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Abstract Vegetation and building morphology characteristics are investigated at 19 sites on
a north-south LiDAR transect across the megacity of London. Local maxima of mean
building height and building plan area density at the city centre are evident. Surprisingly,
the mean vegetation height (zv3) is also found to be highest in the city centre. From the
LiDAR data various morphological parameters are derived as well as shadow patterns.
Continuous images of the effects of buildings and of buildings plus vegetationon sky view
factor (=) are derived. A general reduction of = is found, indicating the importance of
including vegetation when deriving = in urban areas. The contribution of vegetation to the
shadowing at ground level is higher during summer than in autumn. Using these 3D data
the influence on urban climate and mean radiant temperature (Tmrt) is calculated with
SOLWEIG. The results from these simulations highlight that vegetation can be most
effective at reducing heat stress within dense urban environments in summer. The daytime
average Tmrt is found to be lowest in the densest urban environments due to shadowing;
foremost from buildings but also from trees. It is clearly shown that this method could be
used to quantify the influence of vegetation on Tmrt within the urban environment. The
results presented in this paper highlight a number of possible climate sensitive planning
practices for urban areas at the local scale (i.e. 102- 5×103 m).
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Introduction

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 air temperatures will double the frequency of
periods characterized by extremely high air temperatures (WHO/WMO/UNEP 1996),
which will result in more frequent, more intense and longer lasting episodes of heat waves
(Meehl and Tebaldi 2004). It is also suggested that climate change could magnify the urban
heat island effect in some locations (McCarthy et al. 2010). This calls for an improved
understanding of how the variations of microclimates within an urban setting influence
people’s health and well-being. Of particular importance are human thermal comfort issues.
During extreme heat waves, like those that occurred in central Europe in 2003, heat stress
can 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 is
possible to create less stressful conditions and thus reduce the frequency of heat stroke and
increase overall comfort during heat waves in cities (e.g. Matzarakis and Endler 2010).

The effect of vegetation on urban climate has been investigated for some time (e.g. Honjo
and Takakura 1990–1991; Upmanis et al. 1998; Akbari et al. 2001). Urban green
infrastructure can cool air by evapotranspiration (Grimmond and Oke 1991); shade parts of
the ground and walls, which results in a reduction of the radiant and surface temperature (Ca
et al. 1998; Simpson 2002); modify wind velocity and direction (Heisler 1990); absorb
particulate matter that falls as air temperatures decrease in the evening; and filter dust and
noise (e.g. Akbari 2002). Considering the influence of vegetation on thermal comfort, many
studies deal with vegetation mitigation of heat stress in hot arid regions (e.g. Masmoudi and
Mazouz 2004; Ali-Toudert and Mayer 2006, 2007b; Shashua-Bar et al. 2010) and in mid-
latitude urban areas (e.g. Matzarakis et al. 1999; Picot 2004; Robitu et al. 2006; Ali-Toudert
and Mayer 2007a; Lin et al. 2010). In general, these studies show that vegetation shadowing
can have a large effect in reducing heat stress in urban areas. However, they typically consider
only one point in space or a small area of interest such as a square or a street canyon.

Accurate and reliable spatial data of vegetation cover and in particular the 3D
characteristics do not usually exist. Therefore, land cover data are often used to incorporate
vegetation in various studies. However, Hirano et al. (2004) showed that small patches of
vegetation such as street and garden trees, which in general are excluded from most land
cover datasets, could have a significant impact on the climate in urban areas. Until recently,
3D structures and biodiversity have been restricted to local measurements or large scale
generalizations whereas now Light Detecting And Ranging (LiDAR) and Radio Detecting
And Ranging (RADAR) data are able to fill this gap (Bergen et al. 2009). Due to the
complex geometry and diversity in the urban environment, high resolution datasets are
preferable to extract reliable 3D vegetation information which makes airborne LiDAR a
suitable data acquisition method. LiDAR provides height and structural information over
large geographic areas in a time-efficient fashion and at relatively low cost. In urban
environments LiDAR data are seen as a critical and innovative way to improve the
characterization of both vegetation and building structures and attributes (Goodwin et al.
2009) while providing precise estimates of 3D properties of vegetation (e.g. Holmgren and
Persson 2004; Næsset 2004). Using these data it is possible to differentiate between
different tree species using intensity data (Kim et al. 2009) and to derive a 2.5D Digital
Elevation Model (DEM) that includes buildings and vegetation to model solar flux and
shadow patterns (Yu et al. 2009). However, treating vegetation as 2.5D objects, excluding
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trunk zones (volume between the canopy and the ground) will cause errors (Chapman
2008). These errors can be removed by applying the shadow casting algorithm of Lindberg
and Grimmond (2011).

This paper explores the nature of the spatial variations of various building and vegetation
characteristics across an urban area. Using this vegetation and buildingmorphology information,
the influence of sky view factor, urban climate and mean radiant temperature (Tmrt), a variable
used to estimate human thermal comfort, are investigated at the local scale. Unlike earlier
studies that have focused on a small area within an urban setting, here a modelling approach is
taken to investigate larger spatial domains in different areas within the megacity of London,
UK. The SOlar and LongWave Environmental Irradiance Geometry (SOLWEIG) model
(Lindberg et al. 2008) is used to estimate spatial and temporal effects of vegetation and urban
morphology on daytime shadow patterns, radiative properties and thus Tmrt.

Methods

Study area and model domains

The study areas originate from a NERC ARSF (Natural Environment Research Council,
Airborne Research & Survey Facility) north-south LiDAR flight transect through Greater
London (51°30′N, 00°07′W) which consists of 33 Boroughs with 7.5 million people
(Fig. 1). From that transect 19 (400-m x 400-m) sub-domains are extracted and used
(Fig. 1). The whole transect is not examined due to the large amount of data points and
hence long computation time. The spatial resolution on the ground is set to 2 m.

Fig. 1 Greater London (with 32 Boroughs and the City of London) showing LiDAR transect and the 19
study areas
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LiDAR characteristics and data preprocessing

The spatial data were acquired on 14 August 2008 using an Optech ALTM 3033 LiDAR
system, operating at a flight altitude of 900-m above ground level. The sensor was configured to
record first and last returns as well as intensity values with a pulse frequency of 33 kHz using a
maximum off-nadir view angle of 20° and a wavelength of 1064 nm. The beam-divergence was
set to 0.21 mrads. The area surveyed includes an approximately 0.65-km×50-km north to south
transect passing over the central parts of London and a single flight line was used. The average
point density on the ground was 0.71m−2. The 19 study areas were located centrally within the
transect to exclude large off-nadir angles since the laser beam moves across the track resulting
in a Z-shaped pattern with lower density distributed points at the edge of the field of view. If a
pulse included a single and last return within a height interval of 0.3 m, one pulse was
categorized as a single pulse return.

To derive the data, several steps and software systems were used. Most of the GIS
preprocessing was done in ESRI’s ArcInfo 9.3 and all filtering procedures presented used
MathWorks MATLAB®. For SOLWEIG 2.0 the input spatial datasets required are (Lindberg
and Grimmond 2011): a ground and building Digital Elevation Model (DEM), a vegetation
canopy DEM and a trunk zone DEM. First the LiDAR points within each study area were
extracted using FUSION/LDV (version 2.70- McGaughey 2009) from the main LiDAR
cloud (46399632 points) (Fig. 2a). The GroundFilter algorithm within FUSION/LDV was
used to identify those last and single returns that correspond to probable bare-earth surface
points. These points were gridded to create a bare-earth DEM (Fig. 2b). To separate points
located on building roofs, building footprints extracted from the OS MasterMap®
Topography Layer (Ordnance Survey 2010) land use dataset were used. First and single
returns outside the building footprints were stored separately to be used as ‘potential’
vegetation points. By combining the building points dataset and the bare-earth DEM, a
ground and building DEM was created (Fig. 2c) (hereafter referred to as building DEM).

Height attributes for each vegetation pixel were compared with the bare-earth DEM and
those lower than 2.5-m above ground were removed from the dataset. After points below
2.5-m agl were removed, urban features such as building walls, power lines, masts etc. were
still present and had to be removed in order to generate a vegetation canopy DEM (Fig. 2d).
To remove these non-vegetation features a similar filtering approach to Goodwin et al.
(2009) was used. The first filter applied removed the linear features in the dataset. A 9×9
pixels moving window was used for a series of lines oriented 0° to 179°. When the number
of pixels including vegetation points that intercepts a projected line was >4 points of the
possible 9 and less than 3 of the surrounding pixels in the window were classified as
vegetation, the vegetation pixels were removed. A second filter was applied to fill gaps
caused by the sampling patterns of LiDAR and inconsistent detection of vegetation points.
This was a 3×3 pixel moving kernel that classified a pixel as vegetation if six or more of
the surrounding eight pixels were classified as vegetation (Goodwin et al. 2009). A final
3×3 pixel kernel filter was applied to remove single pixels classified as vegetation when
none of the surrounding 8 pixels were non-vegetation pixels (e.g. masts, lamp posts etc).
Remaining vegetation pixels were used to generate the canopy DEM with a height value or
non-tree pixels assigned 0-m (Fig. 2e).

Vegetation has small gaps that allow laser light to penetrate and record additional returns
at lower elevation. This was used to obtain a rough estimate of the crown base height
needed to generate the trunk zone DEM. The approach used here was developed by
Holmgren and Persson (2004) and has been applied by others (e.g. Kim et al. 2009). First,
all the returns classified as vegetation were selected. Laser returns less than 2 m agl were
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Fig. 2 Results generated in creating the digital elevation models (DEM) from LiDAR data (site 5N, see Fig. 1): a
unprocessed LiDAR data, b ground DEM, c ground and building DEM, d canopy DEM before filtering, e
canopy DEM after filtering, and f trunk zone DEM
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omitted from the analysis to remove the effects of ground vegetation, cars and other
obstacles found in the urban environment. The remaining laser points were classified as
non-ground vegetation points. To estimate crown base height a 0.5-m interval was used.
Each interval that contains ≤1% of the total number of non-ground laser points within an
individual tree was set to zero and others to one. The crown base height was defined as the
distance from ground to the lowest height layer where >1% of the data points were found.
Holmgren and Persson (2004) used a segmentation process for separating different tree
crowns and therefore could identify the returns that originated from a certain vegetation
unit. As they had higher resolution laser data (0.44-m between laser hits on the ground)
than this study, here vegetation laser returns were separated using a 10-m x 10-m grid for
each study area. Within each grid cell a crown base height was estimated. Using this
approach all vegetation pixels within a 10-m x 10-m grid have the same crown base height
value. As an artefact of this, if a grid cell was located at the edge of vegetation, large
overestimations may occur. After re-gridding the 10-m x 10-m grid to 2-m pixels this artefact
was reduced by applying a 3 by 3 pixel median filter on single local maxima compared to the
surrounding 8 pixels. If the crown base height and canopy height of a pixel were within 1 m, the
crown base height was altered using a 3-by-3 pixel median filter. Very high crown base heights
recorded from the processing (i.e., <15-m) are most likely related to large variations in canopy
heights within each 10-m×10-m grid cell rather than actual crown base heights. These were
classified as bush pixels. An example of a trunk zone DEM is shown in Fig. 2f.

The building and canopy DEMs for the 19 sites are shown in Fig. 3. In order to compare
the sites, the building DEMs scale bars have a 45-m range except for 9S which is located on
a relatively steep slope and therefore a higher range is used (60-m). Pixels with heights
greater than the maximum height are shown as white pixels. All vegetation canopy DEMs
have the same heights range (35-m) and pixels equal to 0 are transparent.

Spatial variability of urban morphology characteristics

Spatial variations of the various urban morphology characteristics influencing the urban
climate and outdoor thermal comfort such as sky view factors, shadow patterns generated
from buildings and vegetation characteristics are investigated using both the derived DEMs
from the LiDAR data as well as from OS MasterMap® Topography Layer data. All sky
view factors and shadow patterns derived used in this paper are calculated at surface level.
LiDAR data also allows examination of the vertical distribution of the urban vegetation.
The two types of vegetation DEMs (canopy and trunk zone) are used to derive vertical
cross-sections for the 19 sites. The plan area densities were calculated each 0.5-m above the
ground so that the vertical distribution of vegetation plan area cover could be derived. For
each 0.5-m level above ground level a pixel by pixel comparison is made between the two
vegetation DEMs so that the non-vegetation volume underneath the canopies is not
accounted for. If a pixel value of the trunk zone DEM is higher than the height of the
current 0.5-m section examined, this pixel is not included in the calculation of vegetation
plan area. These cross sections with the vertical cross-sections of building plan areas give
the total vertical distribution of all roughness elements found in the 19 sites.

SOLWEIG 2

SOLWEIG is a model that simulates spatial variations of 3D radiation fluxes and the mean
radiant temperature (Tmrt) in complex urban settings. It is also able to model spatial variations
of shadow patterns (Ratti and Richens 1999). Tmrt is one of the key meteorological variables
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governing human energy balance (e.g. Mayer et al. 2008) and the thermal comfort of people.
It is derived from summing all shortwave and longwave radiation fluxes (both direct and
reflected) to which the human body is exposed. In SOLWEIG, Tmrt is derived by modelling
shortwave and longwave radiation fluxes in six directions (upward, downward and from the
four cardinal points) and angular factors (Höppe 1992).

The model requires meteorological forcing data (global shortwave radiation (K↓), air
temperature (Ta), relative humidity (RH)), urban geometry (high resolution urban DEMs),
and geographic information (latitude, longitude and elevation). To determine Tmrt,

Fig. 3 Building DEMs overlaid by canopy DEMs derived from LiDAR data for the 19 sites (see Fig. 1)
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continuous maps of sky view factors (y) are required. The technique used to calculate y in
SOLWIEG was originally developed by Ratti and Richens (1999) and further developed by
Lindberg and Grimmond (2010). The evaluations of this method (e.g. Brown et al. 2001;
Lindberg 2005 (Fig. 6), Lindberg and Grimmond 2010) have found that the results are very
accurate. The results presented here use SOLWEIG 2.0 which is able to incorporate the
presence and influence of vegetation (Lindberg and Grimmond 2011).

Application of SOLWEIG

For the surface morphology, the datasets derived from the LiDAR data are used as input to
SOLWEIG. The meteorological forcing data are obtained from multiple sources. Global solar
radiation (K↓) is obtained from a meteorological station located at the Strand Campus, King’s
College London (Fig. 1). To get near-surface Ta and humidity measurements, spatial averaged
data from four local weather stations within the city centre of London are used (Learning Grid
sites: Bow, Kensington, Westminster, Islington; http://weather.lgfl.org.uk). Here daytime
situations are considered as this is when the beneficial effects of vegetation on outdoor heat
stress through shading is likely to be, foremost because solar radiation and Ta will be high.
Two clear days with high incoming shortwave radiation are examined (September 25th 2009,
June 3rd 2010; referred to as autumn and summer day hereafter). In addition, these 2 days
allow the impact of sun altitude on shadow patterns and Tmrt to be investigated.

The Ta range for the summer day was 11.3°C to 22.1°C and 11.7°C to 20.8°C for the
autumn day. The midday variability in Ta between the Learning Grid sites was less than 1°C
during both days. The maximum K↓ was 915 Wm−2 and 581 Wm−2 for the summer and
autumn day, respectively. Both days are within the leaf-on period of the year. The forcing
meteorological data are assumed to be the same for all 19 sites since only daytime periods
are considered. A sensitivity analysis to the impact of air temperature and assumptions
about diffuse radiation is performed.

Results and discussion

Vegetation and building characteristics in London

Various urban morphology characteristics for all 19 sites derived from the LiDAR dataset
and OS MasterMap data are shown in Fig. 4. Clear local maxima of both mean building
height (zb) and building plan area density (λb) at the city centre are evident; the classical
‘peak’ where the strongest urban effect on the micro-climate usually is found (Oke 1987).
This is also evident by visual examination of Fig. 3. Based on λb, the two northern most
study areas located in Enfield (8N and 9N in Fig. 1) could be classified as rural (outside the
‘cliff’), whereas the most southern study area (9S) is still within the urban environment. A
clear ‘plateau’ with local maxima and minima is also evident in λb. At the local scale λb

will influence the wind profile and roughness parameters (Grimmond and Oke 1999). Some
very interesting patterns appear from the characteristics of vegetation (taller than 2.5 m) in
the 19 sites. Similar to zb there is a central peak in zv3, meaning as building heights
increases, vegetation height also increases. In the outskirts of the urban area there is taller
vegetation; for example there is a forested area within 9N. When plotting zb against zv3 a
strong positive relation between the two is found (Fig. 5). The two vegetated/rural sites
(8N and 9N) are plotted but excluded from the calculation of the linear trend. The reason for
including the two rural data points in Fig. 5 is that they show the tendency of increasing
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vegetation heights that could be found outside the urban environment and are located within
the London boroughs. The maximum height of trees is naturally more limited than building
heights which have higher peak values. Note that the LiDAR transect does not go over the
tallest buildings of London (Fig. 1). The plan area density of vegetation λv3 shows spots of
larger amounts of vegetation i.e. parks and abundance of back gardens within certain areas of
London. A tendency of increased λv3 when reaching the outskirts of the urban area is also
apparent. It should be noted that morphological parameters for vegetation (i.e. zv3 and λv3)
only take vegetation taller than 2.5-m into account. If shorter vegetation, such as grass and
small shrubs were included, the values of zv3 and λv3 would change considerably especially at
the outer sites. Potential for a bias to be introduced by not accounting for vegetation when
determining urban roughness parameters is evident.

The peak found in zb and λb is similarly found when examining the sky view factor
derived from the building DEMs (=b) (Lindberg and Grimmond 2010). =b on all horizontal
surfaces (i.e. roofs and ground) (=b(all)) has similar values to =b on the ground =b(ground)

where =b(all) have higher values as elevated roofs are included. The largest discrepancies
between these two parameters could be found when extensive building structures (e.g.
industrial plants) are present within the area of interest. Values of =b(ground) also have a very
similar pattern to λb with a strong negative correlation (R2=0.83, not shown). The
correlation between =b(all) and λb is even higher (R2=0.86, not shown). When including the
vegetation DEMs to create = from all essential 3D objects in the urban environment (=all)
(Lindberg and Grimmond 2011) the pattern changes to some extent compared to =b with a

Fig. 4 Variations of morphological
characteristics for a North-South
transect through London
(see Fig. 1): a mean building
height (zb), b mean vegetation
height >2.5-m (zv3), c plan area
fraction of buildings (λb), d plan
area fraction of vegetation >2.5-m
(λv3), e sky view factor derived
from building DEM (all pixels)
(=b(all)), f sky view factor derived
from building DEM (ground
level pixels) (=b(ground)), g sky
view factor from both building
and vegetation DEMs (all pixels)
(=all(all)), and h sky view factor
derived from both building and
vegetation DEMs (ground level
pixels) (=all(ground))
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general reduction of =. The peak is still located in the city centre but large reductions of =
are found at the outer sites where large amounts of vegetation are found. There is a positive
correlation found between =b(ground) and =all(ground). However, the correlation is not very
strong (R2=0.48, not shown) indicating the importance of including vegetation when
deriving continuous images of = in urban areas as argued by Chapman (2008).

Vertical cross sections of vegetation and buildings for the 19 sites are shown in Fig. 6.
The distribution of the raw LiDAR returns/0.5-m section (Fig. 6a) is very similar to actual
vertical distribution derived from the two vegetation DEMs (Fig. 6b). The two major
differences are the plan area fraction at low levels. First, low level LiDAR returns are
removed when generating the vegetation DEMs since these returns could include non-
vegetation objects on the ground (e.g. vehicles, trash bins, humans etc.). Second, there
seems to be a minor decrease of the plan area density from the vegetation DEMs compared
to the raw LiDAR returns. The explanation for this is probably the distribution of LiDAR
returns is higher within the centre of the canopy where the vegetation height also is high,
whereas at the edges fewer and lower LiDAR returns are found. However, the pixel sizes of
the DEMs are consistent (i.e. 2 m) and therefore appear to have lower mean heights that the
actual LiDAR raw data (compare Figs. 4, 5, 6). The vertical distribution of vegetation
(Fig. 6b) is in many ways similar to the vertical distribution of building structures (Fig. 6c)
where plan area densities are shifted upward when moving closer to the city centre.
Exceptions are found at the outskirts or outside the urban environment. Interesting patterns
are also found in the very city centre (0C in Fig. 6a, b) where the plan area density of
vegetation at low levels is very low indicative of the absence of near ground vegetation.
This is probably because of the high level of maintenance required for vegetation in the
dense central urban areas and the absence of residential gardens where low level vegetation
is present typically. The big difference between the vertical distribution of buildings and
vegetation is the increase found in vegetation at the outskirts of the city (also seen in
Fig. 5). The implication of this is that the urban limit (‘cliff’) is erased when combining the
vertical distribution of all 3D objects (Fig. 6d). Spots of low vegetation density are found at

Fig. 5 Mean building height (zb)
versus mean vegetation height
(zv3). The trend line is based
on urbanised sites (black dots,
n=17). The triangle (predomi-
nately agricultural land) and the
square (predominately forest)
are the two ‘rural’ study areas
within the Greater London Area
(8N and 9N)
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some more industrial sites (e.g. 6S and 7S). The vertical distribution of heights provides
useful information for the calculation of frontal area index, which is frequently used in
roughness parameter calculations (Grimmond and Oke 1999) and will be useful in some
footprint calculations (Vesala et al. 2008).

Shadow patterns generated from buildings and vegetation

As noted in Section 1, one of the most important contributions of vegetation to thermal comfort
during clear weather situations is the shade created by trees and bushes. Snapshots of shadow
patterns from buildings (black) and vegetation (dark grey) for 0C at different times through
2 days are shown in Fig. 7. As expected, large differences are found when comparing the
summer and autumn day, especially during early mornings and late evenings. The contribution
of vegetation to the shadowing is relatively large, both during the autumn as well as on the
summer day. In fact, vegetation seems to contribute more in summer than in autumn due to
reduced building shadowing at ground level. This is examined later in this section. The
boundary conditions of the model domain influence the shadow patterns, especially during
early mornings and late evenings, as areas may be modelled as unshaded because the shadow
would be cast by objects outside the model domain if present. This is seen clearly at 6 am (Fig. 7)
where relatively large white areas are found at the eastern border of 0C. Also seen in Fig. 7, are
the consequences of dense urban settings on solar access at ground level which would be
exemplified for much of the year as shown by the shadow patterns during the autumn day.

To examine shadow patterns at ground level in more detail, shadows were modelled at
10-min intervals, as suggested by Yu et al. (2009) for complex urban environments, for the
19 sites for 2 days (Fig. 8). The difference between the shadow fractions from buildings
with respect to the summer and autumn day is relatively similar for all sites, with a general
decrease evident for the summer day due to higher sun altitude angles (Fig. 8a). The
differences are largest at midday when the sun altitude angle is high. Some sites have larger
differences between summer and autumn shadow fraction from buildings (e.g. 3N, 0C, 2S,
and 3S). This could be related to building density represented by e.g. zb, =b etc. (Fig. 4).

Fig. 6 Vertical distribution (in 0.5-m intervals) of buildings and vegetation of the 19 sites: a raw LiDAR
returns classified as vegetation, b plan area density of vegetation, c plan area density of buildings, and d plan
area density of buildings and vegetation
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These large seasonal differences might also be related to specific configurations of the
buildings within these study areas (Fig. 3).

Accounting for vegetation increases the total shadows on the ground (Fig. 8b). Comparing
the general daily patterns of shadow fractions, with or without vegetation (Fig. 8a, b),
indicates that shadows generated from buildings are the primary control on the amount of
shade on the ground within the urban environment. However, the more vegetation present, the
more likely that there is an increase in the amount of shaded ground (e.g. 9N and 9S).

Daytime mean shadow fractions on the ground are shown in Fig. 9. These are calculated
from 10-m in shadow images, while the sun is above the horizon (N=96 and N=71 for the

Fig. 7 Shadow patterns in study area 0C on the 3rd June 2010 and 25th September 2009 - at five times of day.
Black areas are shadows generated from building whereas dark gray are shadows generated from vegetation

Fig. 8 Daytime variations of shadow fraction at ground level for the 19 sites on 3rd June (dashed) and 25th
September (solid): a shadow fractions from buildings, and b from both buildings and vegetation
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summer and autumn day, respectively). The latitude is considered the same for all sites. The
graphs of transects (Fig. 9) reveal a number of interesting features regarding shadows
present in a city such as London. The shadow fractions from buildings at ground level
follow, as expected, the pattern where the autumn day has higher fractions than the summer
day due to lower sun altitude angles. The correlation between plan area fractions (λ), sky
view factors (=) and shadow fractions are shown in Fig. 10. An almost perfect fit is
obtained between shadow fractions and =b(ground) derived from the building DEM
(Fig. 10b) using a second polynomial trend line (summer: R2=0.99, autumn: R2=0.99)
but λb also (Fig. 10a) show very high correlations with shadow fraction using a linear trend
(summer: R2=0.85, autumn: R2=0.87). zb is poorly correlated (not shown) with shadow
fractions (summer: R2=0.44, autumn: R2=0.42); even a simple ‘distance from centre’
measure (not shown) has a higher correlation than zb (summer: R2=0.66, autumn: R2=
0.62). Including vegetation increases the scattering and decreases the correlation between λ,
= and shadow fractions. This is because 3D vegetation have varying trunk zone heights
which are not represented in the 2D plan area densities. Although trunk zone heights are
included in =all(ground), the correlation decreases because of the dominance of building
shadowing within the urban environment (i.e. vegetation shadow patterns that would have
been on the ground are overshadowed by building shadows).

As noted, the vegetation shadow fraction for 0C was greater for summer than the autumn
day (Fig. 7). This site (0C, Fig. 9) is the only one where the shadow fraction significantly
increases during the summer day compared to the autumn day. This is probably because
shadowing from buildings in the autumn blocks out the shadows from vegetation whereas
in summertime the sun light reaches the canyon floor due to high sun altitude angle and
vegetation shadow now become visible. This is probably the combination of the tall
building heights and dense urban structures. This finding exemplifies the importance of
vegetation within dense urban structure and how heat stress could be reduced by the use of
vegetation shadowing during the summer months, when heat wave events are most likely to
occur in the part of the city where urban heat stress is likely to be the greatest. At high sun
altitude angles the majority of the shadow from a vegetation canopy will be located within
the radius of the canopy i.e. underneath the canopy. This implies that the increase in
vegetation shadow at high sun altitude angles would not have been spotted if vegetation
would have been treated as 2.5D objects (e.g. Yu et al. 2009). However, the new shadowing
technique using trunk zone DEMs (Lindberg and Grimmond 2011) reveals this.

Fig. 9 Fraction of area covered
with shadow at ground level for
each siteintegrated at 10-m in
intervals over daytime period on
June 3rd and 25th September for
a North-South transect a for
buildings (Sh(b)), b for vegetation
(Sh(V)) and c combined (Sh(b,v))
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The influence of vegetation and building morphology on Tmrt

When SOLWEIG 2.0 (Lindberg and Grimmond 2011) is used to calculate the average
daytime Tmrt, the lowest values are found in the city centre both when vegetation is
accounted for and not (Fig. 11a, b). The overall pattern for the 19 sites is very similar to
both = (Fig. 4) and shadow patterns (Fig. 7). When the vegetation scheme is used Tmrt is
reduced, with the largest effect in areas with a high fraction of vegetation (λv3), both for
summer and autumn. There is a very high correlation between the difference in Tmrt using
the vegetation scheme or not and λv3 (summer: R2=0.96, autumn: R2=0.91) indicating that
λv3 could be used as a measure for heat stress mitigation using vegetation. The mean
reduction along the transectin Tmrt when vegetation is accounted for is 3.1°C (min 1.4 (7S)
max 7.5 (9S)) during the summer and 3.2°C (min 1.2 (7S) max 3.5 (9S)) during autumn.

The results of a sensitivity test to increasing the Ta forcing data by 2°C on the summer
day (keeping the vapour pressure constant) produces a mean increase in Tmrt of 1.6°C for
both vegetated and non-vegetated cases. When a much greater increase in Ta of 10°C is
used, which may be more likely under a heat wave situation, the increase in Tmrt for
vegetated simulations was 7.9°C and 8.5°C for non-vegetated conditions.

Fig. 10 Shadow fractions on ground versus a plan area fraction (λ) and b sky view factor (=). Solid trend
lines are used for autumn situations and dashed trend lines are used for summer situations

Fig. 11 Average daytime values
of Tmrt (standing person)(°C) at
ground level for a North-South
transect through London.
a 25th September 2009. b 3rd
June 2010. c Difference in
Tmrt (standing person)(°C)
(buildings+veg.) on the 3rd June
2010 between original values
of estimated diffuse radiation
(D) and with a 25% reduction
of D
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In this case the diffuse shortwave radiation (D) is unknown so it is modelled within
SOLWEIG using K↓, Ta, RH and sun altitude (Reindl et al. 1990). The D/K↓ratio is estimated
to be 0.2 at noon on the clear summer day (3 June 2010) which is probably an overestimate
that will affect the results. Analysis of data for the same summer day for a rural site
(Wallingford) run by the Centre for Ecology & Hydrology (CEH) approximately 70 km west
had a D/K↓ ratio of 0.1. In urban areas one assumes a larger D/K↓ due to increased scattering
(e.g. Lalas et al. 1987; Robaa 2006). The impact of reducing the modelled D by 25% (i.e.
D/K↓=0.15) the spatial patterns along the transect are maintained (not shown) and results
in an overall reduction to Tmrt (2°C—autumn; 5°C—summer day, Fig. 11e). The difference is
most pronounced at the low-density sites (i.e. low = and high λb) as a higher proportion of
diffuse radiation is able to reach ground level without being blocked by obstacles such as
buildings and trees (Fig. 11e). The model is sensitive to D, but the overall pattern and the
reduction of Tmrt when vegetation is considered, are maintained by SOLWEIG.

SOLWEIG can simulate spatial variations of 3D radiation fluxes and mean radiant
temperature. The spatial variations of Tmrt for 0C (3 June 2010 3 pm) with D reduced by 25%
are shown in Fig. 12a. The highest Tmrt values are in the narrow street canyons and in sunlit
areas underneath the vegetation canopy. This is because of the hemispheric blocking of the
relatively cooler sky by buildings and trees. Human thermal comfort is correlated to Tmrt (e.g.
Matzarakis et al. 2010) but convective cooling is not accounted for in Tmrt. Underneath the
vegetation canopy the wind speed is likely to be reduced, especially at locations that are close
to building walls or situated in very dense urban environments. Thus, thermal indices such as
Physiological Equivalent Temperature (PET) (Mayer and Höppe 1987) may be higher at such
locations. Lower Tmrt values are found in shadowed areas, with the lowest values in
shadowed locations at roof level. The sensitivity of Tmrt to D (original minus D* 0.25) can be
seen in the difference map (Fig. 12b). As expected, areas with low = have reduced Tmrt when
D is reduced. The opposite is also evident. Even though the differences are small this
demonstrates the preference for observed D values where possible and the need to consider
alternative methods to calculate D in future versions of SOLWEIG.

Fig. 12 a Spatial variations ofTmrt (standing person)(°C) for 0C 3 pm 3 June (D reduced by 25%). b Difference
map between Tmrt (standing person)(°C) estimated with original modelled diffuse radiation and reduced (25%)
modelled diffuse radiation
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Conclusions

LiDAR data with the SOLWEIG model are used to examine the variability of urban
morphology, shadow patterns and Tmrt across London. The following conclusions are drawn
about the urban morphology for this European megacity, likely they apply to many other
urban areas:

& Clear local maxima of both mean building height (zb) and building plan area density
(λb) in the city centre are evident.

& The tallest vegetation is in the city centre.
& There is a strong positive relation building height and vegetation height.
& The plan area density of vegetation (λv3) has an overall tendency to increase towards

the outskirts of the urban area. This increase is associated with parks and abundance of
residential back gardens.

& There is a minima in sky view factor in the city centre derived from the building DEMs
(=b).

& There is high overall correlation between zb, λb and =b

& Accounting for vegetation in = as part of the 3D objects in the urban environment (=all)
results in a general reduction of = compared to =b. The peak remains in the city centre
but with large reductions in = found in the outer areas of the city where large amounts
of vegetation are found. There is a positive correlation found between =b(ground) and
=all(ground). However, the correlation is not very strong indicating the importance of
including vegetation when deriving continuous images of = in urban areas.

The following conclusions are drawn based on examining the shadow patterns and Tmrt
results from modelling 2 days (one autumn and one summer) with SOLWEIG:

& Shadow fractions from buildings at ground level follow the expected higher values on
the autumn day than the summer day due to the lower sun altitude angles.

& Correlations between plan area fractions (λ), sky view factors (=) and shadow fractions
are very high suggesting that = could be used to estimate shadow fractions in urban
environments.

& Contribution of vegetation to shadowing at ground level is greater during summer than
in autumn. This highlights that vegetation is an effective method to reduce heat stress
within dense urban structures during heat wave events.

& Daytime average Tmrt is lowest in the densest urban environments due to shadowing
foremost from buildings but also trees.

& It is shown clearly that vegetation could be used to reduce Tmrt within the urban
environment. The average reduction in Tmrt was 3.1°C for summer and 3.2°C for autumn.

& A very strong correlation between λv3 and reduction in Tmrt is found.

The results presented highlight the potential for a number of climate sensitive planning
opportunities in urban areas at the local scale (i.e. 102-5×103 m). Increasing the amount of
vegetation, in all kinds of urban settings, has the potential to be an effective method to
mitigate enhanced heat wave episodes. Having knowledge of the vegetation distribution in
urban areas is beneficial in understanding for a wide number of processes (e.g. hydrology,
climatology, ecology, physiology); for example, 3D morphology has utility in wind related
applications such as deriving roughness parameters from all obstacles in the urban
environment (i.e. both buildings and vegetation). In this study the impact of (not)
accounting for the presence of vegetation is considered with respect to mean radiant
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temperature (Tmrt). This variable provides an indication of the thermal stress that is likely to
be encountered by people outdoors. Given that in many urban areas planting trees is being
advocated, it is beneficial to determine the morphology of the current trees and the impact
of accounting for their presence.
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