Dear editor,

thank you for your efforts in improving the manuscript! Please find the answers to the specific
comments in detail below.

Comments related to Referee #1

For a more detailed description of the mean radiant temperature calculations in PALM, please see
the Maronga et al. 2019a (Overview of the PALM model system 6.0) section 3.6. If included in this
paper would be repetition while is does not belong to the biometeorology module.

The meteorological parameters used for the calculations with the biometeorology module are
provided by the PALM-output directly. The biometeorology module does only use, but not modify
any of the input parameters (air temperature, relative humidity, wind speed and mean radiant
temperature).

Wind speed is provided by the PALM model core and only used for input to drive the module. For
details please see the PALM model description papers (e.g. Maronga et al. 2015, Maronga et al.
2019a).

iPT was removed in the manuscript for the agent module is still not fully available. If desired,
however, it can be added again at any time.

RayMan is a diagnostic model type that can not be compared that easily and appropriately to a
prognostic model like PALM. A temporal comparison like proposed above would rather give an
insight on the model core's precision providing the input data to the biometeorology module than
the module itself.

A temporal comparison to RayMan would, furthermore, lead to the very same results as the biomet
module for RayMan would need to be driven with the same input data to test the accuracy of the
biometeorology module rather than the PALM model core.



Has been added to the manuscript (Section 3, Paragraph 1).

The sentence has been replaced (Section 3, Paragraph 1 and 2).

A table showing the initial conditions has been added to the manuscript (Section 2.2, Table 4).

The uncertainties of the input parameters of course directly do affect the output of the
biometeorology module. The accuracy of the input conditions can not be assessed by the authors of
the biometeorology module. Please see Maronga et al. 2019a.

Added to the manuscript (Section 4, Paragraph 2).

This might be related to pdfdiff missed a page break. Please ignore.

The following references have been added to or removed from the manuscript since the initial
submission.
Added references:

* Brown, R. D. and Gillespie, T. J.: Estimating outdoor thermal comfort using a cylindrical
radiation thermometer and an energy budget model, International Journal of
Biometeorology, 30, 43-52, https://doi.org/10.1007/BF02192058, 1986.

¢ Frohlich: Modified "test_urban" dataset for thermal comfort in PALM,
https://doi.org/10.5281/zenodo.3567814, https://doi.org/10.5281/zenodo.3567814, 2019.

* Maronga, B., Banzhaf, S., Burmeister, C., Esch, T., Forkel, R., Frohlich, D., Fuka, V.,
Gehrke, K. F., Geletic, J., Giersch, S., Gronemeier, T., Grol§, G., Heldens, W., Hellsten, A.,
Hoffmann, F., Inagaki, A., Kadasch, E., Kanani-Siihring, F., Ketelsen, K., Khan, B. A.,
Knigge, C., Knoop, H., Kr¢, P., Kurppa, M., Maamari, H., Matzarakis, A., Mauder, M.,
Pallasch, M., Pavlik, D., Pfafferott, J., Resler, J., Rissmann, S., Russo, E., Salim, M.,
Schrempf, M., Schwenkel, J., Seckmeyer, G., Schubert, S., Stihring, M., von Tils, R.,
Vollmer, L., Ward, S., 18Witha, B., Wurps, H., Zeidler, J., and Raasch, S.: Overview of the
PALM model system 6.0, https://doi.org/10.5194/gmd-2019-103, https://www.geosci-
model-dev-discuss.net/gmd-2019-103/, 2019a.

* Mlawer, E., Taubman, S., Brown, P., lacono, M., and Clough, S.: RRTM, a validated
correlated-k model for the longwave, J. Geophys. Res., 16, 663-682, 1997.



Pincus, R., Barker, H. W., and Morcrette, J.-J.: A fast, flexible, approximate technique for
computing radiative transfer in inhomogeneous cloud fields: FAST, FLEXIBLE,
APPROXIMATE RADIATIVE TRANSFER, Journal of Geophysical Research:
Atmospheres, 108, https://doi.org/10.1029/2002JD003322,
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Comments related to Referee #2

iPT was removed from the manuscript entirely for the agent model is still not fully available.

A temporal comparison like proposed above would rather give an insight on the model core's
precision providing the input data to the biometeorology module than the module itself.

A temporal comparison to RayMan would, furthermore, lead to the very same results as the biomet
module for RayMan would need to be driven with the same input data to test the accuracy of the
biometeorology module rather than the PALM model core.

Line numbers are changing along with any modification of the manuscript and can therefore be
misleading. We therefore highlighted the changes to the last uploaded version as demanded by the
authors instructions.
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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 "Udban Climate Under Change” 1[[.‘-1."]2: funded by the German Federal Minisiry of
Education and Rescarch {BMBF), a biometeorology module was implerented into the PALM model svstem. The new bioime-
teorology module comprises of methods for the calculation of uy-exposure guantities, a human—hiormeteorologically weighted

5 mean radiant temperatore (T b a8 well as for the estirmation of human thermal comfont or sivess. The latter 15 achieved
through the implementation of the three widely—uased thermal indices Perceived Temperatare (PT) Universal Thermal Climate
Index (UTCL, as well as Physiologically Equivalent Temperature (PET) . Comparison calculations were peeformed for the in-
dices FT, UTCI and PET hased on the SkyHelios model and showing PALM calculates higher values in general. This is mostly
dse 1o a higher radiational gain leading o higher valwes of mean radiant temperature. For a more direct comparison, the indices

10 PT, PET and UTCI were calculaved by the hiometeorology module, as well as the programs provided by the attachment to the
VDI guideline 3787, as well as by the Bayhan model based on the very same input dataset. Results show deviations below the
relevant precision of 0.1 K for PET and UTCT and some deviations of wp to 22683 K for PT caused by repeated unvaovourable

rounding in very rare cases ((L0XT %),

Caopyright staftement. The articke is published under the Creative Comimns Attribution 4.0 License.

15 1 Intreduoction

Urban areas show slightly different dinmal varishility in air temperaiare (T b compared to their surroundings (e.g. Oke, 1995
Helbag et al., 19999 This is mostly due o modifications in the radiation budger cawsed by ground sealing, different surface
materials and many vemical surfaces (Oke, 1993 p 276 Additionally many of them have high hear storage capacities (Oke,
1995, p. 2840 redecing night—tinse cooling. The two effects contribute o a phepomenon that is called the Urban Heat Islamd
20 (UHL Oke, 1995, p. 2EEMN). Another increase in urban iemperatures is caused by the local impact of global climate change.
E.g. for Freiburg (south—west Germany), an inercase of days with leat stress by up to 5 % is expected (Matzarakis and Emdler,
0L,
Health and well-being of the growing wban population is already an impontant issue in present urban planning (e.g. Helhig
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eral., 1990 A number of stadies have been carmed out in the last years that shoow sirong oorrelation berween health, as well as
martality on the one side and urban biometesrology on the other side. Especially heat stress duning the summer months seems
to lead 10 an increase in monality {e.g. Koppe et al., 2004; Conti et al., 2006; BMuthers et al., 2000; Mastos and Matzarakis,
12 Muthers eval.. 20071

To albow for counteracting maliciows effects through urban planning measssures, eg. by a modifcation in the building config-
urstion (Lin et al, 200 0a). sueface materials (Lin et al.. 2000b) or urban green {Shashua-Bar et al.. 201 1 Charalampopoulos
et al., 2005} decision makers are dependent on spatially resolved thermal perception information that can be best provided
through maps ( Matzarakis, 20601, Mown et al, 31E).

Thermal comifon can be assessed by calculating thermal indices, e.g. the Predicted Mean Voze (MY Fanger, 1972), Physiolog-
ically Equivalent Temperature (FET, Hoppe, 1993, 1999 the Perceived Temperature (PT, Staiger et al_, 20025 or the Universal
Thermal Climate Index (UTCL Jendritzky et al.. 20020 combining several aspects to approximate the thermal perception of
a standardized sample human being faking into account many meteoralogical and physiological parameters (Fanger, 1972
Hioppe, 1999; Staiger et al., 2012, 2019).

To facilitate the identification of hotspots and the assessment of potential for the reduction of themmal siress the program “Urban
Climate Under Change" ||1]t'.‘]2] is funded by the German Federal Ministry of Education and Research {BMBF). [t “aims at
the development, validation and application of an innovative urban climate model for entiee cities” {Todo: DO homepage).
Fart of the [li.'li"]2 program is the German-wide research project "MOSAIK - Model-based city planning and application in
climate change®. In the course of MOS ALK the PALM {PArallelized Large—eddy simulation Model Raasch and Schrisier, 2001
Maronga er al, 2015; Hellsten et al., 2008; Maronga et al, 200%b) is extended by several modules (o extend it 1o become a
comprehensive urban climate madel (e.g. an urban surface modale by Besler er al. (20070, One of the wew moduales is the
hipmeteorology module capable of calculating the statie thermal indices PT, UTCT and PET (Marosnga ed al.. 20009k

2 Methodds

Hurmans are unable o directly sense individual meteorological 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 corafort therefore can not be described
by individual parameters, but needs 1o be approximated through thermal comfon indices considering all relevant conditions.
The more sophisticated indices are based on the approach of equivalent temperaturs and are relying on the evalostion of the
human energy balance or heat Aux models (e.g. Fanger, 1972; Gagge et al_, 1986, Hoppe, 1993; Blazejezvk et al_, M1,

An imporiant input parameier to all sophisticated thermal indices is the mean radiant temperature (T, 1 defined as the em-
perature of a perfectly black environment cavusing thermal radiation only, thar leads 1o the same radiational gain or boss than
the actual environment (Fanger, 1972; Thorsson er al., 2007).

The estimation of T, does sequine radiational input data, that is provided by one of the two radiation schemes available in
PALDM, the simiple clear-sky model (Maromga et al., 200 %), or the more complex RRETMG (Mlawer et al., 1997; Pincus et al..
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03 Baronga et al, M09a).

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 is evaluated through the ®Klima—Michel-Model” (lemdritzky et al.. 1990,
an energy balance model for human beings (Staiger et al., 2002). PT s defined o be “the air temperaiure of a reference
environment i which the thermal percepiion would be the same as in the actual enwvironment” (Staiger et al., 2002 ).

PT iz a steady—state model by design to keep run—time at a reasonable level. The target for PT s a standardized sample human
(the “Klima-blichel”, Jendrzky e al., 19907 with a height of 1.75 m, an age of 35 vears, a weight of 75 ko, an intemal heat
production of 135 Wim® walking at a speed of 4 kn'h {Swiger et al., 20021 This allows for a simplification of the haman heat
halance equation afier ASHRAE (2000, p. 134):

M-Wo=[C+R4+ Ea )+ (Crin + Erea) + S + S (1}

The energy gain caused by metabolic processes within the body W reduced by the pomion of mechanical work W (the frac-
tion of the body's energy. that is nod convened 1o beat, bui 1o mechanical workforce) is compared to the combined latem and
sensible heat Auxes from o to the eovironment. The components of the equation represent energy transfer by sensible heat
", radiatkon %, and laient heat E. Eg. | distnguishes bevween fluxes from or 1o the skin (g0, the core () and through the
respiratory avstem @, b The heat storage components (5) are considered o egual 0 W constantly assuming a steadv—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 meteoralogical parameters air temperataee (T, “C), wind speed{v. mf=).
vapor pressure (VI hPa), and mean radiamt temperatane (T, 0 All of the energy gained or lost by the "Klima-Michel®
i comparad to that of an "idoor” reference environment (commpare 1o Figure 1) This is done based on a modified version of
the bazic thermal index “Predicted Mean Viote" (PMY) afier Fanger 1 1972); Gagge et al. { 1986). The reference environment is
defined with parameters T, =T (no radiational impact), v = 0.1 mis {auto-convection only] and %P equal to VP of the ac-
tal emvironment. If the actual environment would lead o warm and hemid conditions, VP is set to a value matching a relative
humidity of 30 % (Staiger et al, 2002). The comparison is balanced by the air temperature of the “indoos® environment that is
masdified wintil the thermal stress in terms of PMY is the same as in the actual emvironment.
The index PMY does consider energy exchange based on a two-node body model 1a skin and a core node). Tt allows for Labent
and sensible hear transfer from or to the skin (considenng sweating ) and by respiration (Fanger, 1972 Staiger et al., 2002
FT comprises a clothing madel, that is automatically selecting the most appropriate value for the clothing index {clo) scoording
to the prevailing meteorological conditions (Staiger et al., 20020, It primarily attempts 1o maintain thermal comfort by sdapting
to hot or cold conditions. Only if this can not be achieved, thermal siress is compauted (Fanger, 1972 Staiger et al., 2012 The
clothing maodiel i supported in reducing thermal sirain by parametrizations of shivering in cold conditions (PMWY < -0.1 1 af clo
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Figure L. Schematic swverview of the comparison «f adjusted FAMY between the actual prevailing environmendt and a virbual eindoor envinm

mient for the etimation of the perceived temperature. The sample buman is stamdanfized by the "Elima-Mickel” model.

= 1.75) amd sweating under hot conditions {PMY = 0.5 at clo = L5, Swiger et al., X012,

Tubde 1. The thermo-physiological meaning of FT results for central Burope ax defined by Staiger et al. (2012},

FT{"C) Thermal Perceplion  Thermo-physiolagical siness

= +38  Very hal Extreme beal siress
+3X = +38  Hol Gireal heat stress
+26 = +32  Warm Moderate beal siress
+20 = +26  Slightly warm Sligha beal siress
0=+20 Comiodable Comfort possible
13 0 Slightly cood Sligha cold stress
26 13 Conol Moderate cold stress
3= 26 Cold Greal ookl siress
< =39 Very oodd Extreme cold stress

To facilitate the interpretation of FT resulis in Central Evrope Staiger en al, 1200 2) published a perception table iranslating the

FT values inio thermal perception or the extent of thermo-physiological stress (Table 1)
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It does consider the metabolic heai prodection (01, the mechanikcal workload (W), radiational lkeat flux (R, sensible heat
fux ('), as well as lateni heat (E). E is thereby separated in the components from or to the skin (), by sweasting {1 and by
the resparatory aystem (., ). The unit of all components of equation 2 15 0. Heat storage (5 muost permanently equal O W o
maintain a steady state.

The encrgy gain or loss by the prevailing thermal environment is compared 1o that of an vimual “indoor” eoviconment withouwt
radiational impact (T, = Tk calm air (v = 0.1 m's), and static humidity i terms of VP = 12 hPa (Hippe, 1999, T, of the
indbonr 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 sensatin classes for buman beings in Central Europe {with an internal heal produection of B0 W and a heat transber
resistance of the chothing of (09 cho (clothing value | modified after Matarakis and Mayer ( 19%6).

PET ("C) Thermal Perception  Grade of physical siness

= dl Very hol Extreme heat siress
15 - 41 Hia Stromg heal stress
H=135 Warm Monderate heat siress
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
48 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 and Mayer { 1996).

22 Test case

The thermal comfort part of the biometeorobogy madule was tesied based on the generic urban crossroads tesi—case “test_urban®
located at Hannover (Germany' ) {Frihlich, 3019, compare o Figore 3 It consisis of a 19 x 19 x 60 grid domain with a grid
spacing of 2.0 x 2.0 x 2.0 m. In the comers of the domain there are buildings with different heighis of 10 m o 40 m. Two stresis
in between ane forming a crossroads. In the North-East of the domain shading is provided by tao decidaous trees.

Radiation data for the test case is generated by PALMz clear-sky schrmeme providing minimal radiation input based on as-
tronomic calculations assuming & perfecily clear sky without any clouds or obstructions. Please see Section 3.5.1 in Maronga
et al. (2009a) for details.




DiffPDF « /home/dom/Dokumente/DWD/papers/BiometMod/review4editors/biomet_mod.pdf « 2020-03-18

5

Figure 3. The sile "lesi_urban” wilth shading as shown by the SkyHelios model seen from South-SouthWest at 0700 UTC (shorily after
sunrise} an a b of March.

To run the test setup with the thermal comifor part of the hiometeoralogy module, the inpuat file “test_wrban_p3d” was slightly
masdified (Froblich, 2019, please see "tesi_urban_v2 sipfINPFUT/Rest_urban_p3d"). The date was set o the 85 of March to

obtain less extreme conditions. The initial potential emperature was adjosted respectively o betber meed typical conditions in
March. It was set to 5.0 “C at the surface ai stamup. The meteorological initial conditions can be found in table 22

Tubde 4. Overviewy over the meteorclgical initial condilions 1o run the tes cases in PALN.

Date 6'" af March
Time Dl (T =+ 1
Air l=mperature 50°C
Surfuce waler vapor mixing ratio (L] (kgikgh
Wind speed 14k mi's
Wind direction 2"
Cloud cover 0re

For the asessment of the guality of the results, comparizson calculstions were performed for (0700 UTC and 13:00 UTC of a
60 of March using the well-known and frequently applied SkyHelios model {Frahlich and Matzarakis, 2018; Frohlich, 2017;
Matzarakis and Matuschek, 200 1) Therefore a similar test domain was ereated for the SkyHelios model (see Figure 3). To
increase comparability, the tesi calculations were driven by the average air temperature caleulaied by FATM.
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23 Meteorological Data

For a direct comparizon based on the very same inpui, the thermal indices provided by the biometeorology module were
calculated for a metenrological dataset recorded by a urban climate siation on top of the chemistry highrizse building of the
University of Freiburg. The dataset does cover the timespan from 1999-08-010 (00 LST to 200 0-0a4-30 23:00 LST in 10
minuies resplution and provides the parameters T, VB v and global radiation, that was wsed o estimate T by the RayMan
madel. The general statistics of the dataset is provided by Table 5. The oatput generated by the biometeorology module was
then compared to the output by the programs in the atiachment to the VD1 guideline 3787, pan 10V DE, 3008) and to the output
by thie Rayblan model (Matzarakis et al, 20407, 2000,

Tubde 5. Siatistical vwverview over the meleorsbsgical data applied in the comparison of the thermal indices implemented in the biometearol-
gy madule 1o the reference implementations provided by the YD1 gusleline 3787, part 1T (YD, 2008).

Ta L ¥ Tmn
Mlin. 138 0K ol =D ()
st Q. 6.7 63 L4 [LE
Median 127 Gl 07 B.7
Mean 12.6 L 1.0 11.9
Gl Qe 184 125 1.3 17
Max., 40.1 4346 6.2 G645
HA's 7% M4 15FH 1073

31 Results

For keeping the manuscript a1 a reasonable size only two exampleas are presented here. However, the entire dataset with input
and owipui is published along with the manuscript and can be found {as siated in the manuscrpt) at hitps:zenodo.org/recond’
23A3TH.

Looking at the perceived tempersiure {Figure 4 the day stans guite warm with PT of 1022 w0 156 °C in the sun amsd
g0t 111 °C in shaded areas shortly after sunrise at 07:00 UTC. The differences within the shaded of sunny areas thereby
are mastly 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 of the building in the lower kefi of Figure 4, are weak for surface iemperaianes are lower than
the air temperature. The warm conditions for early spring are caused by a relatively high air temperature of 1003 - 12.2 =C, that
also lead o quite high mean radiant womperature of 114 - 145 °C in shaded areas and 2001 - 35.4 °C in the sun. Wind speed is
rather low throwghaowt the model domain ranging from less than 001 mes to 008 mds,

20 The thermo-physiological consequences for a sample human, passing through the model domain are indifferent. According to
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Figure 4. Percedved Temperature (FT. perct® in palm] for the test case "tesi_urban” at O7:(H) UTC {shorily after sunrise) on a 6" of March.
Incilent wind is froem 2707 with 14} mife.

the thermal perception table for Ceniral Europe, Table 1, all readings are within the class 0w 200°C and, thus, can be perceived

as comfortable if appropriate clothing is selected. This halds for both, shaded areas, as well as arcas exposed to direct rdistion.

The zame scenario looks entirely different after midday at 13:00 UTC {see Figure 5). The model's “clear-sky" radiation

scheme canses the air temperaiure @0 fse o valoes of 208 °C close 1o the northern wall of the lower right boilding to 243 =C

5 af the western side of the lower right obstacle. Wind speed is linle decreased comparsd to 07080 and ranges from less than

0.1 mw's o 0.4 ew's at 13200, Bodh beads i a guite high mean radiant terperature of 257 - 32.7 °C in shaded areas and a very
high T of 44 - 51.7 "C in areas exposed to direct radiation.

A sarnple human roaming within the model domain would experience wider range of thermal percepiion. While shaded areas

are quite comfortable with PT of 2000 - 21 4 "C, what translates to "slightly warmm" percepiion sccording o Table |, the high

10 T in unshaded arcas also canse high valses for FT of 244 - 309 °C. According to the thermo-physiological perception

clasaification by Staiger ef al. (20012, Table 1), the sample person would experience “slightly warm" to "warm® conditions

causing slight o moderate heat siress.

The same scenario can also be analyzed targeting thermal siress using the thermal index UTCL{see Section 2.1.1). For 0700

UTCI calculates quite similar values than PT (compare Figures 4 and 6). The shsolute numbers for UTCH are way higher than

15  those for PT with 115 - 144 °C (IITCI) in the shade and 157 - 19.2 =C {UTCH) in sunlit areas. This, however ranslates to

1
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Figure 5. Perceived Temperaure (PT, perct® in palm) for the lest case "test_urban® at 13:000 UTC (chose 0 midday) on a &' af March.
Incklent wind is from 2707 with 14 mfe.

comfortable conditons withowt thermal sress throwghout the entire mode]l domain (compare o Table 23 and therefore is in
good agrecment with the sesulis for PT.

Taking a closer book at Figure & one can see, that the resulis for UTCH appear to be more homogeneous in some areas than those
for T {compare to 4). One of those areas can be found in between the buildings on the rght with UTCL of 181 - 153 °C.

They are mosily cansed by wind speed going below the valid range for wind speed to the UTCI regression eguation {see
Sectbon 2.1.1)

31 Comparison with SkyHelios

A similar model domain was created for the SkyHelios maodel (Frishlich and Matzarakis, 2008; Frahlich, 200°7; Matzarakis amd
Mamaschek, 200 1) and & mun with similar inpui parameters was performed. Resulis for the Perceived Temperature (see Figure 7)
show overall copler conditions compared to the resulis by PALM (compare to Figures 4 and 5).

Comparing the results for §7:00 UTC on a &Y of March (Figures 4 and 7 {left)) the SkvHelios resulis generally are looking
mare omogeneous. This can be explained by air temperature and aie humidity are considered static throughout the maodel
domain in this comparison. Also the diagnostic wind model in SkyHelios generates more homogeneous wind fields in the
absence of near-by obsiacles. However, the resulis for FT are not only more homogeneous, but also significantly lower as
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calculated by SkyHelios than those by PALM. FT afier SkyHelios ranges from 5.2 C in the shade to a maximum of 114 °C
in the sun in arcag with very low wind speed {e_g. ai the South-Western comer of the upper right building). This is way less
than the PT calculated by PALM ranging from 10.2 1o 15,6 °C in the sun and 8.0 60 111 °C in shaded areas. For the SkyHelios
results, even the 3™ guantile of the PT results at 07:00 UTC of 7.9 °C is lower than the minimum value calculated by PALM.
A gimilar paitern can be found for the FT resulis af 13:00 UTC. Comparing Figures 4 and 7 {left) one can see once again that
the SkyHelios resulis are more homogeneous for the ressons described above. However, the resulis caleulated by SkyHelios
are, again significantly lower than those by PALM. Por the time of 13:000UTC PT calculated by SkyvHelios ranges from 166 ©C
in shaded areas 1o a maximum 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 225 ) even if they are exposed o direct radiation. PALM
calculates way higher valwes of FT of 2000 - 23.4 2C in the shade and 24.4 - 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 temperature of 4.7 °C in the shade to a maxiowm of 14.5 °C in the sun
for the 0700 UTC scenario, the same valwes are ranging from 114 °C o 354 2C in PALM. For the 13:00 UTC sitwation the
disagreement is little lower: While SkyHelios does calcalate T, of 25.0 °C t0 47.5 =C, PALM results in the range of 25.7 *C
up o 5.7 °C,

A2 Comparizon to YN versions and Ravhan results

To get an insighi on the precision of the resulis obtained from the biometeorobogy module, a direct comparizon of resulis
by the thermal index programs published in the YD1 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 detailz). The resuli for each index calculated by the
hismeteorology madule fore a set of data was substracted by the respective YDI and RayMan version. An overview over the
deviations is provided by Table 6.

The comparison between the results for PT calculated by the biometeorology modube and the YD version reveils some
deviation of up o 2.094 K in rare cases (deviation of (L1 K or more in (00T % of all cases tested in this sindy ). The average
deviations are found 1o be very low (O8I K.

For the index PET the deviation between the resulis by the biometeoralogy moduale and the YD version of the index is slightly
higher in average (L0 K7 but does never reach a relevant level of (01 K imaximum of 00083 K). Small deviations ane o be

expected due 1o rounding errors in the iterative PET calculations.
For UTCI no deviation can be found between the resulis generated by the biometesrology module and the VDI version of the

index at all. This can be explained through UTC is determined by the regression equation in both cases an, thus, is the least
complex index in the comparison (no ierations).

The deviations to the resulis of the RayMan model are slightly higher fior all indices. For PT, the deviation is wp o 2,683 K, for
FET the maximum deviaiion is is (488 K while there is only a slight deviation of wp o 007 K for the index UTCL The higher

deviations, however, can eagily be explained by RayMan running on bower precision and rounding resualis to 0] K-

13
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4  Discussion and Conclusions

The implementation of the thermal indices PT, UTCI and PET as a pant of the newly developed biometeorology madule does
allow fior a gquantitative assessment of thermal comfort and thermal stress (e.g. Staiger et al , M%) using the model PALM-A1T
(Maronga et al., 2009b). Results show that the buman thermal comfiort pant 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.
In the current version the maost important indices for Germany are incloded, However, the module is open source and can easily
be extended by the users favorite thermal index, e.g. the COMEA model {Browmn and Gillespie, 1986).

The results presented in this study might seerm quite high for the date of the caze study, the 6" of March. However, with an
air temperature ranging from 3.9 “C shonly afer midnight to 23.9 °C in the afiemoon the values ane io be expected in this
region. Another reason for the hivt conditions is the large radiational gain generated by the “clear-sky” scheme, that cawses the
mean radiant temperatwre @0 cise from -0.1 *C prior 0 sunrize o a maximam of 53200 °C in the early afternoon. Furthenmore
considering the overall low wind speed, ot conditions as presented here are o be expected {e.g. Frihlich et al., 2019}
Comparing the results calealated by the biometeosalogy module to those calculated by the SkyHelios model, the ones by Sky-
Helins appear to be significantly bower. This is, ag described above, mostly due to differences in the mean radiant temperaiure.
Also wind speed calculated by SkyHelios for an incident surface wind speed of 1.0 mfs from 270 = is higher (around 0.1 m's
to 0.9 m's) than the wind speed caleolated by PALM (bess than 001 ow's to 005 mu's at 07060 LITC).

Bodh issues 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
20 m the grid used for the PALM run is rather coarse. While this is required to keep the computational effor in reasonable
seale for a complex model like PALM (Maronga et al., 3013) it decreases procision of the resulis (Frihlich and Matzarakis,
L&) This definitely bolds for the radiation calculations where the rather coarse ohstacles theow stair-like shadows (Frishlich
and Maizarakis, 2001 8), but also for wind speed in the target height of 1.1 m_ As 1.1 m is within the lowest possible layver of cells

14
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ground friction might be overestimared in the wind input 1o the biometeorology module. The SkyHelios model, in contrast,
does perform radiation caleulations in a vecior-based model domain while the lower computational effort allows for higher
targed resolutions (Frithlich and Matzarakis, 2001 8). To minimize the negative effects of the rasterized calculations in PALM. a
high resolution of e.g. | moon | o horizentally, as well as even higher vertical resolutions (e.g. with telescoping and nesting as
proposed by Hellsten et al., 2008} is recommended by the authors,

Considering the same input to the biometeorology module in terms of air termperature, moisture. wind velocity and mean radi-
ant temperature, the output for FT, UTCL and PET does agree very well iconsidering the usual rounding effects) to reference
calculations by the VDI version of the respective index as well a3 1o resulis by the RayMan mode] (Matzarakis et al_, 2007,
I0uim.

The new functionality implemented in the biometsorobogy module is intended o facilitate the consideration of several aspecis
af human thermal comfort and stress for various applications and user groups. This allows for the replacemient of alder and
potentially less comprehensive models and methods ot only in biometeorobogical research applications (e.g. Reis and Lopes,
2009 Mouri et al., 20081 It can be used by architects and municipalities to analyze the effect o their design on human thermal
percepiion and health fe_g. Coni et al., 2005; Lin et al., 200 0k; Frithlich and Blafzarakis, 2003) to improve their conoepts e.g.
fighting the bocal effect of global climate change or the urban heat island {Reis and Lopes, 200 %)

Conle availehility. The specific 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 modified under the terms of the GRU General Public License (v3). We kindly request
that you cile PALM in all your publications. 11 is available onling ax described in the PALM installation instructons: hitps:\ipalm.muk.
umi- hamnoverdefractwikifdoctinstall.

Data availebility. The modified “pest_uarban™ impal dataset abong with the results and the respective model spurce is available online along
with Frishlich {Z01%). It is a modification of the geperic PALM test-case "est_urban” provided at hitps2¥palm. muk_und-hanpover. de/mosaiky
wikiinbernaltesting (last access on ME1Y-06- 9]
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