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Abstract. In the frame of the project "MOSAIK - Model-hased city planning and application in climate change”. a Genman-
wide rescarch project within the call "Urban Climate Under Change” 1[[.‘-1."]2: funded by the German Federal Minisiry of
Education and Rescarch {BMBF), a biometeorology modulbe was implermented imto the PALM model svstem. The new bioime-
teorology module comprises of methods for the calcalation of uy-exposure guantities, a human—hiometcorologically weighted

5 mean radiant emperatare (T, b as well as for the estimation of human thermal comfon or stress. The latter is achieved
through the implementation of the three widely—uased thermal indices Perceived Temperatare (PT) Universal Thermal Climate
Index {UTCH as well as Physiologically Equivalent Temperature {FET) together with a newly developed instationary index
istationary Perceived Temperature (IFT) baged on PT for use with the multi-agent model. Comparison caleulations were
performed for the indices FT, UTCI and PET based on the SkyHelios model and showing PALM calculates higher values in

10 general. This iz mostly dee 10 a higher radiational gain leading 1o higher values of mean radiant temperature. For a mvore direct
comparison, the indices FT, PET and UTCT were calculated by the biometeorology module, as well as the programs provided
by the atachment o the YD1 guideline 3TET, as well as by the Raybdan model based on the very same inpui dataser. Resalis
sleow deviations below the relevant precizion of 0.1 K for PET and UTC] and some deviations of up to 2683 K for FT caused
by repeated unvaovourable rounding in very rare cases (0027 %)

15 Copvrighr statement. The article is published under the Creative Commaons Altribution 4.0 License.

1 Introduction

Urban areas show slightly different dinmal varishilicy in air temperaiaee (T ) compared to their surmoundings (e.g. Oke, 1995,
Helbig et al., 19999, This is mostly due o modifications in the radiation budget cawsed by ground sealing. different surface
materials and many vertical surfaces (Oke, 1995, p 276 Additionally many of them have high heat storage capacities (Oke,

20 1995, po 284 redecing nighi—time cooling. The pwo effects contribute o a phepomenon that is called the Urban Heat Tslamd
(UHIL Oke, 19465, p. 2EE). Another increase in urban temperatures is caused by the local impact of global climate change.
E.g. for Freiburg (sowth—west Germany ), an increase of days with heat siress by up to 3 % is expected (Matzarakis and Endler,
201,
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Healih and well-being of the growing wban population is already an imponant issue in present urban planning (e.g. Helbig
etal.. 1999, A number of stadies have been carned out in the last years that show sirong correlation between health, as well as
martality on the one side and urban biometesrology on the other side. Especially heat stress durning the summer months seems
to lead 10 an iscrease in monality {e.g. Koppe et al., 2004; Conti et al., 2006; Muthers et al., 2000; Masos and Matzarakis,
12 Muthers et al., 2007}

To albow for counteracting maliciows effects through urban planning measssures, e, by a modifcation in the building config-
wration (Lin et al., 200 0a), surface materials (Lin et al., 20100) or whan green {Shashua-Bar et al.. 201 1 Charalampopoulbos
e al., 2005} decision makers are dependent on spatially resolved thermal perception information that can be best provided
through maps (Matzarakis, 20601 Nown et al_, 2018).

Thermal comfor can be assessed by calculating thermal indices, e.g. the Predicted Mean Voze (MY Fanger, 1972), Physiolog-
ically Equivalent Temperature (PET, Hoppe, 1993, 1999, the Perceived Temperature (PT, Staiger et al., 3002 or the Universal
Thermal Climate Index (UTCL Jendritzky et al., 2012 combining several aspects to approximate the thermal percepiion of
a standardized sample human being taking into account many meteorological and physiological parameters (Fanger, 1972
Hippe, 1999; Staiger et al, 3012, 2009).

To facilitate the identification of hotspots and the assessment of potential for the reduction of thermal siress the program “Urban
Climate Under Change” ||1]t'.‘]2] 15 funded by the German Federal Ministry of Education and Research (BMBF). Tt “aims at
the development, validation and application of an innovative urban climate model for entire cities” {Todo: UC2Y homepage).
Fart of the [li.'li"]2 program is the German-wide research project "MOSAIK - Maodel-based city planning and application in
climate change®. In the course of MOS ALK the PALM {PArallelized Large—eddy simulation Model Baasch and Schrisier, 2001
Maronga et al,, 2005; Hellsten et al., 2008; Maronga e al, 2009} is extended by several modubes o extend it o become a
comprehensive urban climate model (e.g. an urban surface module by Besler et al. (20070, One of the new modales is the
biemetcoralogy madule capable of calculating the static thermal indices PT, UTCL and PET as well as the instationary index
“instationary Perceived Temperatare” {iFT}h for use with the PALM multi-agent model {dMaronga et al_, 2009

2 Methodds

Hurmans are unable o directly sense individoual meteprological quantities, e.g. T, . However, they do feel the thermal effect of
their environment cansed by several meteoralogical parameters integrally through the skin and the blood temperatere in the
thermoregulatory system of the hypothalamus (Teomp, 1980 Hippe, 1993 Thermal comfort therefore can not be described
by individual parameters, but needs 1o be approximated through thermal comfon indices congidering all relevant conditions.
The more sophisticated indices are based on the approach of equivalent emperaturs and are relying on the evalostion of the
human energy balance or heat Aux models (e.g. Fanger, 1972; Gagge et al_, [986; Hoppe, 1993; Blazejezvk et al_, 2012,

An impostant input parameter to all sophisticated thermal indices is the mean radiant temperature (T ), defined as the tem-
perature of a perfectly black environment causing thermal radiation only, that bkeads 1o the same radiational gain or boss than
the actual environment (Fanger, 1972
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The estimation of T, does requine radiational input data, that is provided by one of the twoe radiation schemes available in
PALM, the simple clear-sky mode] (Maronga et al., 2009%a). or the more complex RRTMG (Mlawer et al.. 1997, Pincus et al..
H03: Baronga et al_, 20 19a).

21 Perceived Temperature

The Perceived Temperature (FT) is a thermal comfort index for outdoor environments using the concept of an equivalent
temperature. The thermal impact of the environment 15 evaluated through the *Elima—Michel-Maodel” (endriizky et al.. 1900,
an energy balance model for human beings (Staiger et al., 20021 PT s defined o be “the air temperaiure of a reference
environment in which the thermal perception would be the same as in the actual enwvironment” (Staiger et al., 2002 ).

PT is a steady—state mwsdel by design to keep run—time at a reasonable level. The target for PT s a standardized samiple human
ithe “Klima-blichel”, Jendrtzky en al., 19907 with a height of 1.75 m. an age of 35 vears, a weight of 75 kg, an intemal heat
production of 135 Wa? walking at a speed of 4 km'h {Staiger et al., 20021 This allows for a simplification of the human heat
halance equation after ASHRAE (2001, p. 13

M—Wo=(C+R+E ) +{C e+ Ered) + S + 5., i1)

The energy gain caused by metabolic processes within the body A4 reduced by the pomtion of mechanical work W (e frac-
tion of the body's energy. that is nod convened 1o beat, bui to mechanical workforce) is compared to the combined latem asd
sensible heat fluxes from or o the environment. The components of the eguation represent energy transfer by sensible heat
", radiateon %, and labent heat E. Eg. | distunguishes bevween fluxes from or 1o the skin (.60, the core () and theoagh the
respiratory avsbem @, b The heat storage components (5} are considered o egual 0 W constantly assuming a steadyv—siate.
Unit of all parameters is W

All of the physiological parameters are defined by the "Klima-Michel” model and the clothing model 15 self-adapting. FT
can therefore be estimated exclusively based on the meteorslogical parameters air temperatare (T, "C), wind speed{y. m/s),
vapor pressure (VP hPa), and mean radiant temperatare (T, ©Ch All of the energy gained or lost by the "Klima-Michel®
i compansd to that of an “iwoor” reference eavironment (comparne to Figure 11, This is done based on a modified version of
the kasic thermsal index "Predicted Mean Viote" (PMY) afier Fanger (1972); Gagge et al_ { 1986). The reference environment is
defined with parameters T = T (0o radiational impact), v = (L1 mis {anio-convection only) and ¥F equal o WP of the ac-
teal environment. If the actual envirosment would lead o warm and humid conditions, VP is set to a value matching a relative
humidity of 30 % (Staiger et al, 2012). The comparison is balanced by the air temperature of the “indoor® environment that is
msdified wntil the thermal stress in terms of PMY is the same as in the actual emvironment.
The index PMWY does consider energy exchange based on a two-node body model (a skin and a core node). Lt allows for labent
and sensible heat transfer from of to the skin (considering sweating) and by respiration (Fanger, 1972 Staiger et al., 2002)
PT comprises a clothing madel, that is automatically selecting the most appropriate value for the clothing index {clo) scoording
o the prevailing meteorological conditions (Staiger et al.. 201 2). It primarily attempts to maintain thermal comfort by adapting
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Figure L. Schematic overview «f the comparison «f adjusted FAMY between the actual prevailing environmend and a virtual eindoor envinone

meent for the estimation of the perceived temperature. The sample buman is stamdanfized by the "Klima-Michel” model.

to hot or cold conditions. Cnly if this can not be achieved, thermal sress is computed (Fanger, 1972 Stiger et al., 2012 The
clothing maodel 15 suppored in reducing thermal sirain by parametnzations of shivering in cold conditions (FMY < <0011 a clo

= 1.75) and sweating under hot conditions {PMY = 0.5 at clo = (0L3, Staiger et al_, X112

Tubde 1. The thermo-physiclegical meaning of FT results for central Europe as defined by Staiger et al. {2012,

FT{*C) Thermal Perceplion  Thermao-physiological siress

= +38  Very hal Extreme heal siress
+3X -~ +38  Hol Gireal heat stress
+26 = +32  Warm Maoderate beal sirexs
+20 = +26  Slightly warm Slight beal siress
0-+20  Comiodable Camfort possible
13 0 Slightly cood Sligha cold stress
2 13 Conol Moderate cold sress
3= 26 Cold Greal ool siress
< =39 Very oold Extreme cold stress

5 To facilitate the interpretation of PT resulis in Central Ewrope Staiger er al. 120012} published a perception table translating the

FT values inio thermal perception or the extent of thermo-physiological stress (Table 1)
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211  Universal Thermal Climate Index

The Universal Thermal Climate Index (LU'TCT) s “the isothermal air temperaiure of the reference condition that would elicit in
the same dynamic response (siraing of the physiological model® than the actual environment Jendritzky et al. (2002)

Alike most complex thermal indices {e.g. PT or PET), UTCL is an equivalemt ternperature. The thermal effect of the prevailing
meteorplogical conditions 15 compared 10 the one of a sandardized reference “indoor® environment with a fix 30 % relative
hwrnidaty, calim air (0.1 mis) and T, equal 1o T, (Jemdritzky et al., 200025, The environments are compared by a heat transfer
madel introduced by Fiala et al, (2002,

For performance reasons, UTCI can only e approximated using a regression equation abbreviated from sample calculations
performed by compating centers (Jendrizky et al, 2012 Brisde er al.. 2002} It allows for a computationally cheap and highly
performant determination of UTCL However, it also causes a limited range of input parameters it can deal with. The regres-
sipn eguation suppons T, 1o the range of -30000C o +5000°C, a relative humidity from O % w 100 %, wind speed of at least
0.5 mds and up oo 170 m's, as well as a difference between T and T { T - Tl of -3000°C to +7000 “C. In case the local
meteoralogical conditkons are owi of bounds, specific workarounds afier Brisde et al. (30125 can be implemented.

Dwe 1o the evaluation by the regression equation, physiological parameters can not be modified in UTCT and are considersd
to be atatic. UTCI does assume & permanent walking speed of 4 kindh (111 mo's) sesuliing in an internal heat production of
135 Win® (Jendritzky et al., 2012) and the clothing insulation 1o be self-adapting according to the environmental conditions
(Hawvenith er al.. 2002).

Ag long as all input conditions are in range for the regression equatkon UTCT 5 quite sensitive o wind speed (Chen asd
Marzarakis, 2018 Frishlich and Maizarakis, 2006), bt also to T, and T, (Chen and Maizarakis, 2018; Frahlich amsd
Matzarakis, 2006}

Tulde X Thermal stress classifeatsmn for UTCLL Muodified after Blagejeryk el al. (2003

UTCT{*C)  Thermal Stress calegiry

=446 Exireme heal siress
+35 = +46  Very stromg heal stress
+31X = +38  Birong heat siress
+26 = +32  Muoderale heal siress
+9 = +26 Mo thermal siress
0= +2 SKlight cold siress
13 0 Maoderale cold stress
T 13 Sirong cold stress
Al = 2T ¥ery stromg cold siress

< =40 Extreme cold sress
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Figure X Schematic overview of the comparison of the energy gain or loss in the beat ballance equation hetween the actual prevailing
environment aml a virtual eindoor environmenl e the edtimation of the physicdogically equivalent lemperature. The sample human is

represented by the RMEMI model.

Blazejozyk et al. (H0113) published a thermal sivess classification for Central Europe allowing for the interpretation of UTCI
resulis (2] In contrast o the assessment tables for PT (1) and PET {e.g. 3), the UTC] assesament table is a thermal siress

classification { Blazejeeyvk et al_, 301 3) rather than a thermal eomfont evalwation,
212 Physiologically Equivalent Temperature

The Physiological Equivalent Temperatre (PET) can be considered 10 be one of the most popalar thermal index and is widely
used for the assessment of human thermal comfort. Hippe (1999) defiens PET as "the air temperature 3t which, in a typical
idong setting (withow wind and solar radiation), the energy badget of the human body is balanced with the same core amd
skin terperature as wnder the complex outdoor conditions to be assessed” {Mayer and Higpe, 1987, Hoppe, 1999, compsarne to
Figure 2. PET evaluates heat load bazed on a simplified human energy balance mode] by (Hippe, 1984), the *Munich Energy
Balance Maodel for Individuals” (MEMI. Héppe, 1984). PET does not comprise a seli-adapiing clothing model, but is entinely
depending on the wser input. It therefore does ot include any behavioural components making PET “a real climatie index
describing the thenmal environment in a thermo-physiologically weighted wav” (Hioppe, 1999},

PET is very sensitive v the input paramseter T, (90, Charalampopoulos et al, 2003; Chen and Matzarakis, 2008 1i does
alzo respond strongly o modifications in wind speed (vjand T, (*C). Air humidity in terms od vapour pressure (hPajmuost be
prowided as input, but only shows very weak impact on PET (e.g. Chen and Matzarakis, 2008 Froblich and Matzarakis, 2016).
The thermal environment 15 evaluated by tee human energy balance equation {2, Hisppe, 1999},

M+WotR+C+Ep+Eu+E +8=10 (2)
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It does consider the metabolic heai production (A1 the mechanical workload (Mo, radiational heat flux (7)., sensible heat
fus (') as well as latent beat (E). E s thereby separated in the components from of to the skin (. ). by sweating (., ) and by
the reapiratory system (., ). The unit of all components of equation 2 is B, Heat storage (5 must permanently egual O W o
maintain a speady state.

The energy gain or boss by the prevailing thermal environment is compared 1o that of an vimual “indoor” eoviconment withowt
radiational impact 1T, = T_} calm air (v = 0.1 mv's), and static humidity in terms of VP = 12 hPa (Hippe, 1999, T, of the
idbonr environment is then maodified wnil the indoor environment is causing the same thermal load than the aciual environment.

The T, of that indoor environment then is returned as PET (Hippe, [9949),

Tulde 3 Thermal sensatim classes for buman beings in Central Europe {with an internal heal production of B0 W and a heat transber
resistance of the chithing of (09 che (chothing vabue |} modified after Matzarakis amd Mayer ( 19%6).

PET ("C) Thermal Perception  Grade of physecal siness

= dl Very hol Extreme heat siress
15 - 41 Hia Stromg heal stress
H =135 Warm Moderate heat sirness
B-19 Klighaly warm Klight beat siress

15 =123 Camfrrtable N thermal siress

13- 1% Klighaly coud Klight cold stress
£-13 Canl Moderate cold stress
4=8 Cald Stromg cald siress

= 4 Very oold Extreme cold stress

FET resulis can be interpreted using classification tables for the region in guestion. For Central Europe a classification with

nine classes of thermal perception (3} was introdeced by Matzarakis amd Mayer { 1996).

213 Instationary Perceived Temperature

An instationary index was developed 10 assess the thermal perception of the agenis generated by PALM's agent madule.

The muli-agent-model in BALM 15 a module sending lagrangian-like particles {agems) through the model dorain st runtimme.
The agenis are iraveling sutonomously from a starting point to a pre-defined destination ab runtime while automatically finding
their optimal rouwte, On their way, they are exposed o varying meteorological conditions. Steady-state thermal indices, e.g.
PT (see Section 2_17 are assuming a long time with constant meteoralogical conditkons for the sample person to adap o their
environmsent. In the case of PT this is 2 hours (Staiger et al., 2002), The conditions for the agents, however, may be altered
with any mew madel timestep or when the agent has raveled o another grid cell, leading to varving conditbons in a wme range

of fractions of seconds. To consider this high frequency of madified input conditions, a new instationary index had o be devel-




DiffPDF « /home/dom/Dokumente/DWD/papers/BiometMod/review3endPublicDiscussion/biomet_mod.pdf °

10

15

aped.

The new instationary index is intended to be able to cope with a wide range of input conditions to be suitable for the use on
the micre scale. At the same time, the resolis should be generally comparable o those by a well-known sieady-state index.
Whike UTCI is 100 costly, except for the regression eguation that is ot configurable enough, PET is lacking sensitvity o
humidity and clothing insulation. The newly developed instationary index therefore is based on the Perceived Temperaiure. For
simplicity it is called instanonary Perceived Temperature (iPT) in this siudy.

iFT is caleulated in two phases. Anthe first call (when an agent is created ) an initialization mn is performed. The initialization
run is very similar 1o the steady-state PT as the agent is considered o be adapted o its initial environmental conditions, The
initial run is alsoe used to caleulate the agents internal heat peoduction. This is necessary, as iPT does allow for setting the
agenis sex {mabe or female), age {years), height (m), weight {kg) and mechanical worklosd (W) 1o consider a wide range of
different agents. However, as the agents are cummently not generated with different propenties, they default to be standardized
"Klima-Michels® (compare o Section 2.1). Another imponant difference between the initial run and the further timesteps is
the decision for a clothing insulation in the initial fon, that will be kept for all furnther timesteps. Every agent therefore does
decide for some optimal clething insulation value (clo) while going owside for the frst e and must stick o this decision
later on for nod having to change repeatedly in less than one second.

Based on the personal propemies and the clothing insulation determined in the inital mn, for any further call a simplified
“eycle” muin is performed. This will kappen regularly for any new agent-timestep and a3 2000 as an agend moves o another
cell {fwith poentially different meteoralogical input conditions). In the “cyele” phase, iIPT will avoid costly iterations in the
clothing model, but will consider twao storage fields. The first one will store a fraction of the overhead in the comfort eguation
repreaenting the core stogage {So- ineq. 1) The other one is used o hold te previous clothing temperature (foscing Sae in
eq. 1

The storage component 5, of course, must not allow for storage modifications (4 ) of any extent. The heat balance 15 consid-
ered stable afier 2 hours according 1o Staiger et al. (2002}, Furthermaose, following the logic of conduction, larger difference in
temperatures will increase heat exchange and, thus, most also increase dg. As the temperature difference will become smaller
with time {assuming constant conditions ) 45 must decrease as well. The factor representing the fraction of the current maximum

storage modification w use d5, (a fraction of maximam core storage 5 can therefore be estimated as eg. 3.
fg-r =1 — EXP[—1=[10/t.} &) &)

Ineq. 3 the time until equilibrivem is reached (s, £) is considered 1o be 2 hours. &, does repeesent the time passed since the Last
calculation {&). Based on dz the resulting energy balance residual ( 5.0} at a time ¢ can be estimated by eq. 4 based on 5.,

from the previous mn ¢ — 1.
5t =dgr s EB+ (1 — fger )+ 5577 .

E R in eq. 4 represents the result for the energy balance without storage af time 1.
Another storage needs o be considered for the surface temperatune of the clothing. While clothing temperature can adapt way

faster than S il fowst
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Figure 3. The sile "lesi_urban” with shading as shown by the SkyHelios model seen from Scuth-SouihWest at 0700 UTC (shorily after

sunrise ) onoa 6 of March.

22 Test case

The thermal comifort part of the biometeorobogy maodule was tesied based on the generic urban crossroads tesi—case "test_wrban®
located at Hannover (Germany | (Frohlich, 20019, compare to Figare 33 It congists of a 19 x 19 2 60 grid domain with a grid
spacing of 2.0x 2.0x 2.0 m. In the comers of the domain there are baildings with different heighis of 10 m o 40 m. Two strecis
in between are forming a crossroads. In the Morth-East of the domain shading is provided by vao deciduous irees.

Radiation data for the test case is generated by PALMz clear-sky schimeme providing minimal radiation inpui based on as-
tronornic calculations assuming a perfectly clear sky without any clouds or obstructions. Please see Section 3.5.1 in Maronga
etal. (20019} for details.

To run the test setup with the thermal comfor part of the biometeoralogy module, the inpue file "est_wrban_p3d” was slightly
masified (Froblich, 2019, please see "west_urban_v2 zipdINPUThest_urban_p3d"™). The date was set to the 65 of March 1o
obtain less extreme conditions. The nitial potential temperature was adjusted respectively to betier meet typical conditions in
March. It was set to 5.0 "C at the surface at starup.

For the assessment of the guality of the resulis, comparison calculations were performed for (700 UTC and 13:00 UTC of a
68 of March using the well-known and frequently applied SkyHelios model {Frishlich and Matzarakis, 2018; Frohlich, 2017;
Marzarakis amd Matuschek, 200 1) Therefore a similar test domain was created for the SkyHelios model (see Figure 3. To
increase comparability, the tesi calculations were driven by the average air temperature caleulated by PATM.
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23 Meteorological Data

For a direct comparizon based on the very same input, the thermal mdices provided by the biometeorology module were
calculated for a meteorological dataset recorded by a urban climate siation on o of the chemistry highrise building of the
University of Freiburg. The dataser does cover the timespan from 1999-060-01 (d:00 LST o 20000-04-30 23:000 L5T in 10
minuies resplution and provides the parameters T, VP v and global radiation, that was wsed 1o estimate T by the RayMan
masdil. The general statistica of the dataset is provided by Table 4. The output generated by the biometeorology module was
then compared to the output by the programs in the attachment wo the VD1 guideline 3787, pan 10V DL 2008 and 10 the output
by the Raybdan model (Maizarakis et al, 20067, 2000,

Tulde 4. Siatistical vverview over the meleorsbgical data applisd in the comparison of the thermal indices implemented in the biometearol-
agy mavdule 1o the reference implementations provided by the YD1 gukdeline 3787, part 11V, 2008).

Ts VP ¥ Ton
Min. 138 0K 0.1 =210
1t . 6.7 3 04 LLE
Median 127 Gl 0.7 B.7
Mean 12.6 L 1.0 11.9
Snd Qe 184 125 13 147
Max. 40.1 4346 6.2z G485
HA's e M4 15X 1TO7S

3 Results

Resulis for the test case (e.g. Figures 4 - 6) show the changing thermal conditions over the day. Looking ar the perceived
temperature [Figure 4§ the day stams quite warm with PT of 102 w0 1536 °C in the sun and 540 o 111 °C s shaded areas
shiortly after sunrise at 0700 UTC. The differences within the shaded or sunny areas theseby are mostly cansed by wind speed.
The longwave emissions of the walls, even if they are exposed to direct radiation, what can nicely be seen on the eastern side
af the building in the lower kefi of Figure 4, are weak for surface temperatures ane lower than the air temperatune. The warnm
conditions for early spring are caused by a relatively high air temperature of 103 - 122 °C, that also lead to quite high mean
radiant temperatone of 11.4 - 145 °C in shaded areas and 2001 - 35.4 “C in the sun. Wind speed is rather low throughout the
madel domain ranging from less than 001 mis o (005 mis.

The thermo-physiokogical consequences for a sample human, passing through the model domain are indifferent. According 1o
the thermal perception table for Ceniral BEurope, Table 1, all readings are within the class G 20°C and, thus, can be perceived

20 as comfortable if appropriate clothing is selected. This holds for both, shaded areas, as well as areas exposed vo direct radiation.

1
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Figure 4. Perceived Temperature {PT, perct® in palm) far the test case "lest_urban” at 07:00 UTC (shorly after sunrise) on 2 6 of March.
Incident wind is Erom 2707 with 1A mfs.

The zame scenario looks entively different after midday at 13:00 UTC {see Figure 5) The model's “clear-sky" radiation
scheme causes the air tempersbure to fse to values of 2008 °C close to the morthern wall of the lower right building to 24.3 °C
at the western gide of the lower right obstacle. Wind speed is litile decreased compared to (700 and ranges from less than
0.1 mw's to 0.4 mw's ai 13200, Bodh beads io a guite high mean radiant temperatwre of 257 - 32.7 °C in shaded areas and a very

5 high T_,, of 44 - 51.7 °C in areas exposed to direct radiation.
A sample human roaming within the model domain would experience wider range of thermal perception. While shaded areas
are quite comfortable with PT of 2000 - 23.4 "C, what iranslates o “slightly wanm” percepiion according io Table 1, the high
T e in unshaded areas also canse high values for PT of 24.4 - 309 =C. According to the thermo-physiological perception
classification by Siaiger er al. (20112, Table 1), the sample person would experience “slightly wanm" o "warm® conditions
10 causing slight 1o moderate heat siress.

The same scenario can also be analyzed targeting themmal stress using the thermal index UTCL{see Section 2. 1.1} Foe 0700
UTCI ealculates quite similar values than PT (compare Figures 4 and 6. The shsolute numbers for UITCH are way higher than
those for PT with 115 - 144 "C (UTCI) in the shade and 157 - 19.2 °C {UTCI} in sunlit areas. This, however translates to
comfortable conditions withowt thermal stress throughout the entire mode]l domain {compare to Table 2) and therefore is in

15 good agreement with the resulis for PT.
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Figure 5. Perceived Temperaure (PT, perct® in palm) for the lest case "test_urban® at 13:000 UTC (chose 10 middayp on a &' af March.
Incrdent wind is Eroem 2707 with 1A ms.

Taking a closer book at Figure & one can see, that the resulis for UTCI appear to be more homogeneous in some areas than those
for PT (cormpare to 4). One of those areas can be found in between the buildings on the rght with UTCI of 181 - 153 °C.
They are mostly cansed by wind speed going below the valid range for wind speed o the UTCI regression eguation {see

Section 201,10

31 Comparison with SkyHelios

A similar model domain was created for the SkyHelios model (Frihlich and Matzarakis, 2008; Frahlich, 200°7; Matzarakis amd
Marsschek, 200 1 and & run with similar input parameters was performed. Resulis for the Perceived Temperature (see Figure 7)
show overall conler conditions compared o the resulis by PALM {cormpare 1o Figures 4 and 5},

Comparing the results for 07:00 UTC on a 6" of March (Figures 4 and 7 (left)) the SkvHelios results generally are looking
mare homaogeneous. This can be explained by air temperatore and air humidity are considered siatic throughout the model
domain in this comparison. Also the diagnostic wind model in SkyHelios generates more homogeneons wind fields in the
ahaence of near-by obstacles. However, the results for PT are not oaly mose homogeneous, but also significantly lower as
calculated by SkyHelios than those by PALRM. FT afier SkyHelios ranges from 5.2 C in the shade to a maximum of 114 °C
in the sun in areas with very low wind speed {e.g. at the South-Western comer of the upper sight building). This is way less

12
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than the PT calculated by PALM ranging from 10.2 1o 15,6 7C in the sun and 8.0 60 111 °C in shaded areas. For the SkyHelios
results, even the 3™ quantile of the PT results at 07:00 UTC of 7.9 °C is lower than the minimum value calculated by PALM.
A similar pattern can be found for the FT resulis an 3100 UTC. Comparing Figures 4 and T {left) one can see once again that
the SkyHelios resulis are more homogeneous for the reasons deseribed above. Howewver, the resulis calculaved by SkyHelios
are, again significantly lower than those by PALBM. For the time of [3:00UTC PT caleulated by SkvHelios ranges from 16,6 °C
in shaded areas 1o a maximwm of 305 °C. The latter, however, is only reached in wind sheltered areas {West of the upper and
lower right obstscle) that are exposed 1o direct radiation at the same time, Areas withowt the wind sheliering effect (e.g. in
the central area of the domain) are significantly cooler {around 22.5 “C) even if they are exposed o direct radiation. PALM
calculates way higher values of PT of 2000 - 23.4 7C in the shade and 244 - 309 °C in the sun (see abowe ).

Bodh, the differences at 0700 as well as at 1300 UTC can be explained by rather strong disagreement in the mean radiant
temperature. While SkyHelios estimates mean radiant temperatuee of 4.7 =C in the shade 10 a maxiowm of [4.5 °C in the sun
for the 0740 UTC scenario, the same valwes are ranging from L4 “C w 354 7C in PALM. For the 13:00 UTC sitwation the
disagreement is little lower: While SkyHelios does calcalate To of 25.0 °C 10 47.5 °C, PALM results in the range of 25.7 °C
upto 5.7 -0,

A2 Comparison to YIM versions and Ravhdan results

To get an insighi on the precision of the resulis obtained from the biometeorology module, a direct comparizson of resulis
by the thermal index programs published in the YD guideline 3TET (VDI 2008), as well as by the RayMan model was
performed based on the same input data {please refer to Section 2.3 for detailg). The result for each index caleculated by the
hipmeteorology module fore a set of data was substracted by the respective WD and RayMan version. An overview over the
deviations is provided by Table 5.

Tubde 5. Stalistical overview over the comparison of the results generated by the module for the thermal indices FT, PET and UTTCT o thase
b the respective versions published in YD1 guideline 3787 (VI NH0K) amd by the BEaykan model.

Yol RayMan
FT PET Ll FT FET T
Mimn. 20Ed AR03T 00O | <2106 AL41E 0070

IstQu. | «RKE3  AR0DE 0000 | k04 olg 0020
Median | Ak U003 0000 | RIS (LOSZ RLLH
Meuan ALCHE (il 000 | SAROSE (054 R
Ied Q. | G0N0 DL O0OHF [ D01E (LOBG OL0ED
Max. 1356  {LOB3 OO | 2683 (L4BE 0070
MA's 173 17073 17073 | 1IR3 17073 211265
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The comparison between the resulis for FT calculated by the biometeorology module and the VDI version reveils some
deviatbon of up to 2094 K in rare cases (deviation of (L1 K or moge in (0027 % of all cases tested i this study ). The average
deviateons are found 1o be very low (002 K.

For the index PET the deviation between the resulis by the biometeorology module and the WD version of the index is slightly
higher in average (004 K bt does never reach a relevant level of (01 B imaximum of (0083 K. Small devistions ane 1o be
expected due 1o rounding errors in the iterative PET calculations.

For UTCI no deviation can be fownd between the resulis generated by the biometesrology module and the YD1 version of the
imbex ar all. This can be explained through UTCH is determined by the regression equation in bodh cases an, thus, is the least
complex index in the comparison (no iterations).

The deviations to the resulis of the RaybMan model are slightly higher for all indices. For PT, the deviation is up o 22683 K, for
PET the maximuin deviation is is QHER K while there s only a slight deviation of wp to 007 K for the imdex UTCL The higher

deviateons, however, can easily be explained by RayMan running on bower precision and rounding resualis o 0] K-

4  Discussion and Conclusions

The implementation of the thermal indices FT, UTCI and PET as a pan of the newly developed hiometeorology module does
allow for a gquantitative assessment of thermal comfort and thermal stress (e.g. Staiger et al., X119 using the model PALM-4LT
(Maronga et al., 2009b). Results show that the human thermal comfiort past of the biometeorology madule can generate reliahle
and plausible resulis for either of the indices in grid resolution for the vertical cell layer closest to 1.1 m above ground level.
The results presented in this study might seem quite high for the date of the case study, the 60 of March. However, with an
air temperature ranging from 3.9 “C shonly after midnight to 23,9 °C in the afiemoon the values ane io be expected in this
region. Ancther reason for the hot conditions is the large radiational gain generated by the "clear-sky" scheme, that causes the
mean radiant emperature o rise from =001 *C prier @0 sunrise o a maximom of 52.0 C in the early afternoon. Forthenmore
considering the overall low wind speed, ot conditions as presented here are o be expected {e.g. Frithlich et al., 20019
Comparing the results cabeulated by the biometeoralogy moduale to those calculated by the SkyHelios model, the ones by Sky-
Helios appear to be significantly bower. This is, as described above, mostly due to differences in the mean radiant temperature.
Also wind spead calculated by SkyHelios for an incident swrface wind speed of 1.0 mfs from 270 = is higher (around 0.1 m's
o 0.9 m's) than the wind speed calealatsd by PALM (bess than 001 ow's to 005 mu's an O7 (6 LITC).

Baodh isaues might be arising from the grid resolution used in the test caleulations, With a grid resolution of 2.0 m on 2.0 m on
2 m the grid used for the PALM run is rather coarse. While this is required io keep the computational effort in reasonable
scale for a complex model like PALM (Maronga et al., 2015) it decreases precision of the results (Frishlich and Matzarakis,
Hil&). This definitely holds for the radistion calculations where the rather coarse obataclkes throw stair-like shadows {Frishlich
and Matzarakis, 20018}, but also for wind speed in the target height of 1.1 mo As 1L mis within the lowest posgible layer of cells
ground friction might be overestimated in the wind input o the biometeorology module. The SkyHelios model, in contrast,
dioes perform radiation calculations in a vecior-based model domain while the lower computational effort allows for higher

15
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target resolutions (Frithlich and Matzarakis, 2001 58). To minimize the negative effects of the rasterized calculations in PALM, a
high resolution of e.g. | mnon | o horizentally, as well as even higher vertical resolutions (e.g. with telescoping amd nesting as
proposed by Hellsten et al, 2008} is recommended by the authors.

Cionsidering the same inpuat 1o the biometeorology module in temms of air emperatere, moisiure, wind velocity and mean radi-
ant ternperature, the output for PT, UTCL and PET does agree very well {considenng the usual rounding effects) to reference
calculations by the VDI version of the respective index as well as 1o resulis by the Rayban model (Maizarakis et al, 2007,
201,

The mew functionality implemented in the biometoorology module is intended 1o facilitate the consideration of several aspecis
of human thermal comfort and steess for vanous applications and user groups. This allows for the replacement of alder and
potentially less comprehensive models and methods ot only 0 biometeorological research applications (e.g. Beis and Lopes,
2009 Mowri et al., 20081 It can be used by architects and municipalities to analyze the effect o their design on human thermal
percepiion and health de_g. Conri et al., 2005; Lin et al., 2000k; Frihlich and Batzarakia, 2003) to improve their concepts e.g.
fighting the local effect of global climate change or the urban heat island {Reis and Lopes, 2009

Code availebility. The specifiic version of PALM applied is provided in the folder SOURCE of Frithlich (2019). In general, the PALM model
sysbem is free software. It can be redistributed andfor modsfied onder the terms of the GRLU General Public License (v3). We kindly request
that yea cile PALM in all woar poblications. 18 is available online ax described in the PALM insiallation imstructons: kps:dpalm.muk.
uni- hamnoverdefrmcwikifdocfinstall.

Oata availebilite. The modified “pest_arban™ impal dataset abong with the results and the respective model] source is available online along
with Frishlich (2001%). It is 2 modification of the generic PALM test-case "esi_urban” provided at hitps2¥palm. muk_und-hanpover. defmosaik!
wikiinternaltesting (last access on NE19-06- 19,
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