is the volumet-
ric heat capacity of the air (J m ). e, — e, (mb) represents the
vapor pressure deficit between a moist surface and the air: e,
(mb) is the vapor pressure at screen height from the meteoro-
logical time series, and e (mb) is the vapor pressure at the
surface. Air adjacent to a wet surface is assumed to be satu-
rated (Penman 1948; Monteith 1965).

The relationship between air temperature and saturation
vapor pressure (e) is described by Eq. (19). The slope of the
saturation vapor pressure curve (s) at a given temperature is
given by Eq. (20) (Allen et al. 1998, based on Tetens 1930 and
Murray 1967)

17.27T,
es = 6.108exp |:Ta +237.3} (19)
17.27T
4098 [0.6108exp <7>]
o T,+ 2373 (20)

(Ta +237.3)

2.1.5 Surface resistance

When simulating a vegetated surface, a value in the range of
5070 (s m ") is used for r, of plants such as grass which are
photosynthetically active during the daytime. Crassulacean
acid metabolism (CAM) plants may have much higher surface
resistance, with values as high as 500. Typical values for 7, are
shown in Table 1.

For a bare surface, 7, depends greatly on the structure and
texture of the soil. The relationship between r¢ and the soil
water content in the top 1-5 cm, 6, (m> m ), is usually for-
mulated with an exponential function, since surface resistance
increases substantially as the soil dries out.

2.1.6 Soil moisture content

Soil moisture content can be predicted from rainfall observa-
tions using an analytical method (Pan et al. 2003) which uses a
time-dependent average of cumulative rainfall over a given
period, typically at least 14 days, without knowing the diffu-
sion rate of water into the soil. The initial conditions of the soil
using this method are not needed when calculating for longer
periods of time.

In VP-SEB, soil moisture (6p) is estimated by means of a
simplified balance that accounts for the effect of changes in
soil moisture content through evaporation and precipitation

0y = 0 + <(P—ET) (g)) (21)

where 0, (m®> m™) is the soil moisture content from the pre-
vious time step and P (m s )yand ET (ms ') are the pre-
cipitation and evapotranspiration from the previous time step,
respectively. v is a dimensionless empirical infiltration coeffi-
cient representing the unsaturated soil’s ability to absorb any
incoming water in a layer of depth z (m), with values between
0.0 for impervious surfaces such as concrete and 1.0 for loose-
ly packed granular soils such as sand or highly porous soils

such as peat. ET = % \where Aw (J kg_l) is the latent heat

sy’

Table 1  Values of surface (or crop) resistance for different surface
types (Monteith 1965; Oke 1987)

Surface rs(sm b Source
Open water 0 Oke (1987)
Crops 50
Forests 80-150
Short grass 70
Different types of grass
Timothy and meadow fescue 50 Monteith (1965)
Rough pasture with some clover 50
Ryegrass 50-110
Alfalfa-brome mixture 40

@ Springer



J. S. Leaf, E. Erell

of vaporization of water and py, (kg m°) is the density of
water. Irrigation, if any, is treated as the equivalent amount
of precipitation.

To account for the effect on evaporation of changes in soil
moisture content, the latent heat flux obtained from the Penman—
Monteith equation is multiplied by the moisture factor (M;). For
00> 0.25, M, = 1.0, allowing unrestricted evaporation. For 6, <
0.25, M = 4.0 6,, progressively restricting water loss as the soil
dries. This implies a linear relationship between the moisture
factor (M;) and the soil moisture, which is clearly a simplifica-
tion: as oil moisture drops below field capacity, the decline in
evaporation may be expected to be exponential. However, be-
cause the thickness of the soil layer that directly affects evapora-
tion is small—z was fixed at 5 cm—model performance was not
adversely affected. Soil moisture (6) is limited (arbitrarily) to a
minimum value of 0.02 and a maximum value that depends on
the porosity of the soil, which is about 0.4 for most soils but
which may be as high as 0.8 for peat.

An estimate of the initial soil moisture content is used for a
spin-up period. The sensitivity of the model to the accuracy of

this estimate declines with spin-up time, the length of which
depends on the rate of evaporation and the frequency and
magnitude of subsequent precipitation events. However, a
spin-up period of several days may be required if the initial
estimate differs substantially from the actual value of soil
moisture.

2.2 Calculation procedure

1. Parameters that do not depend on surface temperature (L |,
K|, O, Uy, h, 1y, s, e) are calculated using the atmo-
spheric input parameters. These parameters will stay con-
stant throughout the iteration (Fig. 2).

2. Tpiq and Tyeep are calculated for the entire desired period.

3. The energy terms AQs, O, and O, which also depend on
the surface temperature, are calculated using the air tem-
perature for the first iteration.

4. The surface temperature is calculated using Eq. (22), ob-
tained by isolating the surface temperature term from Qy

Ta

I

Carry out at each time step

"""""""" > Carry out once for daily (annual) calculation of T4 (Tyeep)
— — — — > iterate until convergence (~5 times)

Fig. 2 Flow chart of the VP-SEB calculation procedure
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and AQs in the energy balance equation following Liang
et al. (1994)

A Cy Zdeep
L Topeey + e
, pCoTa 7 T 2Ar ™
0 -0+ . C .
Va Zmid v Zmid Zdeep
(SR
T — Zdeep 2 At A (22)
s A Cv Zdeep
14 Cp + Zdeep 2 At
ra 1+ Zmid CV Zmid Zdeep
Zdeep 2 At A

5. The soil moisture content (6y) and M; are updated using
the calculated evapotranspiration.

6. Steps 2 to 5 are repeated using the estimated surface tem-
perature from the previous iteration until the surface tem-
perature converges (Fig. 2). Experience suggests that the
procedure converges rapidly, and four to five iterations are
sufficient.

The entire calculation is implemented in FORTRAN. The
code is provided as supplementary material to this paper, as
well as a sample input file.

2.3 Validation with observational data

The VP-SEB model was validated against the surface temper-
ature of a loess soil surface under various weather conditions
at the Sde Boger meteorological station for a period of 1 year
(2014) (Fig. 3). Meteorological inputs required for VP-SEB
were taken from the same meteorological station (http://bidr.
bgu.ac.il/BIDR/research/phys/meteorology/default.asp).

Sde Boger is in the arid Negev desert of Israel at 30.8° N
latitude, approximately 480 m above sea level. The climate is
characterized by sharp daily and seasonal thermal fluctuations,

Fig. 3 Landscape at Sde Boger

dry air, and clear skies with intense solar radiation. During the
hot and dry summers, the mean daily maximum air temperature
is approximately 33 °C, while nights dip to an average of 18 °C.
Winter days are typically cool and sunny with daily mean air
temperature of 14.4 °C and a nightly minimum of 3.8 °C.
Prevailing winds are northwesterly and moderately strong dur-
ing the late afternoon and evening (Bitan and Rubin 1994).

The soil at Sde Boger may be characterized as a clay loam.
The dry soil has a thermal conductivity of about 0.3 Wm ' K™
and a volumetric heat capacity of 1.4 MI m > K. Soil albedo
is 0.39 when dry (Snir et al. 2016) and 0.24 when wet. The
organic content of the soil is negligible, and it has a very low
infiltration coefficient, so that surface runoff is generated very
easily following rain events of modest volume and intensity,
even if the soil at a depth of several centimeters below the
surface is not saturated.

Model inputs for Sde Boger are shown in Table 2.

The model was also validated against surface temperature
data for grass and asphalt, both obtained by infrared imaging
(infrared thermometer, IRT) for periods of several hours on a
mild spring day and a hot summer day at the Sde Boger
Campus (Snir et al. 2016).

3 Results and discussion
3.1 Statistical analysis

The quality of the modeled surface temperature was assessed
by comparison of the predicted and observed values using
regression analysis, error analysis, and goodness-of-fit tests.
Moriasi et al. (2007) noted that model output is compared
to corresponding measured data with the assumption that all

Table 2  Inputs used for the Sde Boger validation test

Parameter Value
Soil albedo, saturated (dry) 0.24 (0.39)
Constants for albedo correction (Cy, C5) 0.15,0.15
IR emissivity of soil 0.90

Heat capacity of dry soil (MJ m™ K" 1.35
Thermal conductivity of dry soil (W m™' K™") 0.50
Constants for conductivity correction (Cs, Cy) 2.1,0.55
Soil infiltration coefficient 0.2

Soil initial moisture content (vol vol ') 0.15

Bulk density of dry soil (kg m ™) 1600
Offset of minimum air temperature (days) 105

Soil moisture maximum (vol vol ) 0.4

Mean annual air temperature (°C)* 21.4
Annual amplitude of mean daily air temperature (°C)* 14.6

? These values are also calculated by the software if the weather (input)
file describes an entire year
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error variance is contained within the predicted values and that
observed values are error free. As this is not the case in obser-
vations of earth—atmosphere interactions, they recommend
that in addition to graphical techniques and standard perfor-
mance measures, three quantitative statistics should be used:
the Nash—Sutcliffe efficiency (NSE), percent bias (PBIAS),
and the ratio of the root mean square error to the standard
deviation of measured data (root-mean-square error, RSR).
The Nash—Sutcliffe Efficiency Index defines the proportion
of the initial variance within the observed data accounted for
by the model (Nash and Sutcliffe 1970) and ranges between
—oo and 1.0, with NSE = 1 being the optimal value. PBIAS
measures the average tendency of the simulated data to be
larger or smaller than their observed counterparts (Gupta
et al. 1999), with an optimal value of 0.0. RSR standardizes
the root-mean-square error using the observations standard
deviation and has an optimal value of 0.0.

In numerous situations, the value (v) of an input variable
(or a combination of several variables) can provide a fairly
close approximation to the measured parameter (m). A
model may only be considered useful if the estimated value
of the parameter in question (e) is closer to the observed
value than this trivial approximation of the input variable.
According to the Williamson degree of confirmation
(Williamson 1995), a model will be considered suitable if
the predicted value (in this case, modeled surface temper-
ature) will provide a better fit to the measured value than
an arbitrary estimate such as the input value (in this case,
measured air temperature). The indicator varies from —oo to
1.0, with values between 0.0 and 1.0 indicating an im-
provement relative to the arbitrary reference. This indicator
is used in addition to the standard measures and the more
sophisticated ones recommended by Moriasi et al. (2007),
Willmott (1981, 1982), and Willmott et al. (1985).

Statistical measures of model performance are shown in
Table 3.

Table 3  Statistical evaluation of the predicted surface temperature
Total number of hours 8760
Mean error 0.68
Standard deviation of error 2.68
Maximum error 10.54
Minimum error -11.22
Root mean square error 2.77
Systematic root mean square error 0.68
Unsystematic root mean square error 2.68
Willmott index of agreement 0.99
Williamson degree of confirmation 0.73
Nash—Sutcliffe Efficiency Index 0.95
Percent bias (PBIAS) 2.72
RMSE-observed std. dev ratio (RSR) 1.03
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3.2 Visualization of results and statistics
3.2.1 Annual cycle of sub-soil temperature at a depth of 30 cm

The sub-surface temperature at a depth of 30 cm, modeled by
VP-SEB to estimate the ground storage flux (Eq. (17)), was
compared with measured values from the Sde Boger weather
station. Figure 4 shows the evolution of this temperature over
the course of a year. Modeled values show a small positive
bias in summer and a small negative bias in winter, but the
error is typically less than 2 K. The measured data display two
instances of a rapid drop in value, in March and May, both of
which are the result of substantial precipitation events. The
Hillel model does not account for such phenomena, but the
resultant error in the modeled surface temperature due to this
discrepancy is small (see Figs. 6 and 7).

3.2.2 Regression analysis of surface temperature

The modeled surface temperature for the entire year is com-
pared with observational data (Fig. 5), showing good agree-
ment overall with a best-fit regression line having a slope
close to unity and a negligible offset.

3.2.3 Time series for cold wet weather and hot dry weather
periods

Model performance is illustrated in detail for two periods of
several days each. Figure 6 shows an early spring period be-
ginning with several dry, sunny days followed by overcast
weather and a major storm that deposited 20 mm of rain over
a 2-h period on March 7, providing a good test of model
sensitivity to changing weather and variations in soil moisture
content. Changes in soil moisture and the latent flux following

40
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Fig. 4 Annual evolution of the mean daily sub-surface soil temperature
at a depth of 30 cm
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Fig. 5 X-Y plot showing hourly observed and modeled surface
temperature for 2014 (8760 hourly values)

the rain are reflected in model output, as the surface tempera-
ture over the subsequent days is substantially lower than in the
preceding period. The latent heat flux following the rain event
remains moderate at first and increases substantially only once
the daytime radiant flux is sufficient to generate substantial
evapotranspiration. Figure 7 shows a hot dry summer period
during which the soil is completely dry. During the daytime,
modeled surface temperature is generally in good agreement
with observations, while at night, there is a small negative
bias. The latent heat flux during this period is extremely low.

3.2.4 Time series for asphalt and grass

In addition to soils, VP-SEB was designed to support modeling
of the surface temperature of pavement and ground cover vege-
tation. In the absence of suitable long-term surface temperature
data, short-term observations by an IRT were used. Although the
number of data points is too small to support statistical analysis,
Fig. 8 demonstrates that in principle, given appropriate inputs,
the model is capable of reproducing the diurnal surface temper-
ature pattern with acceptable accuracy. Grass surface temperature
remains only a little above air temperature for most of the day
(top left) and the intense sunlight offset by evapotranspiration
(bottom left). Once solar radiation levels drop in the afternoon,
the small grass patch is even a little cooler than the hot dry air
advected from the surrounding desert. On the right, the asphalt
surface temperature measures nearly 25° warmer than the air
around noon (top), as most of the incoming solar radiation is
absorbed in the pavement (bottom right).

3.3 Sensitivity analysis

Soil characteristics at a given location may not always be
known precisely. Sensitivity analysis is used to assess the
effect of inaccurate data for volumetric heat capacity, thermal
conductivity, soil infiltration, and albedo on predicted surface
temperature. Results of the analysis are shown in Table 4,
showing the base values (in italics) of the analysis (for loess

Fig. 6 Time series showing 45 _4 ===-T, obs

temperature (fop) and fluxes
(bottom) for a 5-day period in
spring (March 610, 2014; all 354-
values were generated by the
VP-SEB model except T, ops and
Tsﬁobs)
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Fig. 7 Time series showing
temperature (fop) and fluxes
(bottom) for a 5-day period in
summer (July 1-5, 2014; all
values were generated by the
VP-SEB model except T, ops and
7; obs)
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Fig. 8 Time series showing temperature (leff) and fluxes (right) at Sde Boger for a small grass plot (fop) and for a weathered asphalt road (bottom).

(Measured data are from Snir et al.

@ Springer

2016)



A model of the ground surface temperature for micrometeorological analysis

Table 4  Sensitivity analysis of the VP-SEB model using the Sde Boger data

Parameter Value % change Mean error std dev Williamson DoC Nash—Sutcliffe

Volumetric heat capacity (mJ m ™ K) 0.68 =50 0.62 2.90 0.715 0.937
1.35 0 0.68 2.68 0.734 0.945
2.03 +50 0.70 2.67 0.742 0.949

Thermal conductivity (W m 2 K) 0.25 =50 0.38 3.09 0.703 0.931
0.50 0 0.68 2.68 0.734 0.945
0.75 +50 0.92 2.45 0.746 0.951

Infiltration coefficient 0.10 =50 0.75 2.63 0.737 0.947
0.20 0 0.68 2.68 0.734 0.945
0.30 +50 0.67 2.72 0.731 0.944

Albedo (dry surface) 0.20 =50 -1.00 428 0.594 0.861
0.29 -25 -0.21 3.44 0.676 0915
0.39 0 0.68 2.68 0.734 0.945
0.49 +25 1.57 2.34 0.723 0.943
0.59 +50 2.46 2.58 0.641 0.909

soil) which are used as the baseline (see also Table 1).
Improved model predictions are reflected by a lower standard
deviation of the error, a higher Williamson degree of confir-
mation, and a higher Nash—Sutcliffe Efficiency Index.

As the table shows, prediction of surface temperature is
very sensitive to changes in albedo. Sensitivity to thermal
conductivity and volumetric heat capacity is much lower.
The sensitivity to the infiltration coefficient of the soil also
appears to be low, but this may reflect the fact that Sde
Boger soil is typically dry and precipitation events infrequent.

4 Application in pedestrian thermal comfort

To simulate the effect of vegetation on pedestrian thermal
stress, the VP-SEB model was run for an asphalt surface and
for a vegetated surface. A negligible value of soil moisture is
taken for asphalt while the grass is assumed to be well
irrigated.

Thermal comfort may be described by the Index of
Thermal Stress (ITS), which expresses the overall energy ex-
change between a human body and its surrounding environ-
ment. The ITS is adjusted for urban surroundings and ex-
presses the latent heat of sweat evaporation that is required
for a human body to maintain a thermal equilibrium with the
environment (Givoni 1963; Pearlmutter et al. 2007)

Ry + C + (M-W)

ITS = (23)
f
Ry = (Kair + Kair + anKp + oKy ) (=) + Lg + Ln
+ Lo T? (24)

where R, is the net radiation for a body, C is the heat convec-
tion from a body, M-W s the net internal body heat production
accounting for metabolism (M) and work (W), and f'is the
efficiency of sweat evaporation. K is the shortwave solar ra-
diation (direct and diffuse); aK is the reflected shortwave
radiation (from horizontal and vertical surfaces); «y is the
body surface albedo; L is the longwave radiation emitted from
the surfaces (downwards, horizontally, and vertically). €5 and
T are the surface emissivity and temperature of the body.
The energy value of ITS (watts) is correlated with a
subjective thermal sensation scale based on surveys:
comfortable (ITS < 160, warm (160 < ITS < 480), hot
(480 < ITS < 800), and very hot (ITS > 800).

The inputs for the ITS model include the location and time of
day (required to calculate the sun position), building heights and
street width, hourly meteorological data, and surface temperature.
A time series of the ITS was generated in order to evaluate the
effect of replacing an asphalt surface with a vegetated surface.

Figure 9 shows the effect on pedestrian thermal stress of
replacing asphalt pavement with grass in a hypothetical open
space in hot, dry weather, as estimated by the ITS using the
ground surface temperature shown in Fig. 8. As the figure
shows, the combination of relatively high air temperature, mod-
erate humidity, low wind speed, and intense sunlight results in
hot conditions for an exposed pedestrian. However, a full plant
cover was found to reduce the thermal stress on a pedestrian by
as much as 100 W compared to a fully paved surface. These
results agree with ITS values calculated from surface tempera-
ture measurements reported by Snir et al. (2016).

The reduction in thermal stress due to the planted surface in
these meteorological conditions is equivalent to the effect of
lowering the dry bulb air temperature by approximately 8 °C,
all else being unchanged.
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Fig. 9 The effect on pedestrian thermal stress of replacing asphalt with
grass (ITS values of —160—160 W are considered “‘comfortable,” 160—480
“warm,” 480—800 “hot,” and above 800 “very hot”)

5 Discussion

VP-SEB is formulated to calculate surface temperature on
small uniform patches of the urban surface and to support
estimates of thermal comfort or building energy consumption
at the scale of meters to tens of meters. Consequently, it does
not incorporate spatial averaging of non-uniform surfaces.
This is justified because horizontal fluxes of heat in the soil
are negligible at this scale. In the case of a non-uniform envi-
ronment, such surfaces must be resolved independently. Their
overall effect may then be calculated using view factors and
area-weighting schemes, as appropriate to the objectives of the
procedure.

Solution of the surface energy balance requires wind speed
near the surface. The heterogeneity of the urban area results in
substantial variations in this datum in space and time, which
are difficult to resolve even with the most sophisticated
models. VP-SEB employs a simplified relationship (Eq. (6))
that does not account for the roughness of individual facets of
the urban canyon and the presence of street furniture, trees, or
automobiles. It also fails to account for variations in the shape
of the velocity profile due to atmospheric stability conditions.
However, such compromises were deemed acceptable in the
absence of any practical alternative.

In most urban micrometeorological studies, the storage flux
(AQgy) is obtained as a residual once the other fluxes have been
determined. This approach necessarily leads to closure of the
surface energy balance: all errors in estimation of the other
fluxes are reflected in this value. However, as Masson et al.
(2002) noted, “closure of measured energy balances is rarely
achieved over simple sites where micrometeorological theory
is most likely to hold.” VP-SEB estimates AQ directly from
the difference between the deep soil temperature (obtained by
means of the Hillel prognostic model) and the surface
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temperature, which is obtained from the iterative numerical
process that satisfies the surface energy balance. However,
this does not eliminate all possible errors, because of the sim-
plified parametric procedures employed in VP-SEB.
Therefore, although the overall error in the surface tempera-
ture is relatively small, there may still be discrepancies in
some of the fluxes such that closure does not necessarily occur
at all times.

Unlike most urban micrometeorological models, which are
forced by atmospheric properties of the urban boundary layer,
the forcing data required to run VP-SEB are obtained from a
weather station in the vicinity, which measures near-surface
conditions. This has the advantage of much better availability
of the data, at the potential expense of errors introduced by
intra-urban variability. This means that VP-SEB is best suited
for integration in models of the urban street canyon, such as
CAT, for which it was developed, or models such as the urban
climate generator scheme proposed by Bueno et al. (2013),
but not TEB (Masson 2000).

The application of VP-SEB is presently limited by the fol-
lowing restrictions:

a. Because modeling the ground storage flux requires an
estimate of the soil temperature at a depth of 30 cm below
the surface, based on the Hillel model, it cannot be applied
where the sine form of this model does not apply—such as
near the equator. This restriction may be relaxed in prac-
tice, if the sub-surface soil temperature in such regions is
almost constant, by setting the annual amplitude of the
temperature equal to zero, but this approach was not tested
here.

VP-SEB cannot model snow or frozen soils.

c. VP-SEB employs a very rudimentary scheme to estimate
soil moisture and assumes that all soil moisture originates
locally, from precipitation or irrigation. Surface or sub-
surface flows of water are not modeled. Also not
accounted for is moisture that may originate in a high
water table.

d. Water loss by evapotranspiration is controlled only by the
effect of solar radiation and wind and is not restricted by
the changing hydraulic resistance of the soil as it dries.
Water content at saturation is limited by pore space (about
40% for most soils) and is allowed to drop down to a
minimum of 2%.

e. The coupling of the surface cover vegetation to the under-
lying soil substrate is assumed to occur by conduction
only, via plant roots or direct contact of the foliage. VP-
SEB does not model an intermediate air layer and is thus
suited for modeling grass or ground-cover succulents but
not bushes.

Validation of the VP-SEB model for an extended period
was carried out using data from only one location. Although
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the goodness-of-fit tests for this location were satisfactory, the
model will certainly benefit from evaluation using other data
sets. In particular, a long-term record of the surface tempera-
ture of vegetation, such as grass, will improve confidence in
the model’s robustness for such surfaces.

6 Conclusions

The objective of this research was to develop a relatively
simple model for the surface temperature of a permeable or
vegetated surface using a physically based solution for the
energy fluxes. The VP-SEB model requires only widely avail-
able data from a standard meteorological station and inputs
that describe the surface—albedo, thermal conductivity, heat
capacity, and infiltration capacity. It requires no a priori
knowledge of soil temperature or moisture at any depth, nor
does it require any other descriptors of the atmosphere. Rather,
the surface temperature was modeled using an iterative proce-
dure that combines a two-layer representation of the soil col-
umn with a sinusoidal function for calculating the ground flux,
and a simplified procedure to describe changes in moisture
content with a minimal loss of accuracy.

Statistical analysis showed that VP-SEB’s modeled surface
temperature is a close proxy of the measured data and is there-
fore suitable for analysis and integration in local-scale micro-
meteorological models. Application of the model was demon-
strated in a simple scenario assessing the thermal stress on a
pedestrian standing on either aged asphalt or grass. Although
the albedo of both surfaces is low, the model indicates a sub-
stantial difference in surface temperature, which is then
reflected in the Index of Thermal Stress.

Surface properties such as radiant temperature and albedo
play an important role in determining the total thermal stress
on a person. It is hardly new that the use of vegetation as a
surface cover can reduce such stress in over-heated conditions.
However, many of the prior studies on the effects of urban
green are empirical and describe only one site and a limited
range of vegetation. This study provides the basis for a method
for quantifying these effects in a variety of environmental
conditions, especially during elevated heat stress.
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