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Abstract

A robust representation of the radiative properties in complex urban settings is important for accurate estimations of radiant
load. Here, we present a new parameterization scheme in the SOlar and LongWave Environmental Irradiance Geometry
(SOLWEIG) model that partitions the upper hemisphere into 153 patches. Partitioning of the upper hemisphere enables
determination if longwave irradiance originates from the sky, vegetation, sunlit building surfaces, or shaded building surfaces
from each patch. Furthermore, a model for anisotropic sky longwave irradiance where emissivity increases with zenith angle
is included. Comparisons between observations and simulations show high correlation, with R* and RMSE for T, , of 0.94 and
4.6 °C, respectively, and R and RMSE for longwave radiation of 0.89 and 14.1 Wm™2, respectively. Simulations show that
mean radiant temperature (7,,,,,) can be up to 1.5 °C higher with an anisotropic sky compared to a uniform sky as an effect of
higher radiant load on the vertical of a human when sky longwave irradiance increases with zenith angle. In comparisons of
simulated 7, with the new parameterization and old parameterization schemes, previously overestimated 7, under trees
(high sky obstruction, sky view factor (SVF) <0.3) can be decreased by up to 3 °C from more realistic estimations using
the patches. Moreover, T,,,, close to sunlit walls (SVF~0.5) is increased by up to 2-3 °C from increased exposure to sunlit
surfaces. Concluding, anisotropic sky longwave radiation and directionality of longwave radiation from different sources

are important in estimations of 7}, of humans in outdoor settings.

Introduction

The generally warmer urban climate that results from build-
ing density, street orientation, color of materials, absence of
permeable surfaces, and lack of vegetation (Arnfield 2003)
puts the urban population at a greater risk of mortality and
morbidity during excessive heat events (Dousset et al. 2010;
Gabriel and Endlicher 2011). While the effects described
by Arnfield (2003) mainly refer to nighttime, the above-
mentioned factors also influence daytime microclimate,
with likewise negative effects on humans (e.g., Thorsson
et al. 2014). This illustrates the importance of appropriate
human thermal comfort models, e.g., RayMan (Matzarakis
et al. 2007), ENVI-met (Bruse and Fleer 1998), and SOlar
and LongWave Environmental Irradiance Geometry model
(SOLWEIG (Lindberg et al. 2008)), for urban planning in
relation to urban outdoor settings.
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Radiation from the sky vault is usually represented by
the three components of shortwave direct and diffuse irradi-
ance and longwave irradiance. A realistic representation of
shortwave diffuse sky radiation (hereafter referred to as dif-
fuse sky irradiance) includes the effects of circumsolar and
horizon brightening, i.e., that diffuse sky irradiance origi-
nating from around the sun (circumsolar) and close to the
horizon (horizon brightening) are brighter compared to other
parts of the sky. These effects are omitted in isotropic sky
models. The relevance of a realistic representation of diffuse
sky irradiance in estimating mean radiant temperature (7,
for a human was demonstrated by Wallenberg et al. (2020).
Their results show that the implementation of an anisotropic
model for diffuse sky irradiance in SOLWEIG (Lindberg
et al. 2008) led to increased radiant load on a human com-
pared to a uniform isotropic sky.

Down-welling longwave irradiance is also often consid-
ered to be isotropic when modeling radiant load on humans.
Common practice is to use models for global sky emissivity
(e.g., /o\ngstrijm 1915; Berdahl and Martin 1982; Prata 1996)
from which sky longwave radiation is estimated. Down-
welling longwave irradiance depends on the emissivity and
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temperature of the sky vault. That emission of longwave
radiation from the sky is anisotropic has been known for
almost 100 years (e.g., Dines and Dines 1927; Elasser 1942;
Robinson 1947; 1950; Awanou 1998) but has hitherto, to
the author’s best knowledge, not been included in mod-
eling of the radiant load of humans. It has been demon-
strated in numerous studies that emissivity increases with
zenith angle, reaching its maximum close to the horizon,
particularly on clear days (Bliss 1961; Unsworth and Mon-
teith 1975; Unsworth 1975; Martin and Berdahl 1984a, b;
Nahon et al. 2019). The higher emissivity from lower parts
of the sky vault influences estimations of absorbed energy on
vertical surfaces, which have effects on, e.g., human thermal
comfort. Nahon et al. (2019) evaluated the models by Bliss
(1961) and Martin and Berdahl (1984a) and found a high
correlation between field observations from France with the
model by Martin and Berdahl (1984a).

For a standing human, lateral longwave irradiance has a
significant effect on T,,, (Lindberg et al. 2013) and is mainly
attributable to building surfaces that are warm compared to
the sky. Nevertheless, if the lower parts of the sky vault, in
the real world, are warmer, but omitted in modeling (i.e.,
treated as isotropic), then longwave exposure on the vertical
surfaces of a human will be underestimated.

To model anisotropic diffuse sky irradiance, Robinson
and Stone (2004) combined a radiation model for anisotropic
diffuse sky irradiance by Perez et al. (1993) with the division
of the sky vault into 145 patches, developed by Tregenza
(1987), into a simplified radiosity algorithm (SRA). In a
similar method, Robinson and Stone (2005) implemented a
model for isotropic sky longwave irradiance estimated from
dew point temperature, partitioned into the 145 patches
described above. Rykaczewski et al. (2021) referred to the
differentiation of global shortwave radiation into direct and
diffuse components as anisotropy, following the methods
by Holmer et al. (2015). The anisotropy in this method is
the direct component, which is possible to estimate together
with the position of the sun (zenith and azimuth angles),
whereas the diffuse component is still considered isotropic.
The separation into direct and diffuse components improved
model results. The authors explained this by the fact that
some parts of the manikin were obstructed from the direct
solar beam and only exposed to diffuse sky irradiance as
opposed to simulations using global shortwave radiation.
Nevertheless, since their simulated radiant load was for an
unobstructed setting (rooftop) with uniform conditions for
diffuse sky irradiance and longwave radiation, they con-
cluded that further model evaluation should be performed
in complex urban settings using anisotropic diffuse sky irra-
diance and anisotropic longwave radiation.

SOLWEIG (Lindberg et al. 2008, 2016; Lindberg and
Grimmond 2011; Wallenberg et al. 2020) is a frequently
used model for radiant load on humans (e.g., Lindberg
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etal. 2013; Thom et al. 2016; Bicklin et al. 2021), accessed
through the Universal Multi-scale Environmental Predictor
(UMEP (Lindberg et al. 2018)). In SOLWEG, T, is esti-
mated from 2.5D pixel-based input data for buildings (Digi-
tal Surface Model (DSM)) and meteorological data (global
shortwave radiation, air temperature, and relative humidity).
Optionally, a canopy digital surface model (CDSM) with
vegetation height and information on ground cover can be
included. SOLWEIG has been evaluated in several studies
(Lindberg et al. 2008; Lindberg and Grimmond 2011; Lind-
berg et al. 2016; Lau et al. 2015; Chen et al. 2016; Kantor
et al. 2018; Gal and Kantor 2020). In its current version, sky
longwave irradiance is considered isotropic and is estimated
from sky view factors (SVF) and global emissivity (Prata
1996). However, as with the SRA (Robinson and Stone
2004; 2005) for diffuse sky irradiance, partitioning of the
sky vault should enable a more realistic realization of the
sky longwave radiation and hence improve estimations of
radiant load on humans.

In this paper, we adapt the idea by Robinson and Stone
(2004; 2005), dividing the sky vault into a number of
patches, according to Tregenza (1987). We estimate the
effects of the Martin and Berdahl (1984a) anisotropic model
for sky vault emissivity on T, . Additionally, vegetation
and sunlit and shaded building surfaces are included in the
patches.

Methods

Previous estimations of longwave radiation fluxes
in SOLWEIG

In the previous version of SOLWEIG, down-welling and lat-
eral longwave irradiance is considered isotropic and is esti-
mated from SVF on a human represented by a standing box
(see Lindberg et al. (2008; 2016) for details). Furthermore,
sunlit building surfaces were estimated from a fraction of
sunlit surfaces (see Fig. 3 in Lindberg et al. (2008)), which
resulted in discrepancies close to sunlit building surfaces
(e.g., Gal and Kantor (2020)).

Implementation of a longwave anisotropic sky
in SOLWEIG

The methods presented here follow the approach by Robin-
son and Stone (2005), but with an anisotropic sky according
to Martin and Berdahl (1984a), where emissivity increases
with zenith angle. However, we have increased the number
of patches from 145 to 153 to have patches that are more
similar in size, as longwave irradiance from each patch
depends on patch solid angle. A too large difference in solid
angle between patches could otherwise have a larger effect
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than the difference in emissivity. The patches are arranged
in eight annuli, and each annulus is divided into n; patches.
The solid angle (steradian, sr) of an annulus (A, 1) 1S cal-
culated from the solid angle of a dome as the difference

between domes limited by the upper (ay,,) and lower
(oower) Zenith angles of the annulus:
Aannulus =2rx (Cosaupper - cOsalower) (1)

The dome solid angle of the centroid zenith angle of an
annulus is given by adding half the solid angle of the annulus
to the dome solid angle of the upper zenith angle:

A =1- (Aupper +Aannulus/2)/(2ﬂ) @

Then, the centroid zenith angle (a,) is
@, = arccos A, ?3)

The contribution from an annulus to a horizontal surface
at ground level (P,) is

Table 1 Detailed information on patch distribution and properties,
where zenith angle interval is the height of each annulus/patch and
centroid zenith angle is the corresponding center of each annulus/
patch. Annulus solid angle is the steradian (sr) of each annulus, which
divided by the number of patches gives the solid angle () of each
patch

P.=A_ecos a, 4)

where the sum of P_’s from all annuli will become a solid
angle of 7.

For a standing human, the contribution to the vertical
surfaces on the human body will become

Q,=A_esin a, 3)

Details on the properties of the patches are given in
Table 1, and Fig. 1 gives the distribution of weights for hori-
zontal and vertical cylindrical surfaces.

A vertical surface has its highest share at large zenith
angles, i.e., from angles close to the horizon (Fig. 1). For a
horizontal surface, the contribution from the annulus around
zenith is small because of the small annulus size. Maximum
is instead found at zenith angles around 40-50° since the
annuli in that interval have a considerable size and the angle
of incidence is still high. Closer to the horizon, the contribu-
tion again becomes small due to the low angle of incidence,
even with the large annuli area.

In SOLWEIG, the expression by Prata (1996) is used to
estimate the global clear sky emissivity (g, ):

05
e e
Egy =1 — <1 +46.5Fa> -exp(—(1.2+3.0046.5Fa> >

(6)
where T, is the air temperature at standard height (2 m agl)
and e, the actual vapor pressure in hPa calculated from
standard height observations of relative humidity, where e,
in SOLWEIG is estimated from 7, and relative humidity
(RH).

The model by Martin and Berdhal (1984a) is used to esti-
mate the angular emissivity (g,), and is given by

1
S EES "
where b is a variable influencing the magnitude of anisot-

ropy and 0 is the zenith angle. Nahon et al. (2019) proposed

Zenith angle  Centroid Annulus solid Number of  ¢(sr)
interval (°) zenith angle angle (sr) patches

©)
0-6 4.2 0.034 0.034
6-18 134 0.273 7 0.039
18-30 24.3 0.534 13 0.041
3042 36.6 0.772 19 0.041
42-54 48.3 0.976 24 0.041
54-66 60.2 1.137 28 0.041
66-78 72.1 1.249 30 0.042
78-90 84.1 1.306 31 0.042
Fig. 1 Percentage shares of 0.30 -
down-welling fluxes from the —- Horizontal surface
sky on horizontal and cylindri- 05| - Vertical surface
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to set b to 0.308. However, they used the model by Ang-
strom (1915) for the estimation of global sky emissivity,
whereas the model by Prata (1996) is used in SOLWEIG.
Since observations of emissivity for the various parts of the
sky vault are not available for this study, the constant b has
been set to 0.308.

Thus, combining patches and anisotropy, the down-well-
ing radiation is the sum over vertical fluxes over all patches:

153
1
L = Egg0T— 8
1 ; (ngtgé'lo- ar ( )
where o 1is the Stefan-Boltzmann constant
(5.67 « 107 8Wm=2K~*), @ is the solid angle of the patch, and
£ is the angle of incidence, where ¢ is calculated as follows:

— —, . . —
é = COsr’patch.centroidCosapalchSlnﬂ + Slnr’patch.centmidcosﬂ (9)

with Mpatch.centroid D€ING the altitude of the patch centroid,
Epatch is the azimuth angle of the patch centroid compared
to the normal of a surface, and f is the plane tilt, where O is
a horizontal plane and 7z /2 is a vertical surface. Continuing
on Eq. 8, ¢ is estimated for the individual patches:

Ppatch = Aapatch (Slnrlpatch.max - Slnrlpatch.min) (10)

where Aa,q, is the azimuthal width of the patch and
Sipach max AN SIN7p e min) TEPresent the maximum and
minimum altitude of the patch.

If there are clear skies and SVF = 1, then L, = sprataoTi.

Influence of cloudiness

During cloudy conditions, Unsworth and Monteith (1975)
found that the emissivity increased but that the relative
impact of the zenith angle did not change. They explained
this as an effect of that most of the radiation reaching the
ground emanates from a 100 m air layer where CO, and
water vapor creates the impact of the zenith angle. On the
other hand, higher up the droplets at the cloud base increase
the emissivity to unity.

To estimate the influence of clouds on hemispheric emis-
sivity, Unsworth and Monteith (1975) used

€gky.clouds = (1-0.84c)« Egky +0.84ce £€clouds (1

where c is the share of the sky covered by clouds and
the emissivity of the clouds (=1).

If cloud observations are not available, cloudiness can be
estimated by a clearness index (CI) (Crawford & Duchon
1999), calculated as the ratio of observed ground-level solar
radiation to clear sky ground-level solar radiation.

Crawford and Duchon (1999) calculated a fractional
cloud cover (c¢) as

clouds
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c=1-CI (12)

and thus, the influence of clouds on the hemispherical emis-
sivity will be

Esky.clouds — (1 - C) ® Egky tceXe,= Cl. Esky +(1=CDhe €clouds

13)
When looking at CI on fully overcast days, it shows that
CI will not be zero but instead about 0.2-0.3. As a result, ¢
will be 0.7-0.8 on overcast days instead of 1 if based only
of the cloud fraction. However, if compared with the expres-
sion by Unsworth and Monteith (1975), the factor 0.84c
with ¢ = 1, i.e., overcast correspond to 1 — CI = 0.7 — 0.8
obtained for overcast days. Thus, the reduced effect of cloud
cover on hemispherical emissivity observed by Unsworth
and Monteith (1975) fits well with that of CI for overcast
equal to 0.2-0.3.

Building, vegetation, and reflected longwave radiation
components

The shadow casting methodology in SOLWEIG (Ratti and
Richens 2004; Lindberg and Grimmond 2010, 2011) can
determine whether a pixel within a model domain is shaded
by vegetation or a building. Utilizing the shadow casting
algorithm and the centroid of a patch, it is possible to estab-
lish if a patch represents unobstructed sky, vegetation, or a
building wall. In previous versions of SOLWEIG, the frac-
tion of sunlit walls was estimated using a fictitious basin
based on SVF (Fig. 3 in Lindberg et al. 2008). However,
since it was estimated from the SVF of a pixel, no informa-
tion about in which direction the buildings were located was
included. This led to an inconsistency in that all directions
had sunlit surfaces regardless of the position of the sun. A
new scheme for shaded and sunlit building walls is presented
in this paper, where SVF is recalculated to an average build-
ing height for a fictitious basin. With this average building
height, the position of the sun, and the position of a patch
determined as a building wall, it is possible to approximate
if it is sunlit or not. This is determined by estimating how
far down the wall in the fictitious cylindrical yard the sun
reaches and comparing this with the position of the patch.
The difference in surface temperature between sunlit and
shaded vegetation is minor with negligible effect on T
(Lindberg and Grimmond 2011) and is therefore treated the
same regardless if the vegetation is sunlit or not.
Longwave radiation from building surfaces and vegeta-
tion (treated as shaded wall) as well as a reflected component
depending on L (Eq. 8) and L, (see Lindberg et al. (2016))
components are estimated according to previous calcula-
tions in SOLWEIG, but modified to include £ (Eq. 9) and ¢
(Eq. 10) instead of weights, here exemplified for one patch:
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1
LWALLshadow = gwaTj/a]].sh cpele ; (14a)
4 1
LWALLsun = EWUTwall.sunCOSnsun cpele ; (14b)
1
Lygriecrep = (L +Ly) (1 = ega) s @2 & p (14¢)

The new parameterization scheme, thus, consists of Eq. 8
(sky), Eq. 14a (shaded building surface or vegetation), and
Eq. 14b (sunlit building surface). The reflected longwave
radiation component, according to Eq. 14c, is added if the
patch is a building surface or vegetation. £ determines if the
radiation is received by a horizontal or a vertical surface.
From this, longwave radiation originating from the upper
hemisphere can be described with the following expression:

153

1
L=Y eplio-T;i(picosfl; (15)
i=1

where ¢, ; is the emissivity of the patch (sky or wall), T;‘_i is
the temperature of the patch (sky (T,), vegetation (T, i)
shaded building (T, ), or sunlit building (T, .y ¢un))> a8
seen from a pixel in SOLWEIG.

A sky view image overlaid by an output from SOLWEIG
showing patches categorized as sky, vegetation, shaded
building wall, or sunlit building wall is presented in Fig. 2.
The sky view image was captured with a Nikon D5100 cam-
era equipped with a Sigma 4.5 mm f/2.8 circular fisheye
lens utilizing an equisolid projection. With an equisolid pro-
jection, every pixel has an equal solid angle, compared to
an equidistant projection where angular (zenith) distances
are equal. The image with patch categories is reprojected
from an equidistant to an equisolid projection according to
Honjo et al. (2019). The location of the sky view image
and SOLWEIG patch categories output are from the same
location (observations (white star) in Fig. 3). The image is
from 2021-09-02 13:20 LST and shows that the patch cat-
egories established in SOLWEIG give a good approxima-
tion of whether a patch is sky, vegetation, shaded building
wall, or sunlit building wall. For example, the sunlit building
wall patches have a difference in azimuth angle > 90° com-
pared to the azimuth angle of the sun. Vegetation, likewise,
shows a good match, with some slight offset for some pixels.
The CDSM is from October 2010, which possibly explains
these offsets (tree growth and/or removed vegetation and no
leaves). Some building wall patches also show an offset. This
can similarly be explained by discrepancies in the data, as
the DSM is produced from 3D vector polygon roof structures
in conjunction with a DEM, but could also be an effect of
that patch characteristics are determined from the centroid
of the patch.

0°

I shaded building wall
Sunlit building wall

B sky

I Trees

Sun

180°

Fig.2 Sky view image overlaid with patches showing patch charac-
teristics in SOLWEIG. Example is from 2021-09-02 13:20 LST, at
the location shown in Fig. 3 (white star). The sky view image was
captured with a Sigma 4.5 mm f/2.8 circular fisheye lens with equi-
solid projection. The model produced patch characteristics uses an
equidistant projection, reprojected to an equisolid projection using the
methods by Honjo et al. (2019) for this illustration

SOLWEIG simulation setup

Meteorological data (incoming shortwave radiation, air tem-
perature, and relative humidity) and information on surface
elevation are necessary to run SOLWEIG. The meteorologi-
cal data (direct and diffuse shortwave radiation, air tempera-
ture, and relative humidity, 10 min time-step) used here was
acquired from a weather station on the rooftop of the Depart-
ment for Earth Sciences, University of Gothenburg (calibra-
tion (red star) in Fig. 3). Due to an instrument malfunction
on the department rooftop weather station, additional mete-
orological data (global shortwave radiation, air temperature,
and relative humidity, 60 min time-step) were acquired from
a compiled meteorological dataset for Gothenburg (Rayner
et al. 2021). Raster data with information on building and
ground elevation (DSM) and vegetation height (CDSM)
are from the City of Gothenburg (Fig. 3b). Furthermore,
raster data on ground cover was included. Ground cover
information enables differentiation of emissivity, albedo,
and surface temperature parameterization between different
surfaces (e.g., cobble stone, asphalt, soil, grass). Emissivity
of the ground surface at the measurement site has been set
to 0.95 with an albedo of 0.16. Emissivity of walls is set
to 0.9. All raster data have a 1 m pixel resolution. In SOL-
WEIG, T, can be calculated for a human represented by
either a standing box or a cylinder. In this paper, T, has
been estimated for a human represented by a cylinder. Fur-
thermore, an anisotropic sky for diffuse shortwave radiation
(Wallenberg et al. 2020) is utilized. The only difference in
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0 20 40 60 80 100m
N T .

Fig.3 Satellite image (© Lantmiteriet) of the study area and inset
with the location of Gothenburg in Sweden (made with Natural
Earth) (a) and (b) corresponding digital surface model (DSM) and

the simulations is the representation of longwave radiation,
wherein the new parameterization either an anisotropic or
isotropic sky has been used for the patches (stated in the
text). In the old version of SOLWEIG, obviously, the old
parameterization based on SVF has been used. Thus, short-
wave radiation is treated equally in all simulations to rule
out any possible influence. Shortwave radiation fluxes for
both days are available Online Resource (Online Resource
1 for 2021-06-17 and Online Resource 2 for 2021-06-08).

Field measurements

Field measurements for detailed evaluation of the SOLWEIG
model and its new longwave parameterization scheme took
place on 2021-06-08 and 2021-06-17 at Guldhedstorget
in Gothenburg, Sweden (Fig. 3). 2021-06-08 was overcast
for most of the day with the sun breaking through between
approximately 12:00 and 14:00 and 16:00 until sunset (see
Online Resource 2). The second day, 2021-06-17, was rela-
tively clear, with partly cloudy conditions around 09:00,
11:00-11:30, 12:30-14:30, and 17:00-17:30 (see Online
Resource 1). The measurements were conducted using three
Kipp and Zonen CNR1 Net Radiometers (Kipp and Zonen
2009), with two pyranometers (CM3) and two pyrgeom-
eters (CG3) each, all connected to a Campbell Scientific
CR5000 logger. Furthermore, one Delta-T SPN1 Sunshine
Pyranometer (Wood 2019) was used and connected to a
Campbell Scientific CR1000 logger. Down-welling short-
wave radiation measured by the Delta-T SPN1 was used on
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DSM (masl)

CDSM (magl)

i

canopy digital surface model (CDSM). The white star indicates the
location of field observations, and the red star is the weather station
where the pyrgeometers and pyranometers were calibrated

2021-06-08 as a consequence of instrument malfunction
of the Kipp and Zonen CNR1 Net Radiometer measuring
down-welling shortwave radiation. Data was sampled every
5's, and 10 min average values were calculated for compari-
son with SOLWEIG simulations. Four supplementary days
of field measurements from Guldhedstorget for correlations
with SOLWEIG simulations were used (2018-05-15 (clear
day), 2018-06-08 (clear), 2019-07-11 (clear), and 2020-06-
24 (clear)). Here, 60 min average values were derived for
comparison with SOLWEIG.

The Kipp and Zonen CNR1 Net Radiometers were setup
according to the 3D integral radiation measurements sug-
gested by Hoppe (1992), i.e., facing down, up, north, south,
east, and west. This setup captures down-welling (K;,yn)-
outgoing (K,,) shortwave radiation, and shortwave radiation
from the four cardinal directions (K, Koo Keasrr and
Kyest)> as well as emitted longwave radiation from above
(Lgown)» below (L) and north (L), south (L), east
(L) and west (L,,.,)- This configuration has been used
as a standard for comfort radiation measurements (e.g.,
Thorsson et al. 2007; Kantor et al. 2014a, b). Hoppe (1992)
approximated the person receiving these fluxes with a stand-
ing box with the following form factors: horizontal surfaces,
i.e., top and bottom =0.06 each, and vertical surfaces, i.e.,
north, south, east, and west =0.22 for every side. However,
as shown by Thorsson et al. (2007), Kantor et al. (2014a),
Kantor et al. (2014b), and Holmer et al. (2015), the origi-
nal calculation of T by Hoppe (1992) results in a local
minimum at noon and an overestimation some hours later.
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To avoid this, Holmer et al. (2015) introduced a division of
monitored global radiation into direct and diffuse shortwave
radiation. Then, the mean radiant flux (S,) can be estimated
for a human represented by a cylinder as

S

str

= a; [0.28K g ige + 0.06(Ky, + Kioun) + 0.88K s e
+£,,[0.88L g average + 0-06(Lyp + Lioyn) |
16)
where a, is the absorption coefficient for shortwave radiation
(standard value 0.7) and ¢, is the average emissivity of the
human body (equal to the absorption coefficient for long-
wave radiation according to Kirchoff’s Law with a standard
value of 0.97, here set to 0.95). Ky, 4. i the horizontal
component of the direct radiation normal to the bole area
of the cylinder and K ;4. the corresponding diffuse radia-
tion. Lgge, average 18 the average of the four cardinal points
longwave sensors. Coefficients 0.28, 0.06, and 0.88 are the
form factors of the cylinder: vertical cross-sectional area,
top/bottom, and bole area.
With an estimated S, it is possible to calculate T, with

Sstr> mrt
the Stefan-Boltzmann Law:

6[70-

T, =4 S 273.15
mrt — - . (17)

The method by Holmer et al. (2015), i.e., cylinder, has
been used for all estimations of 7, from observed values.

The Kipp and Zonen CM3 Pyranometers (Kipp and
Zonen 2009) were calibrated with a Delta-T SPN1 Sun-
shine Pyranometer (Wood 2019). Likewise, the Kipp and
Zonen CG3 Pyrgeometers (Kipp and Zonen 2009) were
calibrated with a Kipp and Zonen CGR4 Pyrgeometer (Kipp
and Zonen 2018) in an unobstructed setting on the rooftop
of the Department for Earth Sciences at the University of
Gothenburg (calibration (red star) in Fig. 2). Calibration was
conducted between 2021-09-01 through 2021-09-05.

Results

Model performance—comparison of model
simulation versus observations

A comparison of observed and simulated longwave radia-
tion with the new (anisotropic from patches) and the old
(isotropic based on SVF) parameterization schemes for a
relatively clear and warm day is presented in Fig. 4. Obser-
vations were carried out in a square, surrounded by both
buildings and vegetation (see Figs. 2 and 3).

The figures show that differences between observed and
simulated longwave radiation fluxes are relatively small
throughout the day. Nevertheless, some deviations are
noticeable, especially in the afternoon (Fig. 4a—e). These

deviations are, however, relatively small (10-15 Wm~? for
cardinal directions and 10-20 Wm™2 for down-welling). The
explanation for the deviations in Fig. 4a—d can be found in
the surface temperature parameterization scheme in SOL-
WEIG and will be elaborated on in the discussion (see “Dis-
cussion”). Continuing, some small differences between the
new and old parameterization schemes are evident mainly
in the longwave radiation originating from north, south, and
east. A possible explanation for this is that sunlit walls in
the old scheme are always on the very top of buildings (see
Fig. 3 in Lindberg et al. 2008). In the new parameterization
scheme, on the other hand, walls can be sunlit from top to
ground level. Thus, sunlit surfaces close to the ground will
emit longwave radiation more or less perpendicular to the
vertical facet of a standing human, resulting in higher radia-
tion compared to if sunlit surfaces were at the top of a build-
ing. This explanation is supported by fluxes from the west
(Fig. 4d), originating from vegetation and sky (see Fig. 2).
Here, simulated fluxes are similar as there are no buildings,
with the new scheme showing marginally lower values com-
pared to the old scheme. Compared to the observed values,
both simulated fluxes are overestimated, which could be
because of a slightly overestimated surface temperature of
the vegetation (set to 7). Another possible explanation for
the overestimations in Fig. 4a—c is that there are some offsets
in what is defined as buildings by the model (see Fig. 2). If
this offset is true, it means that some of the patches that are
now defined as buildings should be defined as sky—with
lower emissivity (€4, ~ 0.85 for second annulus as com-
pared to €,,; = 0.9) and temperature (if wall is sunlit) val-
ues. Patch definition for this site could therefore potentially
be improved with a more detailed or updated DSM.

An additional comparison was made, although not
included here, between a SOLWEIG simulation with an ani-
sotropic sky for longwave radiation and a simulation with an
isotropic sky (both using patches). This comparison showed
that differences for the actual location of measurements are
very small, indicating that overestimations are not a product
of sky longwave radiation.

Results from an overcast—semi-cloudy—clear day
(2021-06-08) are presented in Fig. 5. Here, it is evident that
simulated longwave radiation is underestimated for both
schemes. On the other hand, simulated values with the new
scheme show improvements compared to the old scheme.
Some of the underestimations seen in simulated fluxes can,
again, be traced to the surface temperature parameteriza-
tion scheme (see “Discussion”). Furthermore, £, seems
to be underestimated as simulated L, at the weather sta-
tion (calibration, red star in Fig. 3), where SVF = 1 does not
equal observed L, (underestimated with about 13 Wm™>
at 12:10, not shown). Largest difference is visible in Lup
(approximately 30 Wm~2), whereas the cardinal fluxes have
deviations of about 20 Wm™2.
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Fig.4 Six directional observed and simulated longwave radiation
data (10 min resolution) for a relatively clear day (2021-06-17).
The figure shows longwave radiation fluxes from a north, b south, ¢

Figure 6 shows T, for a human represented by a cylin-
der, where observations are estimated according to Holmer
et al. (2015) and simulated T, is estimated using the new
parameterization scheme for longwave radiation presented in
this paper. It should be noted that the sky diffuse shortwave
radiation in the method by Holmer et al. (2015) is considered
isotropic, whereas in the simulations presented here, sky
diffuse shortwave radiation is anisotropic.

T, for a relatively clear day is given in Fig. 6a. The
simulated T, shows slightly higher values compared to the
observations. Ignoring T, in early morning and late even-
ing when differences depend on shadow patterns (shaded
in simulation but sunlit in observations), the largest dif-
ference is 3.5 °C at 13:00 (simulation larger than observa-
tion). Overestimations can to some extent be explained by
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east, d west, e upper hemisphere, and f ground. Dashed lines depict
observed values. Solid and dotted lines represent the new and old
parameterization schemes, respectively

the overestimated longwave radiation seen in Fig. 4. On the
other hand, diffuse sky shortwave radiation is omitted in
observations. Wallenberg et al. (2020) showed that diffuse
shortwave radiation increases the radiant load on the verti-
cal of a human (cylinder), suggesting that the observed T,
shown here could be underestimated. The largest underes-
timation in the simulations is approximately 1-1.5 °C just
after 11:00 and 13:00. The old version of SOLWEIG gives
a very good match with observed T, throughout the day.
Observed and simulated T, for an overcast—semi-
cloudy—clear day is presented in Fig. 6b. Here, simulated
T 1s underestimated throughout the day as an effect of
the underestimated longwave radiation presented in Fig. 5.
Again, as in the previous example, the largest underesti-
mations are visible in the early morning and late evening.
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Fig.5 Six directional observed and simulated longwave radiation
data (10 min resolution) for a relatively clear day (2021-06-08).
The figure shows longwave radiation fluxes from a north, b south, ¢

Otherwise, the largest underestimations of almost 6 °C and
4.5 C occur at 13:30 and 16:10, respectively, when the sky
was semi-cloudy. Except for these examples, a systematic
underestimation of around 2-3 °C is evident. Here, simu-
lated T, with the old parameterization scheme shows larger
underestimations compared with the new parameterization
scheme.

Scatter plots of observed and simulated total shortwave
radiation (K,,;, sum of all six shortwave radiation fluxes),
total longwave radiation (L), and T, for a human repre-
sented by a cylinder using the new parameterization scheme
are presented in Fig. 7. Here, all 6 days of field measure-
ments have been used. In Fig. 7a, it is evident that simulated
K1 correlates well with observed values, indicated by the
R? values (0.92), even though RMSE is 189.5 Wm™2. The
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RO NS dANME B ORGSO
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east, d west, e upper hemisphere, and f ground. Dashed lines depict
observed values. Solid and dotted lines represent the new and old
parameterization schemes, respectively

relatively high RMSE is explained by the temporal resolu-
tion, where on a 60 min temporal resolution, the area can be
in shade, in SOLWEIG, even though it was sunlit in obser-
vations within the same time span. The sum of longwave
radiation (L), given in Fig. 7b, also shows relatively high
correlations (R*=0.89 and RMSE =74.7 Wm™?). Underesti-
mations are, however, evident in SOLWEIG when longwave
radiation is relatively low and overestimations when long-
wave radiation is relatively high. This, again, is a product
of the surface temperature parameterization, indicating that
longwave radiation is overestimated from sunlit surfaces and
slightly underestimated from shaded surfaces. In Fig. 7c, the
resulting T, values are presented. Here, patterns are similar
to those seen in the scatter plot for longwave radiation, with
underestimations at low T, and a small overestimation at
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Fig.6 Observed and simulated
T for a human represented by
a cylinder on a a relatively clear
day (2021-06-17) and b an
overcast—semi-cloudy—clear day
(2021-06-08). The observed
T, depicted with dashed
lines, is estimated according to
Holmer et al. (2015). Simulated
T, depicted with a solid line is
estimated with the new param-
eterization scheme for longwave
radiation, and simulated T

Observationscy; npoer (Holmer et al., 2015)
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Fig.7 Scatter plots of observed and simulated a total shortwave radi-
ation (K, sum of all shortwave radiation fluxes), b total longwave

radiation (L, sum of all longwave radiation fluxes), and ¢ T, .

high T, .. Nevertheless, the correlation is high (0.9), and
RMSE is relatively low (4.6 °C).

Division of sky into patches—comparison
of anisotropic and isotropic skies

Sky longwave radiation distributed in the patches for two

simulated skies on 2021-06-17 12:10 LST is presented in
Fig. 8. In Fig. 8a, the sky is anisotropic, and sky longwave
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Observed L, (Wm~2)

Observed T, (" C)

Data is from 7 days (2018-05-15, 2018-06-08, 2019-07-11, 2020—
06-24, 2021-06-08, and 2021-06-17) for the central parts of a square
(in and around the white star in Fig. 1)

radiation is increasing with zenith angle, reaching its maxi-
mum at the outer band, closest to ground surface. Figure 8b
shows longwave radiation for a sky where emissivity distrib-
uted into each patch is equal, resulting in an isotropic sky
only depending on the solid angles of each patch. Here, the
center patch has a slightly smaller solid angle, producing a
lower amount of emitted longwave radiation.

An output raster of T, simulated with the anisotropic
sky (seen in Fig. 8a) for a human represented by a cylinder is
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Fig.8 Figure showing output from SOLWEIG for 2021-06-17 12:10
LST, where a shows longwave irradiance from an anisotropic sky and
b from an isotropic sky, normal to a surface. Figure ¢ shows T, for a

presented in Fig. 8c. Here, common patterns are visible, with
high T, in open areas and in front of sunlit south facing
facades. Low T, is evident in shade from trees and build-
ings. A comparison of the output in Fig. 8c and an output
with a sky vault divided into patches but with isotropic sky
longwave radiation (Fig. 8b) is presented in Fig. 8d. Thus,
the only difference in model settings between the two simu-
lations are the skies seen in Fig. 8a, b. The results given in
Fig. 8d reveal that some open areas, e.g., the square where
observations were carried out, have less sky longwave radia-
tion with an anisotropic sky, whereas areas underneath, e.g.,
trees, have more. These differences are marginal. Neverthe-
less, this is explained by exposure to a colder sky (lower

human represented by a cylinder with an anisotropic sky for longwave
radiation and d the difference in T, (cylinder) for the corresponding
time with an isotropic sky (anisotropic sky—isotropic sky)

emissivity) from lower zenith angles with the anisotropic
sky compared to the isotropic sky (see Fig. 8a, b). Under-
neath the trees, on the other hand, exposure is increased as
the anisotropic sky has higher amounts of longwave radia-
tion emitted from high zenith angles. This becomes obvious
in open areas (high SVF), where exposure to the warm sky
(high emissivity) at high zenith angles results in a higher
estimated T, with the anisotropic sky, up to 1.5 °C.

Two more comparisons were made although not included
in the main body of the text. The first one was for T,
between the SOLWEIG simulation seen in Fig. 8c and a
SOLWEIG simulation with the old parameterization scheme
based on SVF (Lindberg et al. 2008, 2016) and is available
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as Online Resource 3. Here, higher T, of up to 2-3 °C
is evident especially in front of sunlit walls as an effect of
increased exposure to sunlit facades. Lower estimations, on
the other hand, are also quite substantial and can be as large
as — 3 °C underneath trees (high sky obstruction, SVF <0.3).

The second comparison was conducted between a SOL-
WEIG simulation with patches utilizing isotropic sky and
a SOLWEIG simulation adopting the old parameterization
scheme based on SVF (not included). This comparison
had similar results as in Online Resource 3, indicating that
the differences between the new and old parameterization
schemes are attributable mainly to the implementation of
the patches.

Discussion

We have presented a new parameterization scheme for long-
wave radiation originating from the upper hemisphere as
seen from a human represented by a cylinder or standing
box. The new scheme has made it possible to differentiate
between longwave radiation emanating from the sky, vegeta-
tion, and sunlit or shaded building surfaces. Furthermore, a
model for anisotropic sky longwave irradiance is included.

The results given in Figs. 4 and 5 show a good correla-
tion between simulated and observed longwave radiation for
both days. The simulated down-welling longwave radiation
(Lgown.new) fits well with observed values (L gy obs)> €XCEPL
for the afternoon. This implies that the model for global sky
emissivity by Prata (1996) and the model for anisotropic
sky emissivity by Martin and Berdahl (1984a) is a fitting
combination during both clear (2021-06-17) and cloudy
(2021-07-08) conditions, even though &, is slightly under-
estimated during the cloudy day. Furthermore, the results
from 2021-07-08 show that the correction of sky emissiv-
ity during cloudy conditions using CI and cloud fraction
(Crawford and Duchon 1999) is satisfying. There are, how-
ever, under and overestimations in the remaining longwave
radiation fluxes. On the clear day, for example, there are
noticeable overestimations in the lateral longwave radiation.
These overestimations are reflected in T,,,,. Except for the
possible factors that could explain parts of this (offset in
patches due to a possibly inaccurate DSM and sunlit walls
down to ground level), this can be explained by the parame-
terization of surface temperatures (both sunlit building facets
and ground surface). Part of the lateral longwave radiation
consists of radiation emitted from the ground surface. The
parameterization scheme for sunlit surface temperatures in
SOLWEIG is based on the works by Bogren et al. (2000).
Here, emissivity and surface temperature are determined for
each land cover type (e.g., cobble stone, asphalt, and grass),
established from measurements of difference in surface tem-
perature (T,) and air temperature (T,) (T,_,) by Bogren et al.
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(2000) and Lindberg et al. (2016). T, is expected to peak
shortly after maximum solar elevation. The initial T, (valid
for shaded surfaces) is estimated from T,. In sunlit condi-
tions T, is added to the initial T, creating a sunlit surface
temperature. T , follows a sinusoidal curve based on a given
time when it will peak in relation to sunrise (see Egs. 11
and 12 in Lindberg et al. 2008), e.g., 13:00 as is the case
for the location of observations in this study. In addition,
T, is depending on CI (between 0 and 1, where 1 indicates
clear conditions and 0 complete overcast, i.e., darkness (see
Crawford and Duchon (1999) for details). Simply, T, is
multiplied by CI. Simulated T, and longwave radiation
show a good correlation with observations on the clear day
up until around this time, after which it is overestimated.
This indicates that the parameterization scheme has difficul-
ties simulating T, subsequent to peak T,_,. For 2021-06-08,
on the other hand, T, is underestimated, especially during
overcast or partly cloudy conditions. Since T, in addition,
is governed by CI, which is low during overcast or cloudy
conditions, ground and building surfaces are exposed to low
amounts of shortwave radiation even though the incom-
ing diffuse shortwave radiation is 300-400 Wm™2. When
weather conditions become clear and CI increases, the cor-
relation of longwave fluxes and T, increases, and under-
estimations are reduced. Similar conclusions can be drawn
from the scatter plots, where the slope for total shortwave
radiation is close to 1, whereas total longwave radiation
has a larger slope (1.31), underestimating at low radiation
fluxes (shade) and overestimating at high fluxes (sunlit). The
advantage with the current parameterization of sunlit T is
that it is very fast and suitable for a user-friendly 2D mod-
eling approach. The drawback, here, is that it overestimates
in the afternoon. The peak surface temperature likely also
differs depending on the direction of the wall. Under anticy-
clonic weather conditions, an east facing facade would, for
example, peak in the morning, whereas a west facing facade
would peak in the afternoon. In the current parameteriza-
tion scheme, this is omitted and all wall surfaces peak at
the same time, regardless of direction. Thus, the combined
effect of a potential misestimate in building patches to the
east (where buildings are located), the fact that building wall
surfaces can be sunlit down to ground level and that the
parameterization scheme for surface temperatures is over-
estimating in the afternoon results in an overestimated T, .
The potential misestimate in buildings patches is if anything
minor. This emphasizes the hypothesis that the parameteri-
zation scheme for T is the main explanation for the over-
estimations. The largest offsets in longwave irradiance are
noticeable from directions where buildings are located (east,
north, and south) and for the most part when these building
surfaces are sunlit, from midday forward that is. East stands
out with the largest offset. This is also the direction where
most buildings are located. Longwave irradiance from the
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west where there are no influencing building facades shows
an overestimation of ~ 10 Wm™, although stable through-
out the day. This is another indication that the T, for sunlit
building facades is the source of overestimations. A new and
promising parameterization scheme for T is under develop-
ment and will be included in a future version of SOLWEIG.
Another potentially influencing factor is that all building
surfaces are considered the same, while in fact, they con-
sist of different materials (e.g., concrete, stone, and glass to
mention a few) with different emissivity’s and other thermal
properties. These differences are overlooked, or calculations
would otherwise be too complex, and SOLWEIG would lose
one of its advantages that is its speed.

Gal and Kantor (2020) recommended an introduction
of a scheme for the directionality of sunlit and shaded sur-
faces into SOLWEIG, which we here, successfully, demon-
strate. This new scheme has made it possible to calculate
the radiant load on a human represented by a cylinder, as
we now know the amount of longwave radiation originat-
ing from each of the 153 different directions. Continuing,
the inclusion of an anisotropic sky for longwave irradiance
shows that differences to that of an isotropic sky can be as
high as 1.5 °C T, in open areas under the meteorological
conditions presented here. Nahon et al. (2019) calculated
T, for a cold night in Montreal, Canada, and estimated a
3.5 °C higher T, with an anisotropic sky compared to an
isotropic. Their results are in line with our results, showing
that an anisotropic sky increases the exposure on the verti-
cal facet of a human represented by a box or cylinder to
the relatively warmer sky closer to the ground compared to
an isotropic sky. However, the largest differences with the
new parameterization scheme come from the implementa-
tion of the patches. Comparisons with the old parameteriza-
tion scheme in SOLWEIG (see Lindberg et al. (2008; 2016)
for old parameterization scheme) reveal that T, in areas
with high sky obstruction, e.g., under trees, is reduced by
as much as 3 °C. Gal and Kantor (2020) showed overesti-
mations under trees of up to 7 °C, and Lindberg and Grim-
mond (2011) showed overestimations of ~5 °C, indicating
that our reduction presented here is an improvement of the
SOLWEIG model. In the previous version of SOLWEIG,
all areas with SVF > 0 have sunlit surfaces. With the new
parameterization scheme, sunlit building surfaces can be
obstructed by, e.g., a tree canopy. Furthermore, areas in front
of sunlit facades show increases in T, of up to 2-3 °C from
increased exposure to warm sunlit surfaces. The division
of the hemisphere into 153 patches has made it possible
to differentiate between sky, vegetation, and sunlit/shaded
building surfaces. This has enabled the determination of
the direction of longwave irradiance from the correspond-
ing surfaces. Thus, it is now easier to determine and improve
errors such as over or underestimations from, e.g., sunlit and
shaded building surfaces seen in this paper.

In the study by Rykaczewski et al. (2021), differentia-
tion between direct and diffuse solar radiation (Holmer et al.
2015) using 3D integral measurements (Hoppe 1992) led to
more realistic results in radiant load on parts of a detailed
manikin (as opposed to a cylinder) obstructed from the
direct solar beam through self-shadowing. Since their results
were in an unobstructed setting, the authors concluded that
the model should be evaluated in complex urban settings,
including anisotropic sky diffuse shortwave irradiance and
anisotropic longwave radiation for a more realistic depiction
of radiation patterns. In this paper, we estimate T, with
knowledge of the position of the sun as well as anisotropic
sky diffuse shortwave radiation and anisotropic sky long-
wave radiation emanating from 153 different parts of the
sky vault. Furthermore, longwave radiation originating from
vegetation and buildings can be estimated for 153 directions
if the sky is obstructed by any of the respective surfaces.
Future improvements include implementing the patches for
reflections of shortwave radiation on vegetation and build-
ings and the upward fluxes of shortwave and longwave radia-
tion from the ground. Thus, the SOLWEIG model is closing
in on including directionality for all shortwave and longwave
radiation fluxes.

Future work includes further development of the surface
temperature parameterization scheme to decrease the gen-
eral overestimation seen in the afternoon. Furthermore, field
measurements should be conducted at locations where large
differences between the new and old versions of SOLWEIG
were seen, e.g., under trees and close to walls.

Conclusion

We have presented a new parameterization scheme where
the upper hemisphere has been divided into 153 patches,
incorporating lateral and down-welling longwave radiation
fluxes from sky, vegetation, as well as shaded and sunlit
building surfaces. The following conclusions can be drawn
from the model evaluation:

e Simulated longwave radiation (R?>=0.89 and
RMSE =74.7 Wm™2) and T, (R*=0.9 and
RMSE =4.6 °C) correlate well with observed values,
suggesting that the model performance is high.

¢ A more realistic anisotropic sky for longwave radiation,
compared to a uniform sky, increases the exposure on
the vertical for a human represented by a cylinder. The
resulting implication is an increase in radiant load of up
to 1.5 °C in T,,,, in areas where most of the sky vault is
visible.

e Comparison of the patches with the old parameteriza-
tion scheme reveals decreases in previous overestima-
tions under tree canopies of up to around 3 °Cin T,
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Furthermore, radiant load close to sunlit walls shows an
increase of up to 2-3 °C.

e The division of the upper hemisphere into 153 patches
makes it possible to determine the characteristics sur-
rounding a human in 153 different directions. It is now
possible to estimate which of the 153 different directions
are sky, vegetation, shaded building surfaces and sunlit
building surfaces, with corresponding longwave irradi-
ance.
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