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Influence of ground surface characteristics on the mean radiant temperature in urban areas
Fredrik Lindberg, Shiho Onomura C.S.B. Grimmong
University of Gothenburdgsdteborg Urban Climate Group, Earth Science Centre, Box 46805B0GothenburgSweden
University of Reading, Meteorology, UK

Abstract
The effect of variations in land cover orean radiant surface temperat(ifgr) is explored through a simple scheme
developed within theadiation modeSOLWEIG. Outgoing longwave radiationparameterised using surface
temperature observations on a grass and an asphalt swifereas outgoing shortwave radiatiomisdelledthrough
variations in albedo for the different surfac€beinfluence ofsurfacematerialson Tmi is small compareditthe effects
of shadowingNevertheless, altering ground surface materials could contribute to a reducligintorreduce the radiant
load during heatvave episodes in locations where shadowing is not an ofi@uation of thenewschemesuggests
that despite itssimplicity it can simulate the outgoing fluxes well, especially during sunny conditions. Hovitever,
underestimags at night andin shadowed location©negrass surface used developthe parameterisatigrwith very
different characterists compared tan evaluatiomgrasssite, causedl'm: to beunderestimatedrlhe implications of using
highresolution(e.g. 15 minuteslemporalforcing dataunder partly cloudy conditions ademonstrateéven for fairly
proximal sites

Keywords: SOLWEIG; surface temperatur&othenburgLondon

1 Introduction

Increasing attention is being directed to how urban @eswan design, build and retrofit citiesitaprove outdoor
thermal comfort condition® enhance thkealth and wié-being of urban citizens.e.to redue heat and cold stress as
well as prolong periods of comfortaldenditions(see, for exampleyilller et al.2014andErell et al. 2011

Mean radiant temperatur@q.) is one of the most important meteorologipatameters governirthe human energy
balance and thermal comfort outdoors, especially during clear and calm summ@vagsisand Hoppe 1987 mr is
thenet result ofll short and longwave radiation fluxes from the surroundings to which a humandegposedWhen
compared to otherariablesinfluencing thermal comfort, such as air temperatiigg gnd humidity,Tm: sShows large
spatial variatiorover short distancg®@\li Toudert and Mayer 2007; Lindberg et al. 201@pmparson of Ta and T in
adjacentsunlit and shaded locatisduring warm and clear summer weathgiMayer et al(2008 documenteed that
differences inTmi could be as much as 37°@hereadifferences inl; wereonly 1-2°C.

Tmrt has been proposed abettermetricto analyze the impact of weathend climateRQ SHR S O th§ndirK HD O W K
temperature or apparent temperai{ifieorsson et aR014) Thusimproving knowledgef how T varies within the

urban environmeris important In this study, ariationsrelated o different weather conditionsrban mophology and
vegetation omadiative propertiesand thusTm, areexplored Insights into these variation and their contrarle needed

to more accurately identifynermal comfortisk areasandto inform appropriaé measures to reduce heat stress

The relative importance ohsrtwave and longwave radiation fluxes a human vary spatially and temporally in cities
with season and urbatensity and morphologyor a standing man during clear, calm and warm weaihgationsin
Freiburg, Germanthe short and longwave fluxaseof equal importace (Ali -Toudert and Mayer 2007iowever,
longwave fluxes become increasingly importandenser environmegtwith increasedaadiant fluxesfrom walls

(Lindberg et al. 203). The relation between shortwave and longwave radiant load cdimgegh timeas the incidence
angle of shortwave radiatiorariesdepending on day of year and latitu@ée spatial variations afaytimeTm are

chiefly influenced by shadow pattermg. variations in direct shortwave radiati@affectedby obstructing objects such

as trees, buildings and general topograftfiydberg and Grimmond 20113hadowing primarily from trees and
bushesas a potential method tedue daytime heat strests a relativelyeasy mitigation measure in urban development
(AnderssorSkold et al. 2015)

Althoughthermal and radiative properties of surrounding surface materials (albedo, emissivity, thermal admittance etc.)
couldbe an option to regate the outdor thermal enviroment, theyusually have a minor effedtocal scale simulations

(Erell et al.2014)showed that although hieggdbedo surfacefoth canyon floor and wallshayreducethe air

temperature to which pedestrians are exposedahtiege in tmperature has only a small effect on thie@rmal balance

with the environment. Reduction in surfaeenperatureby increasing the albedo afban surfacedeading to a

reduction in longvave radiatiorfluxes, is counterbalanced lncreased reflectionfeshortvave radiationThus, he net

effectis minorin terms ofthe thermaknvironment in outdoor urban settings. Howeebgnges immaterials will affect

heat storage and indobuilding temperatureand these effects may be significalbtd]l et al.2014).

Tmrt Can be accuratelyeasurd usingpyranometergshortwave) angryrgeometerglongwave). This approach
commonly uses six sensoradi@ned for the four horizontally and verticalfyom the four cardinal point&ee Thorsson
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et al. 2007, their igure 2) along with information on body posture (sitting, standing etc.) and absorption coefficients of
shortwaveand longwavgradiation of the human bodiddppe 1992)However, heneed for measurements in six
directionsmakesit costly, spatially limitel and difficult to implement in extensive measonentcampaigngThorsson et

al. 2007a) Simpler methodssea globe thermometer along with air temperature and wind speed observations
(Nikolopoulou et al. 199%ut are also spatially constrained

Several modelbave been developetb deriveTmr. One populaoptionis the 1D model, RayMa(Matzarakis et al.

2007; Matzarakis et al. 20R9rhe model offers several estimation amgut possibilitiesAn alternativeis theSOlar and
LongWave Environmeal Irradiance Geometry (SOLWEIG) modegindberg et al. 2008, Lindberg and Grimmond
2011b) a 2Dradiation modefor estimatingradiation fluxes and thuBn in urban environment&nother model,
extensively used in urban climate and thermal comforiestuid ENVI-met(Bruse and Fleer 1998ENVI-met is a user
friendly, threedimensional micro climate computer model able to simulate the interactions between different urban
surfaces, vegetation and the atmosphere at typical scales of 0.5 to 10 metdrs arakimum time step of 10ceands.

A model intercomparison between the three models mentioned can be found in Chen et al. (2014).

In this paper the influence of micro scale grousdrface types on radiation fluxaed Tt is explored. Observatiorm
surface temperatures for different surfaaesconsiderednd a simple land cover scheme is developed and evaluated
using theSOLWEIG mode(further developed herelpiurnal patterns of radiation fluxes and relafgg arealso
investigatedThis study is part of a more extensive work where SOLWEIG will be incorporated into The Urban Multi
scale Environmental Predictor (UMEP) a climate sensitive planning tool for architects, planners and researchers
(Lindberg et al. 2015).

2 METHODS
2.1 SOLWEIG
The SOLWEIG modefollows thesame approactommonlyadoptedo obsene T (asused, for example, bifiéppe,
1992) with shortwave and longwave radiation fluXesm six directiondeing individually calculatetb deriveTm. The
SOLWEIG-model is available@s2D and1D versiors. Evaluatiors of SOLWEIG (Lindberg and Grimmond 2011b
Lindberg et al2008 Chen et al. 2014,au et al. 201phave been undertakdéor a number of locations ir.g.
GothenburgFreiburg Kas®l and Hong KongThe model requires weather tiraeriesat any time resolutio(> 1
minute)for ambientair temperaturéTy), relativeair humidity (RH) , global(G) and diffusg(D) solar radiationtogether
with a digital surface model (DSM) asite geographical locadin (i.e. latitude, longitude, and altitude). diffuse
and/or directl) solar radiatiorare not commonly availahléhe model also allowsalculation oD from Gin
conjunction withT, andRH, using theReindl et al. (1990approachDirect shortwave radiatioon a surface
perpendicular to the Sun is then estimated:

+L ) F & e« (€N}
where LV WKH 6XQfV DOWLW XG AditQreODSM3EaRE HddadddladCsuht fof Regetatiorthe
form of trees and bush€eEy: is usuallycalculated for a standing person, with #reyularfactors(F) specifying the
proportion of radiation received from each direction set to 0.22 for east, west, north andsa0106 for radiation
fluxes from above and below (Fanger 1970). Apsion coefficients of shortwaved#) and longwave {) radiation for a
human body are 0.7 and 0.97, respectively (Hoppe 1992; VDI 1998). Albednd emissivity 9 for buildings and
vegetatiorare assumed to be the same areset t00.20 and 0.95,espectively The transmissivity of shortwave and
longwave radiation througfoliated vegetatiorf 2 are 2% and 0%, respectivelyLindberg and Grimmond 2011b;
Konarska et al. 2014Neither wind fiéds nor variations itouilding wall materials are considt in the current version
of the model.

In order to determin@mn, (units: K)the mean radiant flux densitRYis calculatedwhich is defined athe sumof all
fields of long(Li) and shortwavé€K;) radiation in threelimensiongi=1-6), together with the anguléF) and absorption
factors of an individualVDI 1994).

4L 3 Rigs - 0B % Al - oo )
FromRtheToi LV FDOFXODWHG IURP 6 Bdédd Bin%iRION e aR2ODE) TTWie hEoking shortwave
radiation(K ) for agrid cell (x, y) is a function ob, | andG, as wellasview factors ( ). For clarity, the equations are
written without the spatial subscript:
-1 L P FSF5; sFi;?2«BE&2:ppF kSF 25p¢0sFi;gE

U BF @eppFksF2,p:0sFI1;AC):sFB E&B; (3)

whereSaccounts for shadow as a Boolean vapregence= 0 or absencel), for buildings (subscripgh) and vegetation
(v); the subscripts associated withindicate what aspects are being accounted for ¢&ygseen by buildingand . is
the bulkalbedoof walls. For a detailed description of how shadows and sky view factors are generated using raster
DSMs, sed.indberg and Grimmon010)and Lindberg and Grimmond (2011k)is the fraction of wall that is
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shadowedLindberg et al. 2008)The first and secontrms on the righband side of3) represent direct ardiffuse
radiation fluxes, respectively. The third term(3) is a simplified representation of reflected raidiat
Incoming longwave radiatioriL() is estimated using an equation modified frdomsson et al. (2006)
-] LKeppE2xpe F SOYaePéE%3 Ekt F25psF Zaebéd)YéOBQ%g E

k22beoF 22p50% 00868 EK F 2556 F 22p50:S F %o pdepf6S 4)
where @yand Qa are the sky and wall emissidsandTs is theaverage surface temperature of building walls thed
ground T is ambient air temperature arlds the Stefan Boltzmann constaAtl temperatues are in KelvinEstimation
of Tsis described in Section 2.2h& first term on theight-hand side is the direct sky longwave radiation,stheond is
theradiation originating from vegetation, the third is thall radiaton and the fourts the refleted skyradiation.For a
detailed description of the estimatioh @, as well as hovL . is modified based on cloud cover, déedberg et al.
(2008)

The shortwave radiation from the four cardinal po{its) is estimated afllows (exemplified bythe easterly
componentsubscripE):
If thesun azimuth angle Jis >0°and "18C:
s
v L P FisF5¢;isFi;?2...'"Be<OE | Uéog?)S:SIing;SEESB;?E _[%pHré'rv (5)
otherwise
&>s F S?7E

(bow:) iSF B E&B7E -, P& (6)

A

The integrativeangular weighting factorv), explained in detail ikindberg et al. (2008andLindberg and Grimmond
(2011b) representtheamount of radiation originating from either building wallegetatioror sky, as well as all
reflecting surfaceseen by a sensor perpendicular to the talsw, asusedin eq. 5 and 8equires the angular factor for
buildings(Wewar) and vegetationWgveg ):

SL SueodrSneos F1; (7)
Ko (represents outgoing shortwaaradiation(seeSection 2.2 For all radiation components except for the direct radiation
from the Sunpnly half of the hemisphere is taken into accdugrce, alare multiplied by 0.5
The longwave radiation from each of the cardinal points are estimated using the follexentplifiedagain forthe
easterly component)

A\ weepil KepuoE 2epueF SOY p €65 Sy, o phi 1 &V (8)
\veod %onkelsSueahlrav 9)
N\ vaoaaeak L HIav ) (10
\vaourodeox E . [ SnagikF YomeHrav (11)
if >0°and "180°:

N vaeeanbbon® @ E6loph<0:Sye0raF Be i . ‘RHrav (12)
A\ o xael %or®88SyeoBHrav (13)

otherwise

\vdic LT (14)
A\ vdhenepl %o Syueodirav (15)

Lx represents outgoing shortwave radiation (see Section 2.2)
2.2 Ground cover scheme

Thenewground cover schemuaodifiesthe outgoing shortwave and longwave fluxes. The outgoing shortwave radiation
for each pixel within a modelomain isestimated as:
&2 ppF ksF 2,.p:0sFi;gE

L L 20teanogtt <BE 200ps; "ML BF @oppFksF 2.0,05F1;AC) SF B E&B; .
where  ;6xodsthe albedo dependent ground view factor for sunlit surfaces influencing a single reflection of direct
radiation from the ground. ;s 0 ds.the albedo dependent ground view factor including both sunlit and shadowed areas.
Previously ¢was dependeranly on the horizontal shadow patterns and was a meastreespect to the amount of
sunlit area on the ground seen at a palmbve the groundrhis height{z=1.1 m)represents theentre of mass of a
standing humabut can be altered aacbngly. When 4= 1, only sunlit surfaceareseen from that specific pixel.q
usethe simple relatiothat half theradiative surface influence originates from an area with a radius equal getis®H
height(Schmid et al. 1991} or each pixel a segh is conducted at 20° intervals between 0° and 359°. In order not to
increase the computational time too much, the maximum search distance is set to 20 times the height &f.gnest (
m when z=1.1 m). The major difference from poes version®f SOLWEIG (from v2.0), is that the ground view factor

(16)
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(5 )is now affected by pixelise albedo variations. Albedo values for each pixebased ortheground cover type
specified. This information is included tihe new gridwith the same pixel resolion and extent as the ground and
building DSM.The shadow casting algorith{Ratti and Richens 1999; Ratti and Richens 204y includes detailed
informationaboutthe sunlit fractions on building wal{kindberg et al. 2018. This impactshe estimation of jexgoLw .
when ground pixels located closer th#re maximum search distance to a wall in any dire@mtaken into account.

The land cover can have different material types fégure 1c has four) each with its own albe(itable 1. The

shadow patternsn the groundFigure1b) originate from building, topographytrees and bushes within the model
domain(see Lindberg and GrimmorD11for detailg. Figureld shows ;6 x g ofowthe same time. The strong influence
of shadow patt®s on ;6x g oisvevident Theimpactof the varioudand cover typess relatively small except for the
water surfacewith the lowest albedo.E0.05). Alsoof noteis the strong contrast inetweemearby pixelsas expected
fromthe Schmid et al(1991) The ;30 o(Figurele) resembés stronglythe original land cover image in Figute.

What isparticularly evident ishe influence bthe water body to adjacent areas (lower part of the image). The resulting
spatial variations oK o(Figure 1f) are mainlycaused by the shadow pattermbereas the variations surfacecover

have a minor effectAs SOLWEIG is developed to estimalg:: at ground level, whernpeopleare building roof pixels

are notincluded in theground view factorsalculated Insteadonesingle albedo value is usatiroof level Nevertheless,
Tmre are roof level is stiltalculated

The longwave radiation fluxes throughout the model doraegestimated according to:

.[LZuo\béééé@é@;EkS@F:sFSé;:sFi;oz%F%;Ash a7)
where Qroungy) is the emissivityof the specific land cover (Figuee and Table 1) andis is the surface tempature for
each land cover typ®llowing Bogren et al. (2000 hey relatedsurface temperatuien sunexposed surfaces based
simplelinear relatios between maximum solar elevatiand maximum difference betwe&pandTs assessednder
clearday conditiongLindberg et al. 2008 Based on ground cover type, the maximum difference between surface and
air temperatureTgifmay iS considered to occsometimeafter themaximumsolarelevation is reacheee Section 2.3,
Table 1) Tsfor a clearday isassumed to bginusoidal, where themplitudeand initial morning values ofs arederived
from the linear relation presented iacdion 2.3(seeTy max Table 1. The periodof the sinusoidal equatidor a
particularday of the year ideterminedasedon the time between sunrise of the day of interestiams of Tgittmax FOr
nortclear model runslgirmaxis reduced bythe Clearness Inde¢Crawford and Duchon 199@t the ground surfaces
explained in Lindberg et al. (2008¥henground surface pixskchange from sun exposéa shadowegdthe new surface
temperatureyalue would notnstantlybe equal tdr; butinsteada linear decrease where surface temperasiassumed
to be75% of the calculated stexposed surface temperataféer 60 minutedf a pixel is shadowed for two sequential
hours(120 min) Tsis set toTa. Thisapproach is adoptezhsed on the thermptoperties bgroundsurfacesand the
gradual temperature dravidentwhen a sufiace location becomeshadowedSimilarly, a gradual temperature rise is
evident when givenpixel change fronshadowednto a surexposed ared he surface temperature of tsasurfaces is
derived from a diurnal average air temperature for the specific day of interest. The outgoing longwave radiation for the
same model domain, time and locati@othenburgSweden, a2 pm on the 28 of July, 2006) is shown in Figua.
Theshadow patterns (Figuddn) have the main influence on the outgoing longwave flyxag compared ti& 4 the
surface materialbavea largeimpacton the spatial variations df(compareFigurelc andif). Notable is that the
highest values df garefound near sunlit soutfacing walls.

The outgoing radiation included in the derivation of radiation fluxes from the cardinal point< {gagdL o) usesthe
same concepts as described above. The differsribatradiation flux from a cardinal pairfe.g. East) should only
include groundgixels located east of a certain point of interest.é&xamplethe easteyl componenbnly incorporates
pixels that fallwithin 180° and 360from a pixel where& ¢ (andL ¢ (arecalculated Although theshortwave radiation for
the southerly (Figur@h) and the northerly (Figurgc) componerg aresimilar, clear differencesre evidentsuch anear
the water body in the lower part of the images.

By inserting the 1Zomponents ofadiativefluxes into Eq. 2Tmi is derived(Figure2d). The shadow patterrmsethe
dominant featuraffectingthe spatial variations dfmr; the ground cover contributes to a much lesser efgeeSection

4). Even though the direct solar radiation is hig7@8.3W m?), for the hour considerg@igures 1 and J the skyis not
totally clear G=766.1W m?2 andD=194.8W m?). Therefore the warmest areas close to sunlit walls found during clear
sky conditions cannot be identified in Fig@@ Similar resultasvere documenteih (Lindberg et al. 2013)

2.3 Surface temperature parameterisation

Measurements of surface temperatures for two diffaygets of surfaceshortgrass andlark-coloured asphgltwere
conducted to obtain relations between solar elenatndTqimax for the Ts estimation of theurface (see section 2.2).
The measurement si(67°46N 11°51E) in anopen fieldadjacent to Gothenburg City Airposere conducted frorhst
July 2011 £31st December 201 Pnfrared radiometers (Apoge®l-111), with an accuray of 0.2°C betweer20 and
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65°C werelocated0.5 m above the ground surfackmking vertically downward. The grass was cut about every three
weeks from April to October. The soil is ctaigh with very highwater retention. Air teperature and relative humidity
wereobtainedfrom the meteorological station at the airport. Global radiation and air pressurebsze/edatthe

Department of Earth Sciences, the University of Gothenlmoftop meteorological station 12 km sotghstof the

airport. To select clear and sunny days, the clearness index of the sky was calculated as the ratio of the measured solar
irradiance to the cleasky irradiance based on tlgawford and Duchon (199®ethod using air temperature and

relative humidty. The method was modified lyndberg et al. (2008jo correct for the underestimation of the clearness
index when the altitude of the sun is low. Cley conditiors weredefinedas FOH D U Q H V V Tuifndg

calculated as the maximum diffeiee between surface and air temperafiirer1).

Analysis of the timing offgirmaxfor the different surfaces (not showneyvealedhe most frequent occurrenceTfimaxfor
asphalt and grass occurred3ggmand 2 pm(local time), respectively. Thesecurrencesvere also incorporated as a
parameterisation variable in thew land cover schenmg. when the sinusoidal temperature wave has its maximum
Taifmaxincreases with highermaxat different rates for asphalt and grass (Fi@)r& hehigh codficient of determination
for the asphalt surface fR0.93) compared tdhe grass surface {R0.67) can be explained by tlraoredynamic
biophysicalproperties of the grass surfamedifying the surface properties.g. length of grass, soil moisture.dtmear
regression analysis provid&smal max= 0.59for asphaltwhich is larger than fazobble stones (Lindberg et 2008)
(Table 1) an®.21 for grass. The intercept Ofithax (Tstar)) for asphalt is10.12C, which is much smaller than that for
cobble stones, whil&sa: for grass is3.38C.

2.4 Model evaluation data

To evaluate theewland cover schemia SOLWEIG, data were collected the Barbican Estate inrondon, UKin the
summer of 2014The Babican Complex is a prominent example of British brutalist architeetutleconsistof three
tower blocks 42 storeys and 123 metrkigh) and 13 terrace blocks (8 storeys andr@breshigh). Diurnal observations
were undertaken &ivo locationsselectecbased on differensan surface cover within the estate. Nocturnal observations
of 3D radiation fluxes are extremely rgsee the excepticior one diurnal cyclef Ali-Toudert and Mayer 2007
Observations wertakenat awell maintained grass surfaceTimomas More Residenfgarden (Site 1 in Figurédb) and

an elevated playground belonging to the City of London School for Girls (Site 2 in Bigluireferred to hereafter as the
podium) Thegardensoilis a silty loam with a relatively high sand corttéfhe playground (podium) is covered with
dark tiles and underneath isehoollecture hall. The three tower blocks are located north of the two sites. The
vegetation is almost exclusively deciduous trees and bushes. The spatial elevation data psedragnated frona
gridded dataset derived from LIDAR scanntunductedn behalf othe Greater London Authority (GLA). The original
gridded dataset consisted of all objeatsluding both buildings and vegetation. To derive DSM, CDSM and TDSM
(Trunk zone Digital Surface Modethetechniques as describedLlimdberg and Grimmond (2011ajereused (Figure
43). The651by 601 grid pointmodel domains has aspatial resolutiof 1 m. The land cover dataereextracted from
the OS MasterMap®opographylLayer(OrdnanceSurvey 2010)The garden site was surrounded by grass and the
podiumconsisted of dark red tiles and waassified as asphaft the model evaluation

The meteorological forcing data are from a climate station on the roof of the Saamzus at Kin® CollegeLondon
1700 mWSW of the study are@ee e.g. Kotthaus and Grimmond 2p1&ir temperature and humidity data were
collected usin@ Vaisala WXT520 and the global and diffuse radiation usi8B1 Sunshinpyranometer (Deltd
Devices).Themobile stationlocated atthe twoBarbicansites (Figuretb), hadthree net radiometers (Kipp & Zonen,
CNR 1)to measure thg-d radiation fieldgThorsson et al. 2007a)he sensors were oriented to meastha@tsvaveand
longwaveradiation fluxes from the four cardinal points, as welpasllel to the ground surface (incoming and
outgoing. An Apogee infrareemperaturesensodirected downwards measursarface temperaturé greyglobe
thermometeas described ifhorsson et a2007a)measuredjlobe temperaturanda Rotronic HydroClip2(HC2-S3)
air temperature and relative humidifyhe two sites were chosevrith the expectatiothat differentground covewould
have large effects on the observed radiative fluxesTapd-or model evaluation, data from integral radiation
measurements within the model domain were uskghsurements were taken odatays athe grass sit€SITELin
Figure4b) and6 days aiSITE2in Figure4b) sitein summer of 2014All data were averaged to 15 minute intesval
(sample rate 5 sedhe resolutiorof modelruns Unfavourable weather and technical issues with sensors resutte in
availability of 15 min datdor the evaluion datasebf 441 data points (78.5% of the total)

3 RESULTS AND DISCUSSION

3.1 The influence of ground cover on

With SOLWEIG, insightswith respect tground coveon the radiant fluxes as well &s.: are now possibleThe model
hasalsobeen developed as a simplified versiS@LWEIG1D (Lindberg 2012)The lattercan be usetb calculate
radiation fluxes andmi for a generic sunlit location withithe urban environmenthe simplified versionhas asingle,
fixed, userspecified SVF anthe location is assumeéd be sunlit during the daytime houRealistically (whenSVF<1)
surrounding objectblock the sun atertaintimes ofthe day and yeawvhenSOLWEIG1Dwasrun with thesame settings
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(Section2). Figure5 shows thdifferences irsurface temperature of different ground surfaces for a location
Gothenburg (Swedenyhenfully sunlit with a SVF set to 0.60. Thexample day is a clear summer deith very low
diffuse shortwave radiation (approx. 194m2 at noon) and highdirect componentn a surface perpendicular to the
Sun(878W m2at noon) (Figuré, left). The evolution of daytime surface temperatures varies between 31.6°C (grass)
and 45.6°C (dark asphalt) for the sunlit locations at 2 pm (Figuréddle). A shadwed location followsame

evolution of air temperature during dagacting a maximum of 23.5°C.

With respect talifferences inTm (Figure5, right) over the surface materials included the ground cover scheme
consideredthe largest discrepancies frahe original model are found for the grass surfab&fC at 4 pm). The
differences between the cobble stone and dark asphalt are smaller (1.5°C at 4 pm). The varfiationeofdifferent
ground surfaces at sunlit locatioaevery small compared ta shadowed location38.2°C at 4 pm). This large
difference is well knowifAli -Toudert and Mayer 2007; Pearimutter et al. 200Tiger et al. 201)land attributed
primarily to the absence of the direct shortwave component but also the reduction of gifand temperatures and
thus outgoing longwave radiation fluxes.

A simple approach is taken to estimatater temperaturéhat could be modifiebased on time of year, water volume,
movement of water et€&uture versions will address this.g.following Cluis 1972) Neverthelesggiventhe radiation
fluxes seem only to have a small effect on the resultingthe simple estimation of water teerpture is considered
acceptableMoreover,asthe simulation®f ambient air temperatuggenot spaially variableacrosghe model domain
the water temperatudoes not influencair temperature.

3.2 Observations and model evaluation of skt in a complex urban environment

To evaluate the model the Barbican (section 2.4) observations werdneseting and outgoing radiation fluxes as well
asTmrt On theBarbicanpodium and in thgarden are shown in FiguBeand Figure/, respectively. The shortwave fluxes
areinfluencedby theshadows as well @healbedo of the surrounding surfadq€sg 6a, 8a). The high accuracy and
precision of the surface data usedevident for example the morning of 11 July on the podjuvhen the timing of
observed and modelled incoming shortwave radiation affected by shadowing is almost iffeigtiga)l With forcing

data for model runBom 1 kmaway (Section 2.4), the difference in cloudinass apparenfor the podiunsite, this is
seenfrequentlyin theafternoon of the 11 July antereafter(Fig 6). When totallyovercas{10 July) thediscrepancies
due tocloudiness between the two sites ao¢ seenSimilar patternsareseenfor the gardenevaluation(Fig 7),
especiallyfor 16 July where the differences at times (e.g. before noon) are very large. Theuaslbdido the podium
surface(Tablel) resulted m a minor overestimation of outgoing shortwave radiatidrereas thealue for thegrass
surface gave a small underestimation. Howeasthe outgoing shortwave radiation fluxes are very small compared to
the other fluxesthe model is not particularhessitiveto albedovalues

Incoming longwave radiation fluxekdwr) are noimpacted by the modification (ed). A clear patterris evidentwhere
cloudinessificoming shortwave radiation) affects the variability g, To estimatd_qownat night, a parameterisation

of cloudinesss implementedLindberg and Grimmon@011b)to estimate incoming lorgiave radiation fluxes. Here,

the concept from Offerle et al. (2003) is used where cloudiness up to midnight is taken from clearness indéarcalcul
from the last hour on the day (i.e. just before sunset). The cloudiness after midnight is taken from clearness index values
the first hour of the next day (i.e. just after sunrisEvertheless, the levels bfownare estimated relatively well. As
reported byJonsson et a(2006) the clearsky formula developed byrata(1996) overestimagsthe sky emissivity

during daytime by).04.This is notaccounted forri this study but can be liypplemented byuture uses of the model

(see Section 3.3The general adjustment bfownby 25 W ¥ (Lindberg et al. 2008)yasremoved from SOLWEIG

version 2015aasthis reduction has no physical explanation. The outgoing longwave radiation fluyesréthe fluxes
thatareaffected the most by theewequationsAs seen in Figuréb, Ly, at the podium shows a great improvemeith
respect tdhe rise ofL,, during the morning hour@.g. 11" and 13' of July). For example, the difference between
observed and modelled is reduced from 71 to 5 a2 pm on thel3 July. However theafternoorreduction ofLy,

due to cloudiness is not captured equally {&ij. 60 W it at 6 pm on 13 July)The same reduction is captureetter

for the gass surface in the garden (Figwhere discrepancies between observed and modelled values are around 13 W
m2. Thisdifference in reduction between the two sieprobably due to the heat storage capabilities of the two surfaces
as well as the fact that the podium is situated on fanoa probably affected by the underlying lecture hall. This can also
be ®en throughout the night (F&), when the observedl,; is considerably higher than modelleg. This discrepancy is
considerably smaller in the garden, probably kot todifferences in heat storage capabilities as well as its location on
the ground (i.e. no underlying indoor environment). Daytiggan the garden is underestimated in the model. This is a
consequencefdhe difference in grass surfaces between the parametarisagéanGothenburgand the grass surface in

the garden, bothith respect tdevels of maintenance, soil type and soil moisture availability during the observations in
London. The largest difference between modelled and obskgyéxifound on the 16of July. Sometimes the grass in
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the garden shows higher surface temperaturd_grttian the cobble stone surface used in the original SOLWEIG model.
However, these large differenoakich (> 600 W nv), arerelatedmoreto differences irKqown between théorcing data

site and the observation site. Nevertheless, the underestimatignis€vident on the other observation days (e'gpf8
July). Thus, based on the observations made in the gandémainedand unmaintainedrass surfachave different set

of parametersThis resulsuggestshat introducing highly maintained grass surfaces in the urban environment will have
a very small effect on reducifig: duringheat wavesfor examplewhen these surfaces in genearaly bedried ou and

very warm.

In SOLWEIG, the nocturnal surface temperature of ground and walls are set equal to air temperature. This approximation
seems to be inaccurate for the podium. However, estimating surface temperature ahgylmenaeoof is very complex

and a much more complex surface temperature scheme would be needed feuaxamplethe Town Energy Balance
model (TEB)(Masson 20009r a building energy modeHowever, these models are designed to work at the-$oedd

not micrascalethat isof interest hereThis would slow down the calculations considerably since calculations would

need to be performed for every time step and pixel. In madedthemes such as TE&nly one calculation is

performed every time step and for each facet (roolf, avel ground). One possibility would be not to do a pixel wise
surface temperature estimation but to consider a number of general surfaces (e.g. shaded/sunlit asphalt, shaded/sunlit
grass) etcAnother possibilitywould be touse a 3D computationally fldidynamics approach such as the ENWét
model(Bruse and Fleer 1998)hich will increase computation complexity dramatically. The advantage of using the
simple surface temperature scheme in SOLWEIG makes it possible to examinacaiercadiation fluxeat pedestrian

level for relatively extensive areas.

The outgoingadiativefluxes also, to a small extemtffect the fluxes from the cardinal points (not shown). When

radiation fluxes from the four cardinal pardreestimatega portion of the grund is notaccountedor. As only 20

times of z (1.1 m) is searched in each direction, the portion of the ground furthest away from the point of interest is not
accounted for. However, this portiofifield of viewis very small and only accounts fabou 3.3 % Nevertheless, this

area is almost perpendicular to the surface considered and might have a small effect on the total flux from the cardinal
points.

By combining the radiation fluxe3m can be calculated. The calculafigh on the podiuntomparewery well for
sunlitconditions(Figure8), whereas shadowed and nocturnal valgmeaximum difference up to 2 during night)are
underestimatecdelative to the observationss the simplification of setting surface temperature equal to air ramope

result in an underestimation bf, (Figure6). Tmr in the garden is underestimated during ckdarconditionsas the

differernt properties of the grass surfaces affectingareevident(Figure7). The 15 minresolution sometimes ressiih
verylarge discrepancies between the forcinggfin DW WKH 6WUDQG &DPSXV . Likdfséerv@ ROOHJIH /|
Kdownin the Barbican Estate. This makes it difficult to evaluate the land cover scheme in detail. This is most evident on
the 16" of July in tre garden wher&y is underestimated. This also contributes to the large seaitint inFigure8.

Tmre Observedrom the more simple method usijugt aglobe temperature, air temperature and wind speed observations
(Nikolopoulou et al. 1999; Thorssat al. 2007ahasvery good performance when comedto the integral sixdirection
observations (R=0.96, Slope=1.001, Intercept=3K).

3.3 Model accessibility through usefriendly interfaces

Users can appljhe SOLWEIG modeVia a graphical usenterface(GUI) exploiting the Matlab compiler runtime
environment Thisis freely available for downloaghttp://gvc.gu.se/english/research/climate/urbhmate). It will also
beincorporated intdhe Urban Multiscale Environmental Pdector (UMEP) a cimate service tooklesigned for
researchersarchitects and urban plannekin@dberg et al. 201%). Thistool can be used for a variety of applications

related to outdoor thermal comfort, urban energy consumption, climate change mitigatiokERconssts of a
FRXSOHG PRGHOOLQJ VI\VWHP ZKLFK FRPELQHY 3VWDWH RI WKH DUW™ ' DC
scale independent urban climate estimations. UMEEPcommunityppen sourcenodel,where usersancontribute as

well as extend #tool to improve modelling capabilitieBhis is freely available for download
(https://bitbucket.org/fredrik_ucg/ume majorfeatureis the ability for a user to interact with spatial information to
determine model parametefhe spatial datacross a range stales and sources aecessed througQGIS (QGIS
Development Tean2015 - a crossplatform, free, open source desktop geographic information systems (GIS)
application- that provides data viewing, editing, and analysis capabilitiesS@oth extendable by plugins plus

reducible to only essential core featineeded.

4 CONCLUSIONS AND FUTURE DEVELOPMENTS

The effect of variations in land surface coverTar is exploredfor three covetypeswithin the SOLWEIG model.
Outgoing llmgwave radiation is parameteriseingnearsurface temperature observatidosgrass an@sphalt
surface), andoutgoing shortwave radiatiarow allowsvariations in albedo for the different surfacksprovements to
the longwave radiation aasoincluded Theinfluence of land cover ofim is small(about 5°C)ompared to
shadowingabout30°C). The resultsuggesthat altering of ground surface materials is @sdn effective measure as
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shadowing toreducethe radiant load during heatave ejisodesNevertheless, altering ground surface materials could
contribute to aignificantreduction ol in areasvhere shadowing is not an option.

Evaluation of the land cover scheme sbolatdespiteits simplicity, it can simulate the outgoing fkes well, especially
for sunny conditionsUnderestimatios are evident atight andfor shadowed location3.he grass surface used the
parameterisation had very different characteristics compared to the grass surfadheherkiation observationsere
made which probably explains thenderestimation ofmq Over that grass surfacéhe implications of usind5 min
temporal data is demonstratied partly cloudy conditiondor a situation with only a relatively short distance between
the locatiorof theforcing data of incoming shortwawadiation and evaluation d4ta to 600 W nif difference)

Further developmentseedednclude improvements of nocturnal estimationgaf as well as inclusion of a simple
water temperature scheme. Furthermore, promising wiokiier et al. 201pto eliminate the fact that tHermula by
Hoppe (1992fescribeshe human shapasa box and not a cylind€as noted byKantor et al2014)is curently being
developedThisassumptiorhas resulted in some peculiar features noted in studiBs:@uch as a local minimum at
noon(e.g.Thorsson et al. 2007; Kantor et al. 2014
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Table 1.Characteristics for the different land cover typsed in this studyl'he three last columns are derived from
observation. Emissivity and albedo values are from Oke (158 text for further explanation.
Emissivity | Albedo .  Ts/ max  Tstat = Time of Tiffmax

@) (°C) (°C) (Local time, h)
Asphalt 0.95 0.18 0.59 -10.12 15
Cobble stoned §ndberg et al. 0.95 0.20 0.37 -3.41 14
2008
Grass 0.94 0.16 0.21 -3.38 14
Water 0.98 0.05 0.00 0.00 NA
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Figure 1. Example grids used to estimate outgoing shortwave radi@jatigital surface modsl(DSM and CDSM)b) shadow
patterns afl pm 26 July 2006 itsothenburd Sweden)¢) landcover,d) albedo dependent ground view fact@VF) for sunlit
surfaces (3sxq 9@l pmg) albedo dependent ground view factor for all ground pixelss o p andf) outgoing sbrtwave radiation
(W m?) at 1 pm Model input:1=728.3W m?, G=766.1W m? andD=194.8W m2. Pixel resolution is 1 nBee definitions in text.
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Figure 2. Calculatedvaluesfor 1 pm 26 July 2006 Gothenbu(§wede of a) outgoing longwave radiatiofW nr?), b) outgoing
shortwave radiation (W 1) from southc) from north andd) mean radiant temperatui®« (°C), for a standingerson Pixel
resolution is 1 m.

Figure 3. Observed relationf temperatee difference between surfagpdark asphalt ant) grassand air and maximum sun
elevation under cleasky condition(clearness index > 0.9) Gothenburg Sweden between 1 July 28fd@31 December 201ZEach
data poinis adaily value.
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Figure 4. The Barbican Estate study aredQ /RQGRQ 8. f 11 f 9: DQ@ PuRdhgiand @BURDDSM ZL WK
overlan with a vegetation canopy DSECDSM) andb) ground cover grid. SITE 1 and 2 are where integral radiation measurements
were conducted. Pixel resolution is 1 m.

Figure 5. Influence of ground cover on surface temperature and mean radiant temperature on the 6 Jurioi9&7hiarga)
shortwave radiation componentsdirect(incidence angle)G=global, D=diffuse),b) surface temperatu® mean radiant temperature
(Tmrt). Location is assumed to be fully sunlit with a S&ff0.60.

Figure 6. Observed and modelled valuesapfncoming and outgoing shortwaug) longwave radiation fluxeandc) mean radiant
temperatureTmr) on the elevated podiusitein Londonfor five consecutive days iduly, 2014 Subscriptsmod no lc- without the
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new land cover schemebs- observed from integral radiatianeasurementsnod- modelled with the new land cover scheme and
globe- observedwith the globe temperature method (Thorsson et al. 2007)
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Figure 7. Observed and modelled valuesapfncoming and outgoing shortwaua), longwave radiation fluxes angy mean radiant
temperatureTmr) in the garden in London for individual days in JaB14.Subscriptsmod no |- without the new land cover
schemepbs- observed from integral radiation measurementsd-modelled with the new land cover scheme glube- observed

with the globe temperature method (Thorsson et al. 2007).

Figure 8. Observedrersusmodelled15 minvalues of mean radiant temperatuferd) for the podium andgarden sites(7 - 16 July
2014 in London(Fig 4).
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