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Abstract The solar and longwave environmental irradiance
geometry (SOLWEIG) model simulates spatial variations of
3-D radiation fluxes and mean radiant temperature (Tmrt)
as well as shadow patterns in complex urban settings. In
this paper, a new vegetation scheme is included in
SOLWEIG and evaluated. The new shadow casting
algorithm for complex vegetation structures makes it
possible to obtain continuous images of shadow patterns
and sky view factors taking both buildings and vegetation
into account. For the calculation of 3-D radiation fluxes
and Tmrt, SOLWEIG only requires a limited number of
inputs, such as global shortwave radiation, air tempera-
ture, relative humidity, geographical information (latitude,
longitude and elevation) and urban geometry represented
by high-resolution ground and building digital elevation
models (DEM). Trees and bushes are represented by
separate DEMs. The model is evaluated using 5 days of
integral radiation measurements at two sites within a
square surrounded by low-rise buildings and vegetation in
Göteborg, Sweden (57°N). There is good agreement
between modelled and observed values of Tmrt, with an
overall correspondence of R2=0.91 (p<0.01, RMSE=
3.1 K). A small overestimation of Tmrt is found at
locations shadowed by vegetation. Given this good

performance a number of suggestions for future develop-
ment are identified for applications which include for
human comfort, building design, planning and evaluation
of instrument exposure.

1 Introduction

The increasing number of people living in urban areas
accentuates the need for an improved understanding of how
the environment within cities affects people’s lives. The
variation in urban microclimates produce a wide range of
conditions which can impact people’s health and well-
being; for example, related to human thermal comfort.
Predictions of human induced climate change suggest
increases in surface air temperatures anywhere between
0.5 and 6.5°C over the next 100 years (IPCC 2007). In
temperate climates, a 2–3°C increase in average summer
temperatures will double the frequency of periods charac-
terized by extremely high temperatures (WHO/WMO/
UNEP 1996). This means that heat waves will become
more frequent, more intense and last longer (Meehl and
Tebaldi 2004). During extreme heat waves, as in central
Europe in 2003, heat stress will have profound effects on
people’s health and well-being with substantial economic
consequences (Pascal et al. 2006). By taking climate issues
into consideration in the urban planning process by, for
example, increasing the amount of vegetation in urban areas
it may be possible to reduce the frequency of people
suffering from heat stroke and increase overall comfort
during heat waves in cities.

The long effect of vegetation on the urban climate has
been investigated (e.g. Oke 1989; Honjo and Takakura
1990–1991; Akbari and Taha 1992; Akbari et al. 1997,
2001; Upmanis et al. 1998). Urban green structures reduce
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air temperature by energy going in to evapotranspiration
(latent heat flux) rather than sensible heat flux; shade parts
of the ground and walls, which results in a reduction of the
radiant temperature and impact wind velocity and direc-
tion; intercept the particulate matter that settles as temper-
atures decreases in the evening; and filter dust and noise.
Considering the influence of vegetation on thermal
comfort and the advocacy for it use (e.g. Greater London
Authority 2010) in urban areas there are relatively few
studies of its effect (e.g. Matzarakis et al. 1999; Picot
2004; Robitu et al. 2006; Ali-Toudert and Mayer 2007).
These studies show foremost that vegetation shadowing
can have a large effect in reducing heat stress in urban
areas. However, typically these studies have been spatially
constrained to one point or a small area such as a square or
a street canyon.

Various thermal comfort indices have been developed
to obtain an understanding of how humans interact with
the outdoor climate (Fanger 1970; Gagge et al. 1986;
Mayer and Höppe 1987). They work as tools to translate a
combination of climatological data into one value which
relates to the interaction between the human body and
thermal conditions. As many were developed for indoor
situations, a critical issue when moving outdoors is the
change in radiation environment. This is considered in
the mean radiant temperature (Tmrt) (Ali-Toudert et al.
2005) as it is the sum of all short- and longwave radiation
fluxes (both direct and reflected) to which the human body
is exposed. The Tmrt is defined as the ‘uniform tempera-
ture of an imaginary enclosure in which radiant heat
transfer from the human body equals the radiant heat
transfer in the actual non-uniform enclosure’ (ASHRAE
2001).

This paper explores the influence of vegetation and built
morphology on mean radiant temperatures and shadow
patterns in urban areas. Here the solar and longwave
environmental irradiance geometry (SOLWEIG) model
(Lindberg et al. 2008, hereafter referred to as L08) is used
to investigate a large spatial domain.

2 Methods and materials

2.1 Model structure

Central to SOLWEIG is the calculation of Tmrt, which
requires the six longwave and shortwave radiation fluxes
(upward, downward and from the four cardinal points) to
be determined from inputs of global shortwave radiation,
air temperature and relative humidity (Höppe 1992). In
order to determine Tmrt (units, K), the mean radiant flux
density (R) is calculated, which is defined as the sum of
all fields of long (Li) and shortwave (Ki) radiation in

three dimensions (i=1–6), together with the angular (F)
and absorption (ξk) factors of an individual (VDI 1994,
1998):

R ¼ xk
X6

i¼1
KiFi þ "p

X6

i¼1
LiFi ð1Þ

where Fi are the angular factors between a person and the
surrounding surfaces. For a rotationally symmetric
standing or walking person, Fi is set to 0.22 for radiation
fluxes from the four cardinal points (east, west, north and
south) and 0.06 for radiation fluxes from above and
below (Fanger 1970). ξk is the absorption coefficient for
shortwave radiation and ɛp is the emissivity of the human
body with standard values of 0.7 and 0.97, respectively
(VDI 1994, 1998). From R, the Tmrt is calculated from
Stefan Boltzmann’s law (Eq. 2 in L08).

In following, new components of this model are
introduced. L08 presents the SOLWEIG model (version
1.0) in detail with an evaluation. Figure 1 provides the
structure of SOLWEIG 2.0 with the following improve-
ments that are presented here:

& development and evaluation of a simple vegetation
scheme

& inclusion of ground view factors (Ψground) for improved
estimation of outgoing longwave radiation

& simple approach to estimate nocturnal incoming long-
wave radiation based on Offerle et al. (2003) for
estimating nocturnal Tmrt

& modelling of diffuse and direct shortwave radiation
& improved anisotropic estimations of longwave radiative

fluxes from the four cardinal points using directional
view factors.

Using a spatial domain for the calculations the
impact of actual spatial variations in urban geometry
can be assessed. To do this, a high-resolution urban
digital elevation model (DEM) (Fig. 2a) provides the
fundamental site characteristics. SOLWEIG is classified
as a 2.5-dimensional model by its use of a 2.5-D DEM
(i.e. x and y coordinates with height attributes) to calculate
Tmrt. The output, in two dimensions (x, y) at a specified
height (z=1.1 m) above the surface, has an hourly
temporal resolution. The z value is based on the centre
of mass of an ‘average’ person (Fanger 1970). The
dimensions of the person can be changed to represent;
for example, a male adult or a child depending on the
application. In addition, the model can provide the surface
radiative fluxes which has applications, for example, in
considering architectural shadowing. Other methods and
software concerning shadow casting and Tmrt modelling
are reviewed in L08.
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2.1.1 Vegetation scheme

An important influence of vegetation on Tmrt comes from
shadowing therefore it is critical to have accurate shadow
patterns from vegetation within the model domain. The 3-D
characteristics of a tree including the presence of a trunk
zone (i.e. volume underneath the canopy) (Fig. 2a), the
shadow casting procedure in a 2-D grid based environment,
which forms the basis of SOLWEIG, is not straight
forward. The approach taken here is to introduce two new
DEMs to account for the vegetation: (1) for the canopy
(Figs. 2b and 3b) and (2) for trunk zone (Figs. 2c and 3c).
For the vegetation pixels, the canopy DEM has the height
of bushes and/or trees, whereas the trunk zone DEM has the
height of the base of the canopy. Thus, each tree has its own
shape which is dependent on the spatial resolution of the
DEMs.

To cast a shadow the altitude and azimuth of a distant
light source (the Sun) are specified. Following Ratti and
Richens (1999), ‘shadow volumes’ are computed by
sequentially moving the (e.g. canopy) raster DEM at the
azimuth angle of the Sun, reducing the height at each
iteration based on the Sun’s elevation angle (Fig. 4). At
each iteration, a part of the shadow volume is derived and
by taking the maximum of this volume for each iteration
the whole shadow volume is built up. This is stored as a
new DEM. The map of shadows is determined by

subtracting the shadow volume image from the original
DEM. A Boolean image is produced, with pixels that are ≤0
is in sunlight (new value=1), and positive values is in shade
(new value=0). For a detailed description of the shadow
casting algorithm, see Ratti and Richens (2004) or Lindberg
and Grimmond (2010). When shadow patterns from 3-D
objects (e.g. vegetation units) are created, a new more
complex shadow casting algorithm is used to generate a
separate ‘shadow volume’ DEM for vegetation units only.
In SOLWEIG 2.0, both the canopy and the trunk zone
DEM are moving simultaneously based on the position of
the Sun. For each iteration, a part of the shadow volume is
created only where the pixels in the moving canopy DEM
is above the stationary ground and building DEM or
stationary canopy DEM at the same time as the moving
trunk zone pixels are below (Fig. 4).

As shown in Fig. 4, the shadow pattern developed here
accounts for the area underneath the vegetation which does
not cast a shadow. The importance of the trunk zone varies
with the Sun’s angle (Fig. 5). At low Sun altitudes, ignoring
the trunk zone would introduce a large bias. As the trunk
zones areas are used in urban outdoor activities, it is important
these are explicitly included in the model. Low Sun altitudes
are important at high latitudes in terms of solar access.

The approach taken in SOLWEIG 2.0 is simple but with
as accurate estimates of 3-D radiant fluxes and Tmrt as
possible. To model the 3-D radiant fluxes and Tmrt, the
following assumptions are made with respect to the
vegetation:

& Surface temperature of vegetation is considered equal to
air temperature

& Transmission of shortwave radiation through foliated
vegetation (τ) is given a constant value of 20% (e.g.
Oke 1987; Robitu et al. 2006). However, this value can
be altered by the user (see Section 2.2 and 4.2).

Fig. 2 Cross section of the vegetation representation in SOLWEIG 2.
a Conifer tree (left) and bush (right), b the canopy DEM and c trunk
zone DEM based on (a)

Fig . 1 Flowchar t o f the
SOLWEIG-model where Ψ are
images of different view factors.
For the equations for each of the
radiation fluxes, see text for
details

The influence of vegetation and building morphology on shadow patterns and Tmrt 313



& Transmission of longwave radiation through foliated
vegetation is set to a default value of 0% (Oke 1987)

& Albedo and emissivity of vegetation is treated as
constant with values of 15% and 90%, respectively.

2.1.2 Shortwave radiation fluxes

SOLWEIG uses the unobstructed three components of
shortwave radiation: direct (I), diffuse (D) and global (G).
As these are not commonly available the model also allows
calculation of D from G in conjunction with ambient air
temperature (Ta) and relative humidity (RH) using the
Reindl et al. (1990) approach. Direct shortwave radiation (I)
on a surface perpendicular to the Sun is then estimated:

I ¼ G� Dð Þ= sin h ð2Þ
where η is the Sun’s altitude angle above the horizon.
Typically within the urban environment, the sky may be
obscured by objects (e.g. buildings or trees). Thus, the
incoming shortwave radiation (K↓) for a grid cell (x, y) is a

function ofD, I and G as well as view factors (Ψ). For clarity,
the equations are written without the spatial subscript:

K# ¼ I Sb � 1� Svð Þ 1� tð Þ½ � sin h

þ D ysky b � 1� ysky v

� �
1� tð Þ

h i

þ Ga 1� ysky b � 1� ysky v

� �
1� tð Þ

� �h i

� 1� fsð Þ ð3Þ
where S accounts for shadow, as indicated in section 2.1 as a
Boolean value (presence=0 or absence=1), for buildings
(subscript b) and vegetation (v); the subscripts associated
with Ψ indicate what aspects are being accounted for (e.g.
sky seen by building) and α is the albedo. Currently, α is
treated as a constant with a default value of 0.15. τ is the
transmissivity of shortwave radiation through vegetation. fs is
the fraction of wall that is shadowed (L08). The first and
second terms on the right-hand side of Eq. 3 represent direct
and diffuse radiation fluxes, respectively. The third term in
Eq. 3 is a simplified representation of reflected radiation.

Fig. 3 The GBG2010 study area in Göteborg, Sweden (57°42″ N, 11°
58″ E) and model domain with a building and ground, b vegetation
canopy, c trunk zone and d complete (building and vegetation) DEMs.

Sites 1 and 2 are where integral radiation measurements were
conducted. Location of the meteorological station is also given
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The outgoing shortwave radiation (K↑) is estimated as:

K# ¼ a
I yg sunlitð Þ 1� tð Þ
h i

sin hþ D ysky b � 1� ysky v

� �
1� tð Þ

h i
þ

Ga 1� ysky b � 1� ysky v

� �
1� tð Þ

� �h i
1� fsð Þ

2
64

3
75

ð4Þ
where Ψg(sunlit) is the view factor of the ground (subscript g)
with respect to the amount of sunlit area on the ground seen
at z=1.1 m above the ground (centre of mass of a human

being). When Ψg(sunlit)=1 only sunlit surfaces are seen from
that specific pixel. Ψg(sunlit) is derived based on the rule-of-
thumb resulting from a simple relation that half of the
radiative surface influence originates from an area with a
radius equal to the sensor height (Schmid et al. 1991).
For each pixel a search is conducted at 20° intervals
between 0° and 359°. In order not to increase the
computational time too much, the maximum search
distance is set to 20 times the height of interest (i.e.
21 m when z=1.1 m). Since the shadow patterns are
updated every time step (1 h) during the model run, a new
image of Ψg(sunlit) is generated every hour (when η is
greater than 0). An example of Ψg(sunlit), for the same area
as Fig. 3d, is shown in Fig. 6. The white linear features
visible in Fig. 6 are artefacts of the edge function used to
find the location of building walls. For example, if a
threshold of 2 m is used then when a change in height of
pixels is found the next contiguous pixels must have the
same new height for greater than 2 m to be considered a
wall. If a building has lower building height somewhere
along its perimeter or if a step is present in the DEM, then
a certain linear feature is not enclosed and a building
footprint is not created.

The shortwave radiation from the four cardinal points
(K→) is based on Eq. 4 and can be estimated as follows
(exemplified by the easterly component, subscript E):

If the Sun’s azimuth angle (θ) is θ>0° and θ≤180°

K! ¼ I Sb � 1� Svð Þ 1� tð Þ½ � cos h sinϑ
þ D 1� wEwall þ wEveg 1� tð Þ� �� �

þ Ga wEwall þ wEveg 1� tð Þ� �
1� fsð Þ ð5Þ

Fig. 5 Difference in shadowed area between a vegetation unit with a
trunk zone and without based on Sun’s altitude for the two vegetation
units with dimensions as shown in inset

Fig. 4 The repeated translation of a canopy and trunk zone DEM with a
simultaneous reduction of their ‘heights’ which allows detection of
shadow patterns from vegetation units such as trees and bushes (below)

Fig. 6 Ground view factor with respect to amount of sunlit area seen
at z=1.1 m above the ground (Ψg(sunlit)) for 11 am on 11 October
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else

K! ¼ D 1� wEwall þ wEveg 1� tð Þ� �� �

þ Ga wEwall þ wEveg 1� tð Þ� �
1� fsð Þ ð6Þ

The angular weighting factors (w), explained in detail
in L08, represent the amount of radiation originating from
either building walls, vegetation, sky as well as all
reflecting surfaces seen by a sensor perpendicular to the
wall. In SOLWEIG 1.0, it was assumed that the whole
hemisphere was included when estimating radiative
fluxes from the cardinal points by using Ψsky when
estimating w even though a ‘sensor’ would only see the
eastern part of the hemisphere. Using Lindberg and
Grimmond (2010) it is possible to consider view factors
from specific cardinal points without creating anisotropic
artefacts as occurred formerly when using the Ratti and
Richens (1999) method. In SOLWEIG 2.0, directional Ψ
are used when deriving w. To calculate shortwave
radiation from another cardinal point, e.g. the southerly
component, 90° is subtracted from θ in Eq. 5 and the if-
condition is changed to if θ>90° and θ≤270°, Eq. 5 else
Eq. 6. wEwall and wEveg is replaced by wSwall and wSveg,
respectively.

2.1.3 Longwave radiation fluxes

Incoming longwave radiation (L↓) is estimated using an
equation modified from Jonsson et al. (2006):

L# ¼ ysky b þ ysky v � 1
� �

"skysT
4
a

þ 2� ysky v � ysky vb

� �
"wallsT

4
a

þ ysky vb � ysky b

� �
"wallsT

4
s

þ 2� ysky b � ysky v

� �
1� "wallð Þ"skysT4

a ð7Þ

where εsky and εwall are the sky and wall emissivities and Ts
is average surface temperature of building walls and ground
and Ta is ambient air temperature. All temperatures are in
Kelvin. The first term on the right-hand side is the direct
sky longwave radiation, the second is the radiation
originating from vegetation, the third is the wall radiation
and the fourth is the reflected radiation. For a detailed
description of the estimation of εsky, Ts as well as how L↓ is
modified based on cloud cover, see L08.

Outgoing longwave radiation (L↑) is estimated:

L" ¼ "grounds Ts þ yg sunlitð Þ Ts � Tað Þ
� �4

ð8Þ

The longwave radiation from each of the cardinal points
are estimated using the following (exemplified again for the
easterly component):

L!E SKY ¼ ysky Eb þ ysky Ev � 1
� �

"skysT
4
awEsky � 0:5 ð9Þ

LE VEGETATION ¼ "wallsT
4
vegwEveg � 0:5 ð10Þ

L!E GROUND ¼ L" � 0:5 ð11Þ

L!E REFLECTED ¼ L# þ L"
� �

wEref l 1� "wallð Þ � 0:5 ð12Þ
if θ>0° and θ≤180°

L!E SUN ¼ "walls T4
a þ T 4

wall sinϑ
� �

wEwall 1� fswð Þ
� cos h� 0:5 ð13Þ

L!E SHADOW ¼ "wallsT
4
awEwallfs � 0:5 ð14Þ

else

L!E SUN ¼ 0 ð15Þ

L!E SHADOW ¼ "wallsT
4
awEwall � 0:5 ð16Þ

As only half of the hemisphere is taken into account for
each cardinal point all terms are multiplied by 0.5.

2.2 The graphical user interface

One objective is to make SOLWEIG easy and assessible
to both researchers as well as practitioners, such as urban
planners and architects. Hence, the model has a graphical
user interface (GUI) with user-friendly windows and
buttons rather than command line execution. The GUI,
written in Java™, executes the MATLAB Compiler
Runtime (MCR). This allows the full functionality of
MATLAB without a full version of MATLAB being
installed.

The GUI allows the user to change most model input
parameters, such as emissivities, albedo, people related
parameters used to calculate Tmrt, transmissivity of short-
wave radiation through vegetation etc. Furthermore, a
wizard to create the vegetation DEMs is included as
vegetation datasets with 3-D properties are rare. Three
types of vegetation are possible in the wizard: coniferous
trees, deciduous trees and bushes. Bushes have no trunk
zone. The GUI allows calculation of continuous images of
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sky view factor DEMs as well as daily shadow patterns
from high-resolution urban DEMs. The GUI and the MCR
can be downloaded freely from the Göteborg Urban
Climate Group-website (http://www.gvc2.gu.se/ngeo/
urban/urban.htm).

2.3 Model domain and data

To evaluate SOLWEIG two datasets were collected in
Göteborg, Sweden (57°42″ N, 11°58″ E). The study area
(termed here, GBG2010) is a square covered with cobble
stones and surrounded by two to three storeys buildings
except in the north-west where a small park is present
(Fig. 2). To the south-west of the square there is a single
high rise building (approximately 30 m) and a small
pond is located north-west of the square. The vegetation
is almost exclusively deciduous trees and bushes. The
ground and building DEM, derived from local govern-
mental digital data using the Lindberg (2005) method,
has a spatial resolution of 1 m. The canopy vegetation
DEM (Fig. 3b) and trunk zone DEM (Fig. 3c) were
created using the GUI (Section 2.2). The vegetation
location, canopy height, trunk zone height and canopy
diameter were obtained from field observations using tape
measures and clinometers.

The meteorological forcing data are from a climate
station on the roof of Earth Sciences Centre (University of
Gothenburg) 100 m south of the square. Air temperature
and humidity data were collected using a Rotronic YA-100
and the global and diffuse radiation using a SPN1 Sunshine
pyranometer (Delta-T Devices). A second mobile meteoro-
logical station recorded Ta, RH, G and wind speed and
direction in the centre of the square (Fig. 3d) using the
same instruments and mounting as Eliasson et al. (2007). A
third station located at two different sites (Fig. 3d) consisted
of three net radiometers (Kipp & Zonen, CNR 1) mounted
on a steel stand to measure the 3-D radiation fields
(Thorsson et al. 2007). The sensors are oriented to measure
shortwave and longwave radiation fluxes from the four
cardinal points, as well as parallel to the ground surface
(incoming and outgoing). The two sites were chosen so
vegetation would have large effects on the observed radiative
fluxes and Tmrt. Site 1 is just north of a row of trees that
shadow the area and site 2 is underneath a chestnut tree
which receives direct sunlight (Fig. 3d). For model evalua-
tion, data from integral radiation measurements within the
model domain were used. In total, measurements were taken
over 5 days from early morning to late evening in spring and
summer of 2010.

The second dataset, which contains a number of
different sites within Göteborg (Sweden), Freiburg and
Kassel (Germany), are used to evaluate the model. These
data were obtained from joint collaboration with University of

Freiburg through the KLIMES-project (Mayer et al. 2008)
and University of Kassel. The observations use the same
setup as GBG2010 with three net radiometers observing
3-D shortwave and longwave radiation fluxes. These
measurements, made at different urban locations where
vegetation is absent or sparse, allow evaluation in
different urban areas, seasons, weather situations and
regional climates.

3 Complete images of sky view factors (Ψsky)

Critical to SOLWEIG calculations is the Ψsky. The first
continuous images of Ψsky derived from high-resolution
urban DEMs were presented by Ratti and Richens (1999).
Since then both atmospheric and architectural studies (Ratti
and Richens 2004; Ratti et al. 2006; Lindberg 2007; Martilli
2009) have used this raster-based approach to determine
spatial variations and characteristics of Ψsky as well as to
derive parameters for urban climate modelling. Chapman
(2008) highlighted the issue using the method of deriving
continuous Ψ for urban areas since tree coverage, which
could be in the range of 20–40% (Oke 1989), is largely
ignored.

Using the new shadow casting algorithm (Section 2.1.1)
it is now possible to acquire continuous images of the
complete Ψsky with both vegetation and buildings accounted
for. It is possible to separate buildings and vegetation to
examine the impact of vegetation on Ψ in the urban
environment. Figure 7a shows the Ψsky when only the
ground and building DEM are used, whereas Fig. 7b are when
only vegetation impacts Ψsky. It is also possible to consider
where vegetation blocks building walls as ‘seen’ from each
pixel within the model domain (Fig. 6c). Directional view
factor images similar to the one shown in Fig. 6c are needed
to get an accurate weighting factor in Eq. 10. The complete
Ψsky, a combination of Fig. 7a and b is shown in Fig. 7d. In
SOLWEIG, Ψsky is determined prior to calculation of the
impact transmission of radiation through the vegetation
canopy separately for shortwave and longwave radiation.
Visual examination of the different Ψsky images (Fig. 7)
shows the large reduction of Ψsky underneath vegetation. The
view factor values in Fig. 7c are in general high but would
probably decrease in a dense urban environment. The mean
Ψsky between Fig. 7a and d is reduced 0.103.

4 Results and discussion

Five days of measurements from GBG2010 and from nine
sites in Germany and Sweden are used to evaluate
SOLWEIG 2.0. The model is then used to show the spatial
and temporal variations of Tmrt.
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4.1 Evaluation of building geometry and regional climate
on Tmrt

Evaluation of SOLWEIG 2.0 covering a range of non-
vegetation effects such as building geometry, meteorological
variations, regional climates and seasonal aspects are shown
in Fig. 8. The evaluation shows almost one to one relations
between observed and modelled data. This is an improve-
ment to when SOLWEIG 1.0 was used when a 2°C
overestimation of modelled Tmrt was evident (not shown).
The root mean square error (RMSE) is also reduced from
8.63°C (v1.0) to 6.79°C (v2.0). Scattering increases with
temperature (consider 25–55°C; Fig. 8) because the temporal
resolution is just one shadow pattern per 1-h period. Thus a
pixel is either in the shade or exposed to the Sun for a full
hour, which is not always the case. The shadow pattern is
generated in the middle of each hour. In reality, a location
could be in the shade during the first 40 min of an hour
and then exposed to sunlight during the remaining
20 min but SOLWEIG currently assumes that pixel is
in the shade for the entire hour. This will result in under-
or overestimations of the shortwave radiation fluxes and

consequently Tmrt in areas that are moving either out of, or
into, the shade. Yu et al. (2009) suggest a temporal
resolution of 10 min when investigating shadow patterns
in complex urban environments. Increasing the temporal
resolution increases the computation time considerably but
this option will be included in future versions of
SOLWEIG.

4.2 Evaluation of vegetation on Tmrt

Two different GBG2010 sites were used to evaluate the
performance of SOLWEIG with respect to vegetation
(Fig. 3d): (1) just north of a row of lime trees (Tilia cordata)
to examine the impact of vegetation shadowing; and (2)
underneath a chestnut tree (Castanea) to evaluate Tmrt under
a vegetation canopy. Four of the five measurement periods
were conducted at site 1 and the remaining one at site 2
(Fig. 9). The 5 days were clear to partially cloudy except for
May 20th which was cloudy. Site 1 was sunlit until
approximately 12 noon LST, and site 2 was sunlit between
12 noon and 4 pm LST. During the remaining period of the
measurements both sites were shadowed by vegetation.

Fig. 7 Continuous Ψsky for study area GBG2010 using a the building and ground DEM, b from vegetation blocking the sky, c from vegetation
blocking the buildings and d complete (i.e. both buildings and vegetation)
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The most evident result seen in Fig. 9 is the considerable
improvement of using the vegetation scheme when
estimating the radiation fluxes and Tmrt at both sites at
GBG2010. This is clearest when the two sites are shadowed
by the surrounding vegetation canopies. Using the vegeta-
tion scheme with a shortwave radiation transmissivity
through vegetation (τ) of 20% (open triangles, Fig. 9)
results in more realistic model values relative to the

observed values compared to not using the vegetation
scheme (open squares, Fig. 9). However, modelled Tmrt is
still overestimated by about 11°C when the vegetation is
shading the site. The mean absolute error (MAE) is 5.5°C.
This is evident in both the longwave (L) and the shortwave
(K) radiation fluxes. This suggests that τ may have been
assigned too high a value that will affect K which in turn
affects surface temperatures and hence L. Examination of
the vegetation canopies through hemispheric photographs
(site 1, Fig. 10), suggests τ should be much less than 20%.
Reducing τ to 5% (open circles, Fig. 9) reduces the
overestimation of Tmrt by as much as 6°C and a MAE to
2.74°C. The highest overestimates of Tmrt, due to overesti-
mation of the K fluxes, are found during midday (Fig. 9).
This is because of the simplification made for reflected
shortwave radiation (Eqs. 3–6).

To further examine an appropriate value and to make an
improved parameterisation of τ, a comprehensive dataset
from Morgan Monroe State Forest (39°19′ N, 86°25′ W),
Indiana (Dragoni et al. 2010) were analysed. A full year
(2005) of incoming shortwave radiation (15 min averages)
from above (46 magl) and beneath a deciduous forest
canopy (2 magl) were used to calculate the transmission of
global shortwave radiation for different seasons (Table 1).
As shown, τ is only 0.07 during the summer months
compared to suggested values of 0.2 (Oke 1987; Robitu et
al. 2006). The reason for choosing τ=0.05 instead of
τ=0.07 is because the competition in a forest reduces the
leaf and branch production at lower levels within the forest
canopy. Individual trees in urban areas which are separated
from each other (Zipperer et al. 1997) are able to develop

Fig. 9 Observed versus modelled values of total longwave radiation, total shortwave radiation and Tmrt at the GBG2010 study area

Fig. 8 Observed versus modelled hourly Tmrt (n=205). The regression
line is based on the combined site data. Data from six different sites
with Ψsky between 0.63 and 0.93 is included from the KLIMES-project
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more branches at all height levels and therefore a slightly
lower value of τ could be used compared to a forest area.
Results from a sensitivity analysis on how τ affects Tmrt in
SOLWEIG 2.0, found changing τ from 0.2 to 0.07 reduced
the MAE of Tmrt from 5.5°C to 3.1°C; and by changing τ to
0.05 reduced the MAE of Tmrt an additionally 0.4°C.
Hence, a new default value for τ should be 0.05 for fully
foliated canopies. The values in Table 1 could be used for
other periods of the year.

The assumption that the surface temperature of vegeta-
tion is considered equal to air temperature was tested using a
handheld IR instrument (AMiR 7811–20) at five different
locations within the GBG2010 study area. Observations
were made every hour during the 3 days in July while
measurements were conducted (n=165). Surface tempera-
ture of vegetation followed the ambient air temperature but
with a small underestimation of 1.5°C (not shown). A
sensitivity test (τ=0.05), with the temperature of vegetation
reduced by 1.5°C as shown from the IR temperature
measurements, found a very small reduction in Tmrt (0.4°C)
at the two sites in GBG2010. This implies that the

assumption of vegetation temperature being set equal to air
temperature is acceptable.

Figure 11 shows modelled versus observed upward,
downward and sideward shortwave and longwave hourly
radiation fluxes as well as total fluxes and Tmrt from both
GCB2010 sites for all 5 days of measurements. As shown,
SOLWEIG works well in most situations. However, the
overestimation of the shortwave fluxes at lower values (i.e.
shadowed by vegetation) creates a larger bias for the
smaller Tmrt. Nevertheless, SOLWEIG shows an overall
good performance of Tmrt with a coefficient of determination
for the linear regression of 0.91 (RMSE=3.1°C). The
highest discrepancies between modelled and observed
values are found for the side-facing shortwave radiation
fluxes (RMSE=108.1 Wm−2). Shown here are the total
fluxes from all four cardinal directions, so therefore the fluxes
are smaller when each cardinal direction is considered
separately. Overall, the errors are larger for the shortwave
fluxes than the longwave fluxes even though the R2 values are
higher for the shortwave fluxes due to the larger span of
values (Fig. 11). The total longwave fluxes are larger than
the total shortwave fluxes (not shown). Also, one should
have in mind the relative greater importance of the longwave
fluxes based on the absorption coefficients when estimating
R where ɛp is 0.97 and ζk is 0.7 (Eq. 1).

4.3 Spatial variations of Tmrt

The SOLWEIG model is a non-stationary model that is
able to calculate the spatial variation of Tmrt at different
temporal scales. By using the new vegetation scheme in
SOLWEIG 2.0, it is possible to examine how vegetation
influences the spatial variation of Tmrt. The spatial
variation of Tmrt in the GBG2010 study area during a
clear day in May (3 pm LST, 23 May 2010), when the air
temperature was 19.9°C and G was 617 Wm−2, can be
seen in Fig. 12. The first obvious features are the shadow
patterns, which are essential for the spatial estimation of
Tmrt: sunlit areas, show considerably higher values of Tmrt.
The yellow to red areas are exposed to direct sunlight,
while the blue areas are in shade from both buildings and
vegetation (see online version of Figure). Another clear
feature is that Tmrt is relatively high close to a building
wall (e.g. ‘a’ in Fig. 12). An interesting feature is the
relatively high values of Tmrt for sunlit areas underneath
the vegetation canopies (e.g. ‘b’ in Fig. 12). This is
because the vegetation canopies block the relatively colder
sky resulting in increased incoming longwave radiation
originating from vegetation rather that from sky. Even
though Tmrt have local maxima at these locations these are
probably not areas where enhanced heat stress is believed
to occur. By using a thermal index, e.g. physiological
equivalent temperature (PET) (Mayer and Höppe 1987)

Fig. 10 Hemispheric photograph at SITE 1 (GBG2010). A Sun-path
diagram generated for 12th July using ©RayMan Pro (Matzarakis et
al. 2009) is included

Table 1 Transmission of shortwave radiation (τ) through a deciduous
forest canopy (see text for details)

Season DJF MAM JJA SON

τ 0.43 0.20 0.07 0.20
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Fig. 11 Observed versus
modelled hourly data of the
net six directions of shortwave,
longwave and total radiation
fluxes as well as Tmrt at sites 1
and 2 (n=50) within the
GBG2010 study area
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where the cooling effect by wind is incorporated, areas
underneath trees are able to be ventilated to a higher degree
compared to areas close to a sunlit building wall (e.g. ‘a’ in
Fig. 12). Also since Tmrt is estimated for the centre of gravity
of a human, the upper part of a standing body could be in
shadow from vegetation while values of Tmrt are still
estimated as high. Furthermore, episodes of heat stress usually
occur in the summer months when Sun’s altitude angles are
high so the area underneath the vegetation canopy is shaded.

The areas that shift from being exposed to sunlight to
becoming shadowed, or reverse, experience a slower rise/drop
in Tmrt than areas that have been continuously in sunlight or
shade for more than 1 h (‘c’,‘d’ Fig. 12, discussed in greater
detail in L08). Vegetation shadowing also occurs on building
roofs (‘e’, Fig. 12) indicating the potential use of SOLWEIG
for urban design, e.g. building energy consumption.

5 Future developments

The good performance of the model to date and discussion
with potential users has helped to identify where future
development efforts to SOLWEIG should be made:

& Currently parameters such as surface albedo and emissiv-
ities are spatially constant. In version 3, different
properties will be possible through the introduction of a
land use grid for each grid cell within the model domain
which can have different properties of α, ε, τ etc. This
would, e.g. include the possibility to give each vegetation
pixel a unique value of τ. Although this will provide a
useful tool for investigating the impact of materials, it
obviously implies that such detailed data are available so
the original default will remain an option.

& Incorporation of PET calculations, which will require
spatial variations of wind speeds to be calculated and
the use of a database of parameter values for people
related to clothing, age, sex etc.

& The temporal resolution will be increased to allow for
the suggested 10 min shadow patterns.

& The surface temperature parameterization data are
sparse and only available for impervious surfaces.
Inclusion of parameterizations of surface material types
will be developed.

& The reflection of shortwave radiation should be revis-
ited and improved.

6 Conclusions

A new vegetation scheme for SOLWEIG (version 2.0) is
presented which includes a new method to cast shadows
from vegetation canopies using a 2.5-D model. The
importance of including trunk zone heights (i.e. non-
vegetated zones under vegetation canopies) on shadow pattern
on the ground is illustrated. Purposely, a very simple approach
to the vegetation is taken; specifically, treating the surface
temperature of vegetation equal to ambient air temperature,
and using the same transmission factors of shortwave and
longwave radiation for all trees and bushes.

To evaluate SOLWEIG, a relatively large dataset, given
the rarity of such data, is used. The evaluation is done with
respect to Tmrt at different locations and weather conditions.
A high correspondence between observed and modelled
values is obtained (R2=0.93; RMSE=6.79°C; n=205).
Modelled values correlate well with observed ones through-
out the evaluated temperature range. The scatter increases
somewhat between Tmrt 25°C to 55°C, due to the current
temporal resolution (hourly) of SOLWEIG.

The new vegetation scheme is able to successfully
capture the variations of 3-D radiation fluxes and Tmrt

caused by vegetation (R2=0.91; RMSE=3.1°C; n=50). A
general overestimation is evident when observation points
are shadowed by vegetation but the overall error is
relatively small (MAE=2.74°C). The assumption that
surface temperature of vegetation equals ambient air
temperature seems to be fairly reasonable. A mean
difference of 1.5°C was found between the two with air
temperature lower. A sensitivity analysis showed very small
improvement in Tmrt when vegetation temperature was
increased by 1.5°C.

Given this good performance, future developments are
considered worthwhile. A number of suggestions for future
development are identified. These would allow the model’s
continued use for human comfort but also for other
applications related to building design, planning and
evaluation of instrument exposure.

Fig. 12 Spatial variations of Tmrt (standing man) (°C) covering study area
GBG2010 at 3 p.m. on 23 May 2010. The spatial resolution is 1 m.
The letters a–e are points of interest referred to in the text
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