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Abstract Micrometeorological models at various scales require 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 introduced here requires no a priori knowledge of soil temperature
or moisture at any depth. It combines a two-layer characterization 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 balance components allowing VP-SEB to be highly portable.
VP-SEB was tested using field data measuring bare loess desert soil in dry weather and following rain events. Modeled
hourly surface temperature correlated well with the measured
data (r2 = 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 meteorological conditions.
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1 Introduction – modeling surface temperature
The temperature of different urban surfaces, whether impermeable concrete, permeable bare soil or vegetation, has an
effect on urban micrometeorological conditions and urban climate (Mueller and Day 2005; Yilmaz et al. 2008), on pedestrian 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: sensible heat flux and longwave radiation emitted by the surface.
Modeling schemes for urban micrometeorological conditions may incorporate any of several methods for estimating
surface temperature (Ts). 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 (Ta), while the temperature on surfaces exposed to the sun is estimated based on
a linear relationship between maximum solar elevation and
maximum difference between Ta and Ts during clear day
conditions (Lindberg et al. 2008). The surface temperature
may also be approximated by the sol-air temperature, Tsol-air
(Mackey and Wright 1943), which is defined as “the equivalent outdoor temperature which will cause the same rate of
heat flow at the surface and the same temperature distribution throughout the material as results from the outdoor air
temperature and the net radiation exchange between the surface and its environment.” In Eq. (1), Ta is the measured air
temperature, K↓ is the incoming shortwave radiation, α is the
albedo of the surface, ε is its emissivity, L↓ is the incoming
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longwave radiation, L↑ is the longwave radiation emitted
from the surface, and hc is the convective heat transfer
coefficient.
T sol‐air ¼ T a þ



ð1−αÞ K ↓ −ε L↓ −L↑
hc

ð1Þ

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 sometimes 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 aerodynamic
approach with the surface energy balance to estimate evaporation from a wet surface without knowing the surface temperature. 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 maintaining 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 Deardorff’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 turbulent 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 vegetation 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.

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 algorithm can account for soils with varying infiltration
capacities and allows for different types of vegetation to
be represented simultaneously. The actual evapotranspiration from each vegetation type is characterized by potential evapotranspiration, together with canopy resistance,
aerodynamic resistance to the transfer of water, and physical 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 thermal layer is assumed to be negligible. The model is formulated 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 comprehensive 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 meteorological and terrain data. FASST is a very detailed model, suitable for users who have a full description of their
site, and allows thermal and hydrological analysis of several 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 properties 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 meteorological station (namely air temperature, incoming radiation, precipitation, and vapor pressure) and inputs that
characterize the ground such as albedo, thermal conductivity, heat capacity, and infiltration capacity. It should require
no a priori knowledge of soil temperature or moisture at
any depth.

A model of the ground surface temperature for micrometeorological analysis

2 Methods
2.1 Model development
The vegetated/permeable surface energy balance (VP-SEB)
model is based on a surface energy balance formulation combining 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 following general equation:
Q* ¼ QH þ QE þ ΔQS

ð2Þ
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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
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
hc ¼ 3:96 u2 þ v2 þ w2 þ 6:42
ð5Þ
where u, v, and w (m s−1) 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 (λf), 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

where Q* (W m−2) is the net radiative flux, QH (W m−2) is the
sensible heat flux, QE (W m−2) is the latent heat flux, and ΔQS
(W m−2) is the change in energy stored in the soil.




0:13
U 0:13 ¼ U 10 exp 9:6λ f
−1
¼ U 10 expð−9:4752λ f Þ ð6Þ
10

2.1.1 Sensible heat flux

2.1.2 All-wave radiation

The sensible heat flux (QH) represents the energy exchange
between a surface and its adjacent air and is proportional to the
difference between the surface temperature (Ts, K) and the air
temperature at screen height (Ta, K). This difference is multiplied by the convective heat transfer coefficient (h c ,
W m−2 K−1) which depends mainly on wind velocity and
turbulence. The heat transfer coefficient is obtained empirically and is affected by the specific heat and density of air [Cp
(J kg−1 K−1) and ρa (kg m−3), respectively] and the aerodynamic resistance (ra, s m−1) which is a function of wind speed
and the stability status of the atmosphere.
The sensible heat flux is described as follows:

The net radiative flux of a surface (Q*, W m−2) is the sum of
the net shortwave (solar) radiation and the net longwave radiation. It can also be represented as the sum of the radiative
forcing (Q′, W m−2) and the emitted longwave radiation (L↑,
W m−2) (Eq. (7)). (Fluxes that exit the surface are considered
negative and inward energy flow positive). The radiative forcing is governed by the intensity of the sun and by the temperature 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
ð7Þ
Q* ¼ Q −L↑ ¼ K ↓ −K ↑ þ L↓ −Lrefl −L↑

ρ C p ðT s −T a Þ
QH ¼ hc ðT s −T a Þ ¼ a
ra

L↑ ¼ εs σT 4s

ð8Þ

K ↑ ¼ αK ↓

ð9Þ

ð3Þ

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


ra Q* −QE −ΔQS
ð4Þ
Ts ¼ Ta þ
ρa C p
Air temperature is obtained from the meteorological time
series, but the remaining terms depend on the surface temperature as well, so an iterative scheme is used to obtain them.

Lrefl ¼ ð1−εs ÞL↓

ð10Þ

where K↓ (W m−2) and L↓ (W m−2) are the incoming shortwave and longwave radiation, respectively, which are available from the meteorological time series; εs is the emissivity of
the surface; σ (W m−2 K−4) is the Stefan–Boltzmann constant
(5.67 × 10−8); Lrefl (W m−2) is the reflected longwave radiation; and K↑ (W m−2) is the solar radiation reflected from the
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surface, depending on its albedo (α). Typical values for the
surface albedo vary between 0.05 and 0.4.
The albedo of the soil (α) 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):
αdry ¼ αsaturated þ C 1  expð−θ0 =C 2 Þ

ð11Þ

where θ0 is the soil moisture content and C1 and C2 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 representation of the ground temperature profile, which consists of two
soil layers with depths zmid (m) and zdeep (m), respectively. At
depth zdeep, the soil temperature variations are assumed to be
negligible on a diurnal cycle, and the temperature at this depth
is represented by Tdeep (K). The temperature Tmid (K) at depth
zmid changes throughout the day.
Liang et al. (1994) described the ground heat flux by combining the representation of fluxes at each thermal soil layer.
The first soil layer with depth zmid is described using the thermal conductivity (λ) and the temperature at the bottom of this
depth (Tmid), while heat storage is considered negligible
ΔQs ¼

λ
ðT s −T mid Þ
zmid

ð12Þ

For the second layer with depth zdeep, the heat capacity (Cv)
and thermal conductivity (λ) of the soil are used together with
the intermediate soil temperature at the end and the beginning
−
of a time step (T þ
mid and T mid , respectively)




−
Cv T þ
ΔQs λ T mid −T deep
mid −T mid
¼
−
ð13Þ
2Δt
zdeep
z2deep
The volumetric heat capacity and soil thermal conductivity
depend on water content (θ0, vol/vol), which will vary with
depth. If the water table is very high, soil moisture may increase 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 inputs 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 ¼ Cvs

dry

þ ð4:186  θ0 Þ

ð14Þ

The thermal conductivity is estimated as
λs ¼ λs

dry

þ C 3  θ0 C4

ð15Þ

where C3 and C4 are empirical constants.
From Eqs. (12) and (13), the ground flux is expressed as
 Cv zdeep 

λ 
T s −T −mid
T s −T deep þ
2 Δt
zdeep
ΔQs ¼
zmid Cv zmid zdeep
1þ
þ
zdeep
2 Δt λ

ð16Þ

Equation (16) requires inputs for the intermediate and deep
ground temperature. The VP-SEB model estimates these inputs 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
h
zi
T ðz; t Þ ¼ T avg þ A0 e−z=d sin ωðt−t 0 Þ−
d

ð17Þ

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

Fig. 1 Schematic representation of the sub-surface temperature profile
(illustrated for the daytime). Diurnal variations decrease with depth

A0 (K) is the amplitude of the sine function (Tmax−Tmin)/2,
which is half of the difference between the coldest and hottest day in a year (annual use) or hour in a day (diurnal use).
Tavg (K) is the daily or yearly averaged surface temperature. If the mean annual surface temperature is not available, the mean annual air temperature with an addition of
2° can be used (Hillel 1982).
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ω (h−1) or (day−1) is the angular frequency (2π
P ): P = 365
(days) (annual use) and P = 24 (h) (diurnal use).
t (h) or (days) is the unit of the time series.
t0 (h) or (days) is the offset in hours (or days) to match the
sine function to the actual measured oscillation. The yearly value is obtained for a specific geographic location by
matching the sine function of daily-averaged air temperature to the results of Eq. (17). Once the value is estimated for a specific location, it can be used for shorter (or
other) time periods.
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d (m) is the damping depth given as d ¼ 2 λ=C
ω .
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 temperature 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


ðes −ea Þ
s Q* −ΔQs þ ρa C p

 ra
QE ¼ λw ET ¼
rs
sþψ 1þ
ra

ð18Þ

where s (mb K−1) is the slope of the saturation vapor pressure–
temperature relationship, ψ (0.66 mb K−1) is the psychrometric constant, rs (s m−1) is the surface resistance, ra (s m−1) is the
aerodynamic resistance, and the product ρaCp is the volumetric heat capacity of the air (J m−3). es − ea (mb) represents the
vapor pressure deficit between a moist surface and the air: ea
(mb) is the vapor pressure at screen height from the meteorological time series, and es (mb) is the vapor pressure at the
surface. Air adjacent to a wet surface is assumed to be saturated (Penman 1948; Monteith 1965).
The relationship between air temperature and saturation
vapor pressure (es) 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 a
es ¼ 6:108exp
ð19Þ
T a þ 237:3



17:27T a
4098 0:6108exp
T a þ 237:3
ð20Þ
s¼
ðT a þ 237:3Þ2
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2.1.5 Surface resistance
When simulating a vegetated surface, a value in the range of
50–70 (s m−1) is used for rs 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 rs are
shown in Table 1.
For a bare surface, rs depends greatly on the structure and
texture of the soil. The relationship between rs and the soil
water content in the top 1–5 cm, θ0 (m3 m−3), is usually formulated 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 observations 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 diffusion 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 (θ0) is estimated by means of a
simplified balance that accounts for the effect of changes in
soil moisture content through evaporation and precipitation

 
γ
ð21Þ
θ0 ¼ θ−0 þ ðP− −ET − Þ
z
where θ−0 (m3 m−3) is the soil moisture content from the previous time step and P− (m s−1) and ET− (m s−1) are the precipitation and evapotranspiration from the previous time step,
respectively. γ is a dimensionless empirical infiltration coefficient 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 loosely packed granular soils such as sand or highly porous soils
Q−
such as peat. ET − ¼ λw ρE , where λw (J kg−1) is the latent heat
w

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

rs (s m−1)

Source

Open water
Crops
Forests
Short grass

0
50
80–150
70

Oke (1987)

Different types of grass
Timothy and meadow fescue
Rough pasture with some clover
Ryegrass
Alfalfa-brome mixture

50
50
50–110
40

Monteith (1965)
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of vaporization of water and ρw (kg m−3) 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 (Ms). For
θ0 > 0.25, Ms = 1.0, allowing unrestricted evaporation. For θ0 ≤
0.25, Ms = 4.0 θ0, progressively restricting water loss as the soil
dries. This implies a linear relationship between the moisture
factor (Ms) and the soil moisture, which is clearly a simplification: as oil moisture drops below field capacity, the decline in
evaporation may be expected to be exponential. However, because the thickness of the soil layer that directly affects evaporation is small—z was fixed at 5 cm—model performance was not
adversely affected. Soil moisture (θ0) 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

Fig. 2 Flow chart of the VP-SEB calculation procedure
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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↓, Q′, U0.13, h, ra, s, es) are calculated using the atmospheric input parameters. These parameters will stay constant throughout the iteration (Fig. 2).
2. Tmid and Tdeep are calculated for the entire desired period.
3. The energy terms ΔQS, Q*, and QE, which also depend on
the surface temperature, are calculated using the air temperature for the first iteration.
4. The surface temperature is calculated using Eq. (22), obtained by isolating the surface temperature term from QH

A model of the ground surface temperature for micrometeorological analysis

and ΔQs in the energy balance equation following Liang
et al. (1994)
λ

C v zdeep
T mid
ρ C p T a zdeep
2 Δt
Q* −QE þ
þ
zmid C v zmid zdeep
ra
1þ
þ
zdeep
2 Δt λ
Ts ¼
ð22Þ
C v zdeep
λ
þ
zdeep
ρ Cp
2 Δt
þ
zmid C v zmid zdeep
ra
1þ
þ
zdeep
2 Δt λ
T deep þ

5. The soil moisture content (θ0) and Ms are updated using
the calculated evapotranspiration.
6. Steps 2 to 5 are repeated using the estimated surface temperature from the previous iteration until the surface temperature 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.
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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 during the late afternoon and evening (Bitan and Rubin 1994).
The soil at Sde Boqer may be characterized as a clay loam.
The dry soil has a thermal conductivity of about 0.3 W m−1 K−1
and a volumetric heat capacity of 1.4 MJ m−3 K−1. 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 Boqer 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 Boqer
Campus (Snir et al. 2016).

3 Results and discussion
2.3 Validation with observational data
The VP-SEB model was validated against the surface temperature of a loess soil surface under various weather conditions
at the Sde Boqer 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 Boqer 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,

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
Parameter

Value

Soil albedo, saturated (dry)
Constants for albedo correction (C1, C2)
IR emissivity of soil
Heat capacity of dry soil (MJ m−3 K−1)
Thermal conductivity of dry soil (W m−1 K−1)
Constants for conductivity correction (C3, C4)
Soil infiltration coefficient
Soil initial moisture content (vol vol−1)
Bulk density of dry soil (kg m−3)

0.24 (0.39)
0.15, 0.15
0.90
1.35
0.50
2.1, 0.55
0.2
0.15
1600

Offset of minimum air temperature (days)
Soil moisture maximum (vol vol−1)
Mean annual air temperature (°C)a
Annual amplitude of mean daily air temperature (°C)a

105
0.4
21.4
14.6

a

Fig. 3 Landscape at Sde Boqer

Inputs used for the Sde Boqer validation test

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 observations of earth–atmosphere interactions, they recommend
that in addition to graphical techniques and standard performance 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
−∞ 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 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). The indicator varies from −∞ to
1.0, with values between 0.0 and 1.0 indicating an improvement 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.

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 Boqer 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 compared with observational data (Fig. 5), showing good agreement 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 beginning 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

Statistical evaluation of the predicted surface temperature

Total number of hours
Mean error
Standard deviation of error
Maximum error
Minimum error
Root mean square error
Systematic root mean square error
Unsystematic root mean square error
Willmott index of agreement
Williamson degree of confirmation
Nash–Sutcliffe Efficiency Index
Percent bias (PBIAS)
RMSE-observed std. dev ratio (RSR)

8760
0.68
2.68
10.54
−11.22
2.77
0.68
2.68
0.99
0.73
0.95
2.72
1.03

soil temperature (degC)
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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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3.2.4 Time series for asphalt and grass
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R² = 0.951
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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 temperature 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.

3.3 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

TaTa_obs
obs

45

Ts

TTsurf_obs
s obs

Tmid

Tdeep

temperature (degC)

40
35
30
25
20
15
10
5
24

6

12 18 24

6

600

12 18 24
Q*

6
QH
QH

12 18 24

6

12 18 24

6

12 18 24

6

12 18 24

ΔQs
dQs

Qe
QE

500
400
2

flux (W/m )

Fig. 6 Time series showing
temperature (top) and fluxes
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spring (March 6–10, 2014; all
values were generated by the
VP-SEB model except Ta_obs and
Ts_obs)

In addition to soils, VP-SEB was designed to support modeling
of the surface temperature of pavement and ground cover vegetation. 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 temperature 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).
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Fig. 7 Time series showing
temperature (top) and fluxes
(bottom) for a 5-day period in
summer (July 1–5, 2014; all
values were generated by the
VP-SEB model except Ta_obs and
Ts_obs)
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Fig. 8 Time series showing temperature (left) and fluxes (right) at Sde Boqer for a small grass plot (top) and for a weathered asphalt road (bottom).
(Measured data are from Snir et al. 2016)
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Sensitivity analysis of the VP-SEB model using the Sde Boqer data

Table 4
Parameter

Value

% change

Volumetric heat capacity (mJ m−3 K)

0.68

−50

Thermal conductivity (W m−2 K)

1.35
2.03
0.25

0
+50
−50

0.50
0.75
Infiltration coefficient

Albedo (dry surface)

std dev

Williamson DoC

Nash–Sutcliffe

0.62

2.90

0.715

0.937

0.68
0.70
0.38

2.68
2.67
3.09

0.734
0.742
0.703

0.945
0.949
0.931

0
+50

0.68
0.92

2.68
2.45

0.734
0.746

0.945
0.951

0.10
0.20

−50
0

0.75
0.68

2.63
2.68

0.737
0.734

0.947
0.945

0.30

+50

0.67

2.72

0.731

0.944

0.20
0.29

−50
−25

−1.00
−0.21

4.28
3.44

0.594
0.676

0.861
0.915

0.39
0.49

0
+25

0.68
1.57

2.68
2.34

0.734
0.723

0.945
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 confirmation, 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
Boqer 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 exchange between a human body and its surrounding environment. The ITS is adjusted for urban surroundings and expresses 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)
ITS ¼

707

Rn þ C þ ðM −W Þ
f

ð23Þ

Rn ¼ ðK dir þ K dif þ αh K h þ αv K v Þð1−αs Þ þ Ld þ Lh
þ Lv −εs σT 4s

ð24Þ

Mean error

where Rn is the net radiation for a body, C is the heat convection from a body, M-W is 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 radiation (direct and diffuse); αK is the reflected shortwave
radiation (from horizontal and vertical surfaces); αs is the
body surface albedo; L is the longwave radiation emitted from
the surfaces (downwards, horizontally, and vertically). εs 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, moderate 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 temperature 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 environment, 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
(ΔQs) 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 ΔQs directly from
the difference between the deep soil temperature (obtained by
means of the Hillel prognostic model) and the surface

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 simplified parametric procedures employed in VP-SEB.
Therefore, although the overall error in the surface temperature 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 following 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 practice, 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.
b. 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 subsurface 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 underlying soil substrate is assumed to occur by conduction
only, via plant roots or direct contact of the foliage. VPSEB 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 temperature 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 available 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 procedure that combines a two-layer representation of the soil column 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 therefore suitable for analysis and integration in local-scale micrometeorological models. Application of the model was demonstrated 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 substantial 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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