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Abstract

The Surface Urban Energy and Water balance Scheme (SUBW8&Yeloped to include

snow. The processes addressed incham@mulation of snow on the different urban surface
types snow albedo and density agjrsmow melting and rHreezing of melt water. Individual
model parameters are assessed and independently evaluatddngsiegmobservations in
thetwo cold climatecitiesof Helsinki and Montreal. Eddy covariance sensible and latent heat
fluxes and snow depth observations are available for two sites in Montreal and one in
Helsinki. Surface runoff from two catchments (24 and 45 ha) in Helsinki and snow properties
(albedo and density) from two sites in Montreal are also analyseohultiple observation

sites with different lanatover characteristics are available in both cities, model development
is conducted independently of evaluation.

The developed model simulatesowmelt related runoff wefivithin 19% and3% for the
two catchments in Helsinki when there is snow on the growntt) the springtime peak
estimateccorrectly However, the observed runoff peaks tend to be smoother than the
simulated onedikely due to the water holding capacafthe catchmentand the missing
time lag between the catchment and the observation point in the.iRodall three sites the
model simulateshe timing of thesnow accumulation and melt events well, but
underesmatesthe totalsnow depth by.8-20% in Helsinki an®9-33% in Montreal. The
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model is able to reproduce the diurnal pattern of net radiation and turbulent fluxes of sensible
and latent heat duringtd snow, melting snow and sndvee periods. Largest rdel

uncertainties are related to tti@ing of themelting periodand the parameterization of the

snow melt The results show that tlemhancednodel can simulateorrectlythe exchange of
energy and water in cold climate citigssites with varyingurfece cover.

1 Introduction

Today more than half of worldOs population residagbian aregsand this fraction is

expected to increase in the next decades (Martine and Marshall, 2007). Thus, the ability to
understand and forecast tindan climatas crucid for sustainable urban planning aoair

quality of life. Theexchanges dfieat and water between the surface and the atmosgpieere

of great importance to urban climate studigsese exchanges describe the surface forcing in
numerical weather predictioair quality and climate models

In urban aresseveraland surface modelsvith differentcomplexity, simulatetheseenergy
exchangse but none of the modetonsistentlyoutperforns the others (Grimmond et al.,
2011).Thelatent heat flux is commonlynglerestimated and sometimes even ignored, which
further increases the direct heat emissions to the atmosphere. Furthermore, most of these
models only concentrate on the surfateosphere interactions without any connections to
the water cycles in urbanems. Similarly, several hydrological mod&ssimulate urban
drainage and the surface runoff in urban areas have been devaéltjpbel( et al., 2003,
2008;Easton et al2007; &cobson2011), but thesdo not typically cosider the full energy
balance

Both inland surfacend hydrological model studiesrban areas located in cold climates

have beeltittle studieddespitetheir particularsensitivty to regional and global climate

change Thus appropriate, robust, well testaddeling tools are needddodeling studiesf

cold citiesarefocusedon a fewsitesmainly in NorthAmerica (e.g. Valeo and H&004

Lemonsu et al., 2010; Leroyet al.,2010) and Scandinavia (e gemfdenDavieset al,

1998). These emphasize theedefor correct description of snow coverhiydrological

models. Snow affectsurface energy partitioning via albeaiod snowmeltre-freezingand

the phase changelated energy fluxes. The energy required for snow caelteof the same
magnitude as thgensible and latent heat fluxes (Lemonsu et al., 2010). Snow impacts water

availability andits melt may cause springtime floods in urban areas (Sembaeres and
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Bengtsson1998).To keep cities operationanow is often redistributed within
neighborlmods and/or is transported aw&e(midenDavies and Bengtssph998 1999,
which impacts both the energy and water cycles.

The lack of observational data in urban areas with continuous winter snow coveitineake
determination omodel parameterand flux evaluation challenging. Surfae¢émosphere
exchange of sensible and latent heat can be meadiveety using the eddy covariance
technique, but these observations are relatively rare especially in cold climatéNatase
exceptionsnclude the wek of Lemonsu et al(2008, Vesala et al(2008, Bergeron and
Strachar(2012 andNordbo et al(2012a,b). These studies have found a strong seasonality in

the energy exchanges and a need for correct estimation of anthropogenic heat emissions from

building sources, notably heatingwinter. Similarly, the few hydrological studies have
shown strong seasonality in stormwater runoff and differences in the amount of the snow
melt when compared to natural environmegBisngtsson and Westerstrsm, 1992mitdeni
Davies and Bengtssph998 Valtanen et al., 2013

The purpose of this study is to develop a model that can correctly sirfnotatee energy
and water balances in cold climate cities. The mddeélopeds included in th&Surface
Urban Energyand Water balance Scheme (SUEWS, JSrvi et al., 2011) with particular
attention to the accumulation and melting of snow. The development and independent
evaluation of the model usssveral years afata collected Helsinki (60jN, 24;W) and
Montreal (45iN 73jW). These include turbulent fluxeheat and wateneasured with the
eddy covariance technique, stormeratunoff and snow propertig® addition to snow
related processethe parameterization tfieleaf area index has been improved to be more
applicable for cold climate cities (Appendix A).

2 Methods

2.1 The Surface Urban Energy and Water balance Scheme (SUEWS)

TheSurface Urban Energy aMiater balance ieme SUEWS (JSrvi et al., 20&imulates
the urban energy and water balance comporiemtslocal or neighborhood scale using
hourly meteorologicaiorcing data.Thesedata inputsre kept to a minimurito enhance the
flexibility of the model anccommonlyinclude:measured solar radiation (probably least
frequently measured), air temperatusdative humidity, surface air pressure, wind speed and
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precipitation. In additionSUEWSrequires information about the characteristics of the area
to be simulated, such as surface cover fractiommeéd, buildingsevergreerirees/shrubs,
deciduous ®es/shrubs, irrigated grass, Aaogated grass and wateand population density

and building and tree heights.

Rates of evaporatiemterception for a single layéor each of the surface typase
calculatecand kelow each surface type, except watkere is a single soil layeht each time
step (5 min to 1 h) the moisture state of each surface and sois tygdeulated. Horizontal

water movements at the surface and in the soil are incorporated. Latent heat flux is calculated

with a modified PenmaMonteith equation and sensible heat flux as a residual from the
available energy minus the latent heat. The model contains severabsiels for example
for net allwave raliation (NARP Offerle et al., 2003Loridan et al., 201)1 storage heat

fluxes(Grimmond et al., 1991gnthropogenic heat fluxes, and external irrigation.

2.1.1 New developments

The new version of SUEW@&esented heracorporates parameterization for snow cover
Previously,snow covemwasa requirednput thatwasassumedo coverthe whole grid area
andonly directly impacted the radiatioNow, accumulation and melting of snow are
estimatedwith impactto net allwave radiation, evaporation, and other water balance
componentincluded For each surfadgpe, the energy andiater balances are calculated
separately for snoviree and snovweovered aresand the model outputs are weighted
according to their respective fractions. The energy and water flow calculations in the snow
free surface types follow those in the originalsien of the model (JSrvi et al., 2011). Here
we present the equations related to the snow covered surface which is treatedlasaasing

layer.

The energ balance of the snoaovered surface modified for urban areas be written as
(e.g.Oke, 1987; Gne, 1997)

Q 11Qs ! M= =1 Qp—1 gl AQy (WMD) )

whereQ), is thelatent heat storage change caused by melting or freézingjs the change
in the storage heat of the snaW, is the net alwave radiationQy is the anthropogenic heat
flux, Oy andQg are the turbulent sensible and latent heat fluxgss the heat released by
liquid precipitation on snoynQ, is the heat exchange bew®vethe snow and the soil below

and4Q,is the net advective heat flu8nav melt occurs if the net energy input to the snow is
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positive(i.e. righthand side of the eq. (1)®. Or is calculated based on cooling and heating
degree days (JSrvi et al., 201Adlvection occurs at a number of scales. The récale (or
subgrid-sale) advection isot resolved in the model, but rather embedaikin the
coefficientsobtained using model optimizatiofhe intergrid advection is assumed to be
negligible. This is consistent with the eddy covariance fluxes used to assess theToodel.
resolve advectioat this scalevould require the model to be embedded in a rseste

model. Theground heat flux), is notseparatelyesolved and is assumedie included

within the parameterization coefficients.
The link to the snow mass balance is throggtor evaporationk):
P+! ! E41 11, 4Al.  (mmhh (2)

whereP is precipitation (snowfall, raink is liquid water that freezes on a snéwe surface,
R is the runoff from the snowpacky is the transport of snow from the study area (e.g. via
snowclearing) and Syz is the change in (liquid and solid phasepw water equivalent
(Swe)-

Surface albedo

Snow affect®)” by modifying the albedo of the surface and thus the reflectedwhos
radiation, and the upwelling long wave radiation as the saitiemperature of snow and
snowfree surface are different. The snow albedp\(aries with snow age for each time step
(! 1), based on whether it is the Ocold snow period® when melting doesin@aker et al.,
1990):

a (t+At) = a,(1)! I—t 3)

or the Owarm snow periodO when snow melt occurs (Verseghy, 1991):

LD e e (0 2)1 o )

d
For simplicity, the warm snow period is definediagets when aitemperaturé?,) is above
0iC.!{*# is the minimum snow albede;is a period of one day (86400 s), apdndz,are
time constants related to the snow aging. After new snowfall, Wheexceeds 2 mm
(Koivusalo and Kokkonen, 2002he snow albedo is reset to its maxim(iresh snow)

value @/"**). The upward longvave radiation uss a constant snow emissivity.

Snow heat storage
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The net heat storage in the snow can be considered to describe the convergence or divergence

of sengble heat fluxes within the snowpack volumdis is calculated using the objective
hysteresis model (OHM; Grimmond et,dl991):

0 a2 g (5)

wherea;, a; andas parameterareset by the model useFhe first term describeabe direct
heating by radiatiorthe second term the hysteresis of the warming and cooling phases
the third the time lag. ®,; is negative when the snowpack loses energy and the snowpack
cools increasing th@old contenfof the snow (energy needemlheat the snow to 0;C), and
positive when the snow is heated towards 0jC and the cold content isGillebicontent is

the total energy needed before the melting of snow can start (Bengtss®n, 198

Energy for melting and freezing

There are two main @poaches to estimate the snowmelt and refreezing of the melt water (
and the related energy (e.g. Martinec, 1989; Tobin et al., 2013): 1) the energy balance
method, wher@/ is calculated as a residual from the other energy balance components, and
2) thedegree day method whelgis calculated using daily or hourly air temperatures and
possibly solar radiation. Although the first is more physiebged irequiresmore input
variables, whereas the latter usasre readilyavailable variables. Comparisoof the two
methods have found insignificant differences in the melted wateulated Kustaset al.,
1994; Debele et al2010). However, the site specific degree day parameters need to be
assesse(Bentsson, 1984)

In SUEWS the secomabproachs used via a radiatietemperature index for each surface
typei (Kustaset al., 1994 SenadentDavies et a].2001; Tobin et al., 2013). Snowmelt
induced runoff is delayed by-feeezing of melted water (Bentsson, 1982), particularly in
spring, when théiurnal variations in air and snow surface temperatures are large. Daytime
meltwater refreezes after sunselleasing energy. Traditionally, the degosyy methods

have utilized a daily time step, but in urban areas this has poor performance (Bengtsson,
1984). Therefore an hourly time step is utilized here. Melting and freezing occurs as a
function of air temperaturel) andQ" under three conditions:

Pyl bt vt s on P2, > 10!

M!=!!!a merorerr ottty (6)
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with factors forradiation mel, (mm W* h), temperature mekl; and freeing a,(mm jC*
h'") which are typically linearly related wittu, < 4, (Tobin et al, 2013).M; cannot be larger
than the amount of solid snow in the pack and the amount of freezing water cannot exceed

the amount of liquid water in the snow. The energy consumed in melting-fre@ézeng is
D =MLy, ()

wherep,, is the liquidwater density at 0jC (kg andLyis the latent heat of fusiaat 0;C(J
kg™).

Besides rdreezing of melted water, the snowmelt runoff from the snowpack is delayed by
the amount of liquid water the snow can hold (Bengtsson, 1982; Sertfaleas and

Bentsson, 1998). In SUEWS, this liquid water retention capacflyi§ calculateds a
function of snow density(, kg m*) (Anderson1979; Jin et a].1999):

C! P O YR HHRRNLL] S B A
min’ L

=N (P )Mﬁ!-!! ! (kg kg') ®)

L 1 .

where! ., and!}, are the minimunand maximum capacities apgis a threshold density
set to 200 kg M. With time, the snow densitghangegVerseghy 1991)

NARDININOINIE N (S TN ©)

to amaximum snow density; * with a time constant ## is the seconslin an hour 8600 s
hh). After snowfall p, is calculated asheweighted averagef thefresh ( /) and previous

snowdensities
Heat release by rain on snow

A rain on snow event provides heat, when the precipitation temperature is above the
liquid/solid threshold Tj;»,) (Sun et al., 1999

Ve = pwew! (=g ), (10

wherec, is the specific heatapacityof water ( kg* K™), andP;is the precipitatioron ith
surface(in m s%). Here, it is assumed that the temperature of the precipitation is at the air

temperature (Sun et al., 1999). Rain stays as a liquid and is routed to mettorater

Latent heat flux and evaporation
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To calculte the latent heat flux)¢) a modified PenmaiMonteith equation is used with a
negligiblesurface resistance for tBaow covered surfaces and an available energy that is
constrained by snowmelt dme-freezing of the melt water

wheres is the slope of the saturation vapour pressure curve over ice (PagiCulated
according to Lowe (1977), in the psychometric constant (Pa‘lﬁcp is the heat capacity of
air (J kg* K™, ! is the density of air (kg /), V' is the vapour pressure deficit (Pa) apth
the aerodynamic resistance (3)miro calculate the, for thesnow surface, the roughness
length for heat and water vapouy,{m) is calculated using (Voogt and Grimmo2800):

L 1oLy g0y, (12

wherezy,, is theroughness length for momentum (m).
Change in snow water equivalent

For thewater massalance calculations, the model adapfsminute time step in order to
regpond to precipitatiomndsnowmelteventsWhen the surface is completely covered by
snow, the snow water equivalent of itlesurface typeSyz;) is calculated:

Lo 101 TIED L THLE LD L L LD T = Typ). (mm (5 min)h)  (13)

If melt occurs §£; > 0) the water is held in the snowpack until the liquid water holding
capacity! | is exceeded. The excess water goes directly to ruRpffi{ the surface is
partially covered with snow, the eass water is added to the snfvee surface storagé;)
andthe snowfree surface equatiorse usedJSrvi et a.2011). If a negativéy:; occurs the
calculated evaporation is assumed to be too large and is reduaeddpyivalent amount

(constrained by)).

Snow from paved and built surfacés () can betransported out frorthe study areal’he
amount removed is calculated as amount of excess snow above a defined thrggheldl (S
This behaviour is neighbourhood specific (e.g. city or neighbourhood ordinances, snow
clearance priorities). Th&y is assumed to be reduced to the .., at the next site specific
snow cleamg time periodPeople are also assumededistributesnow(e.g.paths are
cleaed and the snow is piled elsewhendthin the study areaand this isconsidered via

depletioncurves (eq. 15a).
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The snowpack starts to form when the surface temper&tsr@;C and under two
conditions: when solid precipitation occuamd/or when water on a sndvee surface freezes
(F)). The snow deptk,; (mm) is:

1
Pai = Swe,) I (14)

Surface fraction of snow

One of the most important factors controlling the energy balance and snowmelt is the
patchiness of snow (Swenson and Lawre@6&2). This is particularly important in urban
areas, where snow clearing from streetsrands takes place regular$§emfdenDavies,

1999) During the melt period, surface type specific depletion curves are used to approximate

the fraction of snow covéy;) as a function ofy: (e.g. Ek et al., 2003; Valeo and H004).
These are a function of surface specific maximum snow water equivafenthat control
the initiation of snow patchinegSwenson and Lawrence, 2Q1Eor vegetated surfaces, the
Swenson and LawrenceOs (2Gaan of thefunction is useavith coefficierts estimated
using the data for vegetated surfsftem Ek et al.(2003:

| | 1.7
g 111 (!'— "4 (! Lweveg _ 1)) (15a)

SWEveg

As this function was developed for climate models its application to smaller scales does
requirecaution.For paved and built surfaces, the equations were derived from Valeo and
HoOs (2004) data:

2
S
fs.pav = (Smlz/zl;E ) (15b)
WE,pav
_ SWE SWE
fs'bldg =05 (517"%";1101 ) SWEbld <09
v o (150)
s
fotdg = (S!"#WE ) 1t — > 0.9
WE,"#$ IvHS

The forms of the depletion curves are shown in AppeBdikhe different curves between
vegetation and impervious surfaces are used as human activities redistribute snow. For
example, large roadside snow piles are created that melt slowly through thelspring.

contrastduring the accumulation period snow is asedto fall evenly on all surfaces.
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2.2 Measurement sites and measurements

The models appliedin two cities that typically havextended periodsf snow cover
Helsinki and MontrealAs multiple observatiosites with different lanadover characteristics

are available in both cities, model development is conducted independently of evaluation.

2.1.1 Helsinki, Finland

Meteorological and hydrological observations from three areas of Helsinki ar@Higel.

At the Kumpula (Ku, SMEAR llI) site both meteorological forcing and evaluation data are
measured (JSrvi et 2009a).In addition, he observed runoff from Pasila (Pa) and
PihlajamSki (Pi) catchments are usedmadel development arevaluation. Ku is locate4

km northeast of the Helsinki city centre in a suburban areaB3hém from Pa and Pi (Fig.

1). Both Pa and the built sector ki (Kul) have large areas of impervious surfaces (62%).
At both sites, lie buildings are mostly office buildings with mdaight of 15m (Pa) and 11

m (Kul). Pa has pedestrian areas at two heigittsextensiveconcrete surfagereaing a
complex morphology. The other two sectors around the SMEAR llI flux tower (Ku2, Ku3)
and the Pi catchment are more vegetated (Table 1). Pi, with 34% impervious surfaces, is a

typical suburban area in Helsinkith multi-family block houses.

Tower base@ddy covariance (EC) sensible and latent heat fluxes measured at 31 m, with an
ultrasonicanemometer (Metek, USA) and aclosedpath infrared gas analyser {Z000,
respectively, LiCOR Biosciences, Lincoln, NE, USAj Kuare usedPostprocessing oftte

10 Hz data uscommonly accepted procedures described in detail in JSrvi20@@b) and
Nordbo et al. (2018).

Tower-top air temperature (platinum resistant thermometer] 0Bt @-houseQ), wind
speed(Thies Clima 2.1xGoettingen, Germanyandincoming and outgoing shernd long
wave radiation (CNR1, Kipp&Zonen, Delffletherlandsareused tdorceand testhe
model.Otherforcing datameasure@n anearbyroof (24 m a.g.l) includeair pressure
(Vaisala DPA500, Vaisala Oyj, Vantaa, Finlaneblative humidity (Vaisal&iMP243, and
precipitation (rairgawe, Pluvio2, Ott MesstechnBmbH,Germany. Snow depth measured

next to the tower by the Finnish Meteorological Institute is used imtuelevaluation.

Runoff wasmonitored at one minutatervak using a OCM Pro CF flow meter (Nivus
GmbH, Eppingen, Germanynounted in the two catchment stofiow discharge pipes from
September 201t 30 April 2011 (SeeTable 2 for data availability)n Pi, excess pipe flow

10
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was observed causing runoffunexpected time8ecause of the water quality observinis

is thought tdbe associated with pipe leakagehousehold water system&om the beginning

of Septembr, the excess pipe flowbservedvas0.0038m?* s* which had increased to

0.0125m* s* by the end of the measurement campaign. This pipe flow was removed from the
analysis when assessing the runoff as pipe leakage modelled currently.

2.1.2 Montreal, Canada

Two residential areas with impervious cover of 71 % (RI, Rosefn@iftetite Patrie
borough) and 49 % (Pr, PierrefonB®xboro borough) 18 km apart were modellsee
Bergeron and Strachan (2012) for maff)emore densely populated R&s two to three
storey buildingswhereas the suburban Pr is a single family house residential area {J.abl

At both sites, a tower mounted (26 mg.B) sonic anemometer (CSAT3, Cpbell Scientific
Canada Corp., Edmonton, AB, Canada) and an-ppéninfrared gas analyser {£50Q Li-
COR Biosciences, Lincoln, NE, U3Arovided the 20 Hz data that grestprocessed to EC
fluxesof sensible and latent heat (Bergeron and Stra@di?). Forcing data of air
temperature and relative humidity (HMP42C2at RI, HMP45C aPr, Campbell Scientific
Canada Corp.),rpssurgBarometric pressure sensBM YoungModel 61205V RM Young
Company, Michigan, USAandradiation (CNR1) are from the EC tower at 25 .qlaSnow
depths were monitored in the backyard of Pr and on the roof at Rl with snow ranging sensors
(SR5,Campbell Scientific Canada Corp.n@v properies including snow density and
albedq wereregularly (veekly. 200708 winter or bi-monthly. 2008009 wintel) observed dr
undisturbed snow, sidewalks, lawns and rooft@isservations fronCoteaudu-Lac (35 km
southwest from BrandPierre Elliot Trudeau Airpordata ¥ km from Pr and 16 km from RI
(National Climate Data and Information Archive of CandfH3) are used to create a

precipitation daaset withseparation onow/rain.

2.3. Model runs

In Helsinki, SUEWS was run for Kfor three years (January 2010 till December 2012) and
for the two catchments for 16 months (January 2DAQril 2011, asobservationgire
availablefor ashorter perioyl At all three sites, the first sevaronths arex spirup period

for the model that iseither used in model development nor testing. Thegpitime allows
the model to become independent of the initial conditions set by thdeusarin urban

areassoil moisture initial state has a large impact on urban land surface model performance

11
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(Best and Grimmond, 2013). The remainder of the periods are used for modepdwrelo
and evaluation. In Kudata prior to 201areused to develop and adjusbdel parameters:
Q*, upwardshortwave radiatiorgndupward and downward long wave radiation @ased to
adjust the snoywand surface albed&q. 3 and 4, andQy and Qg to test the
parameterizations f@p,, and ! Os; (Eq. 5 and 6)The runoff measured in tliense
catchment (Pa) is useddonstrairnthe temperature and radiation melt rqt&g. 6) retention
capacity of the snoEq. 8)and the limit for the liquid precipitatio®" and its components,
Oy andQg, the snow deptfrom Kuin 2012, and the runoff from the meditintensity
catchment are used to independently evaluate the model.

The neteorological data measdt atthe Ku siteareused to force the model for all three
Helsinkisites. The dataregap filled using the procedures described in JSrvi et al. (2012).
Due to the very diffegnt characteristics surrounditige Kumpula towerthe modelis run for
the three surface cover aresighin al kmradius circle The flux time series evaluated
against observatiorsmecombinedrom the surface cover areas (KBJlbased orthe

prevailing wind direction.

In Montreal only the first month of the 22 months (December 2007 till September B009)
used as a spinp. The short spHup time is choseto allowtwo snow melt periods in model
development and testingjhe 'emainderof the suburban datas€?t, Ox, Oz, sSnow depth
snow density and albed® usedor themodel developmensnow density and albedo are
used to determinthe shape of the snow agjrcurves (Eq. 3, 4 and 9)* the surface and
snow albedo, an@y, Or the other snow related parameterizations. The ushan
observations are uséor independent evaluation of the modehe maleldomain is a 1 km

radius circle around the flux tower.

The resultareanalysed byonsideringsnowfree, cold snow and melting snow periods. For
snowfreg, the simulated snow d#pis zero, whereas the cold snow and melting snow

periodsare separated by the &&mperature 0;C.

2.4 Evaluation statistics

Several statistics are used to evaluate the model performance (e.g.1B@lBy Linear
regression is used to describe the linear dependence between the independent vahigble, in
case the model outpii,g, and the dependent variable, the observati&ng)( The slope

12
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(S) relative to 1and intercept/] relative to zerpprovide information on the model
performanceFurther goodness of fit is evaluated using the root mean square error (RMSE):

g 1 !\[Z(! p LT g 111)! (16)

whereN is the number of data pointsike the intercepin the linear regregsn, the RMSE
has the units of the varialslbeing evaluatednd it depends on the magnitude of itiean
variables. Therefore it is useful to normalize the RMSE (nRMSE) relatitheetrange of

values observe@Srvi et al. 2011)

nRMSE | |——*%

Py Vg ey

(17)

When comparing the performance of the model to simulate different variables, the RMSE can

also be normalized with the standard deviation of the observaiigngTaylor 2001):

3% 1 1

T

(18)

In addition, the mean biasror (MBE) between the modelled and observed time series
considered

"INy ! T ), (19)

wherethe over bar indicates averageldeally, the RMSE, nRMSE sRMSEand MBE

would all be zero.

2.5General weather conditions

The weather conditions during the modelled period for Helsinki and Montreal are shown in
Figs. 2 and 3, respectively. Daytime solar radia@ighibitsa strong seasonal pattern, with

the 15 latitudinal difference causing morapid changes and stronger amplitude in Helsinki
than Montreal. In summek| reaches 970 W tin Montrea| whereas in Helsinki the

maxima remain below 830 W mIn winter, the solar radiation in Helsinki is very low (< 120
W m), whereas Montreal pealse below 400 W i, Despite the difference ik}, air
temperatures are fairly similar in both cities. Daily maxima mean temperatures are around
26;iC in summer, while the minimum daily mean temperature in winter in Helsir20 i€

and in Montreat23;C. In both cities precipitation is quite evenly distributed throughout the
year.
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During the three years of measurements, the daily snow depths in Helsinki are all below 0.8
m, with a longer snow period in winter 2010/2011 than 2011/2012. The timing of stlowpa

formation depends strongly on the year. In 2010, it was initiated in November, whereas in the

following winter this was delayed until January 2012. This will have a large influence not
only on both natural energy and water exchanges, but also urbatesctin Montreal,

snowpack depth and timing has large variability between years; for example a 1 m snow pack

is observed in March 2008 with melting in late April, compared to only 0.6 m the next year,

with snowmelted by the end of March.

3. Results

3.1 Model optimization
Snow properties

The time constants to describe the aging of snow, the minimum and maximum snow albedo,
and density were determined by optimization using observations undertakersabtirban

site in Montreal (Pt Theobservedsnow properties are treated as averéiges the

measured surface types,orderfor them to becompatible with the scale of the simulations.
To evaluatehe snow albedo, the observed reflected shortwadiation(K$) in Helsinki in

2011 isalsoused To assess the radiative exchan@d3$EWSis runusingthe radiation
measurements source ar88% FOV) estimated as a 31 m radius circle around the 31 m tall
measurement tower (Nordled al, 2012). The surface cover characteristics are diffefent
this area tahosewithin the turbulent flux source areaith 49% paved surface, 4%

buildings, 3% deciduousees/shrubs and 44% grass.

Comparison otheseobservations witlthe Lemonsu et al. (201@hereafteiLel0) aging
functions usedor the suburban site in Montreal, shows that modifications to the coefficients
are needed for both snow albedo and deriBity. 4) The Lel0 maximum density of 350 kg
m*is too small for the current observatiofibus the maximum snow density is set400

kg mi®, the minimum valug™™ is kept at 100 kg i In addition, the time constantis
decreased to 0.043. After these modificatidhs simulated snow density follows the
behaviour of the median obsations well (Fig4a). Similarly fromthe observations, the
minimum @;* ) and maximum!(;# ) snow albedo a@rsé to 0.18 and 0.8Bespectively,

which differfrom Le10 { {# = 0.15- 0.30across thelifferent surface cover types). Le100s
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snow albedo aging time constanis<0.174,z, = 0.008 could not be fully evaluated due to
lack of data. Howevet, compared to our aervations is too smaWhenincreased to 0.018,
7rdecreaset 0.11. Again good correspondence between the observed snow aibdedo a
model output are sedRig. 4b), and between the observed and modeti¢dn Helsinki in
2012(not shown) Duringthe cold snow period, the linear fit statistics &re 0.68:0.c2 W
m?, 7= 027047 W m? (RMSE =11.3W m? N = 2232, andduring thewarm snowperiod
$=050£001 W'm? and/ = 0.85:047W m? (RMSE =11.4 W m?, N = 604). One likely
reason for the poorenodelperformance during the warm snow period is the sensitivity of
the albedo to the fraction of snow covered surface. In the model, the fraction assnow
parameterized based on the maxim@ym, but it is likelythatthis is site dependeata
neighbourhood scale due to redtsition and transport of snowowever, as the other net
all-wave radiation components are larger in magnitude Ahathe negtve bias during the
melting period is likely to have smathpact on the available energy.

Melt and freezing factors

The freee and melt factorsa, anda,), representative for the neighbourhood scaite
optimized using runoff from Pa and snow defpim Ku (Helsinki). SUEWS was run using
a, values between 0.0008 and 0.68&h W* h™* using 0.000Inm W* h* resolution anda;
between 0.05 and 0.16m jC* h'* with 0.01mm ;C* h! resolution. The 146 modelled
combinations were analysed with respedh®amount of accumulated melt water during the
snow covered period and the timirgg tomplete snow melt (Tab®. Thesmallest
differencescompared to thebservationsire obtained witl, = 00016mm W* h* anda, =
0.12mm jC* h’. Thus these are used in the model ruvaluesare slightly larger, butf the
same order of magnitude thoseobtained fohourly factors aanArctic watershed in
Alaska @, = 0.001mm W* h* anda, = 0.095mm jC* h™; Kane et al., 1997)Unfortunately,
no hourly values for urban areas were found in the literaltivevever, singthese factors
the daily melt rates atbe same order of magnitude those thahavebeentypically reported
for urban areas (Bengtsson and Sem*®awies, 2011)

Snow storage heat

To determine the storage heat flux coefficients:, anda; for snow (k. 5) shallow water
valueswere used as an initial baswith a; = 0.50,a, = 0.21 ands; =-39.1 Souchet al.,
1998). Given the assumption that the snow heatctigpga around halthatof water (Rogers

andYau, 1996) «; is set to 0.25 for snow. The other two coefficieatsafnda;) are assessed

15
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relativeto their effect on the sensible heat fliaxrunning SUEWS for Pr over a range of
valuesduring the snoveovered periodThe homogenous area®fwas usedo optimize

| O,;. The RMSE between the observed and modélgdariesbetween 4.4 49.0 W m*?
and MBE betweer23.1 ©28.0 W m?, whena; varies between 0 arid2 anda; between60
and O(Table3). The optimal result witminimum RMSE =48.2W m and MBE =0.19W
m2is obtained withz, = 0.60 andz; = -30. Thus, these coefficieraseused in the model to
calculate the snow storage heat or the internal energy of the snow. The values imply a smaller
slope or fraction of radiative energy entering/leaving, @ greater hysteresig,J and a
similar phase or time lag{) for snow relative to wateHeuristically thisappeas
appropriate.

3.2 Model evaluation

Table4 lists the parameters, both for thieow covered and snefree surface, used in the
model runs. The snow parameters are optimidedtjon 3.), whereas the limit values for
the snow transpo(Bwe Lim) Were estimated based on maximum mass allowarfcgaterat
the Pa catchmenthe amevalues weraised at all sites as @alditionalinformation was
available.Sensitivity analyss(Section 3.4 suggesthe model is fairly insensitivi® Sye Lim
despitethe expectation fovaluesto beneighbourhood specific

3.2.1 Surface runoff

Figure5 shows the daily observed and modelled runoff from the two catchments in Helsinki.
The grey line separates the r&mow and snow related runoff as the continuous winter snow
cover formed on 18 November 2010. At both sitee model simulates the snow melt

induced runoff well, reproducing both the spring melt peak and the recession in April. When
the model is run treating the catchments as a whdénds to overestimate the runoff peaks
andto be flashier than observations (F&3, which have smaller blonger runoff peaks.

Partly this can be explained by the absence of time lags for the water to move from the most
distant points (hydrologically and hydraulically) because the catchment is modelled as one
unit (in the current setupHowever, in terms dfiourly performance, the correlation between
the observedH,;) and modelledX,..) runoff is good withs = 1.20 (mm h')* and’ = -0.01

mm H' (RMSE = 014 mm K, » = 0.75) in Pa, ands = 1.24 (mm hY)™* and/ = 0.2 mm h!

(RMSE = 016 mm h*, » = 060) in Pi. Thecoefficientsare calculatedor peiodswhen both
Ru.qaandR,,; are norzero (675 and 760 hours in Pa and Pi, respectivelPa, the model
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undeestimates the cumulative runoff over the snow covpegbdsby 3 % asR,,. = 82 mm
andR,»s = 85mm (Fig.6). In Pi, the cumulative runofé overestimatetly 19% asR,,q = 97

mm andR,;, = 81 mm.

Before the continuous snow cover, the model perfaimgdarly at both catchmentslotably,

the model overestimates runoff at Pi with high intensity precipitation. The overestimation is
seen in the linear correlation betwe®p, andR,,.¢ assS = 1.29 (mm HY)™* and/ = 0.04 mm h

! (RMSE = 020mm h', » = 068, N = 668 as well asn the modelled cumulative runoff
whichis 47%higher than the observed in Pi (27 ai2dm, respectively)r(ot shown)In Pa,
$=1.26(mm )™ (RMSE = 020mm H*, » = 090, N = 743, and the cumulative runoff is

4% underestimatedy the modelR,,; = 84 mm andR,,« =88 mm). Someof these
differencesarecaused by the forcing precipitation and other meteorological variables being
from the flux site Ku. This would particularly affect the model performance during
convective precipitatiarwhich accourdfor 88% of the precipitation events between April
and Septetmer (Punkka and Bister, 2005).

3.2.2.Snow depth

The model calculates snow water equival&pi and snow depths) separately for each

surface type. Due to snow removal and the different seigharacteristics, behaves

differently for the vegetated and built surfaces. This can be seen when the mgdelied

each surface (pavehlilding, grass and tree) is plotted with the observations for Helsinki

(Fig. 7) and Montreal (Fig. 8). Unfortately, the observations are each representative of
individual point and surface typevhereas the model values are for the different surface

types at the neighbourhood scale. Thus, some differences between the modelled and observed

54 are expected.

In Hesinki, the point observations are made in an open space that corresponds most
appropriately to the modelled grass surfé&ta for2011 and 2012 are plotted separately as
the first year is used in the model parameter determination whereas thes latter i
independent dataset (Fig). In both years, the model reproduces the accumulation of snow
and melt events well, but underestimates the snow dg@H4 mm on averageompared to

the observations. The measured maximum snow depth in 2011 msn72Bhereas the
modelled snow depth above grass i 68n. Similarly, for 2012 the observed depth is 630

mm and the modelledalueis 504 mm. This underestimation is caused by either the
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underestimation of modelles);z or by overestimation of snow density s snow depth is a
function of these two variablesdE14). The model starts to accumulate snow four days later
than the observations in January 2012, but later in the year the observed and modelled snow
cover appear on treamedate(29" Novembey. In 2011, the snow melt is observedhave

endedon 18" April, five days earlier than simulated, whereas in 2012 the snowfmished

on 12" April, one day later than modelled.

For Montreals, is calculated separately for the suburban (Pr) and uRiqusites for January
2008DApril 2009. InPr, theobservations are made on laserrespondingo the modelled
grass surfacérig. 8a). The model follows the accumulation and melt events well, but like
Helsinki, snow depths are underestimagsgecially in the 20002008 winter. The

maximum observeg); is 1020mm, while670 mm was modelled for grass. In winter 2008
2009, the maximum observed and simulated snow depths Zendel® mm. In 2008, the
modelled snow starts to accumulate ongame day (8th December) as observed. Snow melt
is completed on 2DApril 2008, which isthreedays aftethe modelleddate In 2009 the
modelled snow melt finishes one day before observeiNgoch).

In RI, 54 is observed on a building racfhis hasoth lower snow amounts and earlier melt
compared to the lawn observations in Montreal (Fig. 8b). The model simulates this behaviour
well, but again undgpredicts the depths. The obsersgdaxima are 390 and 415 mm for

the two winters, whil801and285mm are modelled, respectively. Accumulation of snow

takes place on the correct day in RI, and the snow melts on thelagras observe@6

March) in 2008, and nine days latéf March in 2009 than observed.

The underestimation @f; is alsoimpactedoy the precipitation measuremenasthe
difference betweenbserved and modelled valuesginsduring the snow accumulation
period Precipitation measuremersire known to underestinegnowfall especially due to
wind effects (Goodison et al., 1998; Saviet al., 2012).

3.2.3.Turbulent and radiative energy fluxes

The simulated)’, O, andQ;; are assessed for sndiee, cold snow and warm snow periods
(Table5, Fig. 9), with thediurnal behaviour dboththe observed and modell@dxes for the
indepenént datasets in Helsinki and Montreahsidered (Figs. 10 and)11

Generally the bessimulatedflux of the three i®)" independent of whether there is snow on
the ground or not. For the cold and warm snow periods, the RMSE varies bai@4ehW
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m? (NRMSE = 0037D0.061) and31D41W m? (nRMSE = 0.@1 D0.057 across the sites.
At all sites,Q" is underestimated in cold snow conditions WtBE between34 and-13.5

W m%. Mostly this underestimation is related to the downward-lwage radiatiorthat is
calculated from air raperature and relative humidiflyoridan et al., 2011 who suggest that
use ofcloud cover data as inpwith this techniqués bette}. This parameterization works
less well in cold conditions than above®. In Montreal the warm snow underestimation is
even largefMBE = -37to -25W m®), compared tdHelsinkiwherethe underestimation
decreases t& D-3 W m Especially during the warm snow periods, the fraction of snow
cover plays an important part in the model parfance. It affects both the snow albedo and
outgoing longwave radiation via surface temperatufbe best performance fap" is under
snowfree conditions, when thMBE is between-10and8 W m? and the RMSEis clearly

lower than for the periods witmew cover (Fig. 9a).

The scatter in the model performance is largefXothan for the other energy balance
components, with cold snow periods having the best and warm snow periods the poorest
model performance (Fig. 9clhe RMSEduringcold snow vaes between ®12W m?
(NRMSE = 0038- 0.059), ard for warm snow between 284 W m? (nRMSE = 0071D
0.170). The increase in RMSE durirvgarm snow perioslis understandable as the energy
consumed in melting snow and freezing melt water is highetrausderrors in the degree
day-method propagateore easilyto Or (as well as t@y). During melting periods there can
be advection from snodvee surfaces to the snowpack altering the energy balance as
specified in Eq. (1) (Bengtsson and Sem}d@mvies, #11). MBE valesbetweenl1l1b4 W
m? when there is snow on grourBuring snowfree period, the model underestimatgs at
all sites with MBEs betweer27 D-11 W m?, RMSEs between 26D35W m?, andnRMSE
between 0.88D0.066.

In SUEWS,Qy is calculated as a residual from other energy flutkeseforethe neterror
accumulates i@y. Despite this, the model is able to simulate its behaviour Wilén there
is snow on groundhe RMSE vaesbetweer23 D50 W m? andnRMSE between 067 ard
0.118 Duringthecold snowperiods the simulatedheat fluxes are slightly better than during
warm snow periaogl, similar toQg. The model overestimaték,; during snow coverexcept in
RI during cold snow periodand MBEs vary between2599 W m. In summer, the
performance of the model in simulatigly improvesfollowing the performance a®” and

Or.
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The model performance for the energy fluxes is more dependent on the period of analysis
than the site where it is run. An exception to thi@4isat R1, where the modelerestimats
andshifts the diurnal peak flux earlier compared to the observationsiBigrhis appears
whether there is snow on ground or not, suggestiagthis is caused by the sndwge

storage heat flux which is undereséited or anthropogenic heat flux that is overestimated by
the modelRMSEs obtained for the warm snow pesadPrare higher than Lel@btained

for the same suburban area in Montresihgthe Town Energy Balance model spring

2005. However, direct coparisons are difficult am their one month obbservations snow
cover is present only on some days compared to the longer time period evaluated here.

3.3 Energy balance of urban snow covered surface

Snow coveland the related energy storage and the gnetgted to phase changker the
surface energy balancéhe components at the most buifi site Rl are evaluated here (Fig.
12). During cold snow periods, the daytime energy balance is dominated by thensateall
radiation ") and the sensible heffix (Qp), reachingl19W m?and 113 W rif. Oy is

fuelled by bothD" and Oy (reaching 48V m®), and it accounts on average 6&% of the
daytime (10:0@®15:00) available energy. The dominancg&ofndQy, are typical also for
natural cold snow packs (e.g. Oke, 1987). Q86 of 0" + Oy, is dissipated by evaporation,
whereas the storage fractions 40and8% at the snow and snefree surfaces, respectively.
At night, on the other hand, the urban surfiases longwave radiation causing the internal
energy of the snow to decrease i.e. the cold content of the snow @xraathe same time,
the snowfree surfice loses some energy (aroddV m?) andboth O andQ; remain
positive (by more than 10 Wfjy with Oy, less tharb W m.

During warm snow periodg)” is clearly the most important component of the surface energy
balance reaching00W m?in daytime. Now the daytim@x is slightly smaller than during

the cold periods reachir8s W m?. Most oftheenergy, but clearly less than during the cold
snow period, is partitioned 1y (46%), with the second largest contribution going tovgn

free surface heat storage 8P Evaporation consumé3% of the energyand only4% and

3%is stored in the snoand consumed by snow melt. The largggiand ! Os are consistent
with the observations obtained by Lel0 at the suburban site, although they documented a
larger contribution going to snow related processes than to evaporation. Moreover, the
modelled fractoins during the snow covered periods are of the same order of magnitude as

obtained for observations at the same site (Bergeron and Strachan, 2012).
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When the ground is free of snow, most ene@y+ Or) again goes t@; (188W m?, 45%)
followed by thestorage heat flux (175 W 'M42%). Due to the high impervious nature of the
surface, daytim@; reactes 50W m?, which is only 12% of the available energy. The
resulting daytime Bowen ratiof/Qr) is 37, which corresponds well with the expected
relationship of the Bowen ratio with trsite® vegetation fraction (Loridan and Grimmond,
2012).

3.4 Model sensitivity

To better understand the impactomiththe optimized valueand those estimated (Table 4)
without detailed observation on the mogetformarte sensitivity analyss were undertaken.
The analysis includethe powelof thevegetation depletion curve (eq. 19ajit for the
transport of snovirom paved and roof surfacé€Sye 1 im), SNow heat storage{ a;) andthe

melt water coefficientsaf, a;). SUEWS was run using tlileree independent datas@tsi in
2012, Rl and Pighanging the parametdrg £30% using a 10% stephe results were
compaedto hourly measuredy, Or and runoffand theRMSE determinedor each site and
variable(Figure 13. The other parameters were held constant during each set of analyses.

Theimpact of the coefficientsn heat storage in snow paskshownonly for Oy astheir

effect onQx and runoff is small or neexistent. $e Lim andthe melt water coefficients have
the largest impact on the heat fluxes at both sites, whereas the smallest &ffebeipower
used in thalepletion curve. For runoff, the melt water coefficients have the largest effect.
The differences in model performaascare relatively smaiih the context othe urban land
surface model comparison (Grimmond et al. 2011) indicating that the model is fairly
insensitiveto changes in the studigarameters.

3 Conclusiors

The Surface Urban Energy and Water balaBckeme SUEWS) is developed to simulate the
energy and water balances in cold climate cities with special attention on the simulation of
snow cover. The new model considers the accumulation of snow, snow properties including
snow water equivalent, snow depth, sraemsity and albedo, and snow melt and refreezing
of melt water based on an hourly degdas method. The development and independent
evaluation isundertakerusing observations from three sites in Helsinki and two sites in

Montreal.Each of these sitesavies in terms ofurface cover characteristics. In Helsinki, the
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observationsncludestormwater runoff from two catchments and turbulent fluxes of sensible
and latent heat from one site. In Montreal, the observaithahsdesnow properties as well as
the wrbulent fluxes at both sites.

The model developments include an improved description of vegetation phenology (LAI) in
cold climate cities. The leddff period based on daily air temperature \&eseleratedusing
acombination of daily air temperatwand day lengtiUpdated aging functions for snow
density and albedo in urban areee developetlased on snow observations in Montraal
improved equation for the degree day methvadused to calculate snow melt and freezing

of the melted wateandnewparameter valuesevelopedo calculate the snow storage heat
flux using the olgctive hysteresis model (OHM).

Theenhancednodel can correctly simulate the winter and springtinedt-related runoff, but

the runoff peaks tend to be sharper than tisefations partly due to the absence of time lag
to let the wateflow to the observation point at the catchméisthargepoint. Despite this,
themodelledcumulative runoff during the snow covered periods correspaet with the
observations. The formation and melting of the snowpack is simulated well both in Helsinki

and Montreal, but the snow depth is underestimated either due to overestimation of the snow

density or underestimation of snow water equivalent. Following tdmlogical variables,

the net radiation and turbulent sensible and latent heat fsesre modelled well. The
model simulatetheir diurnal behaviouthroughouthe year, but the largest uncertainties
occur during the snow melt period at all sites.sTikirelated to the uncertainties in
determining the snow covered surface fractiassvell as the propagating uncertainties from
the calculation of melt and freezing related energiestbasthe degreeday method.

The model can correctly simuéathe energy and water cycles in cold climate cities and it can
potentiallybe used independently in urban planning purposes or nested to-somgiedal

scale atmospheric model. However, some of the parameterizations are still city and site
dependentmore observatios from cold climate citiesreneededo creatanore generalized

formulations
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1 Tablel. Site characteristiasf the observational siteSurface cover fractions for the EC sites
2 are calculatefor 1 km radius circlesvhereas théractions of the catchments are for the
3 actualcatchmenarea. In Kumpula, the area is dividedto three surface cover areas (Kul,
4  Ku2 and Ku3) For the abbreviations see Appendix
Helsinki Montreal
Kumpula Pasila  PihlajamSki Urban Suburban
Lat 60.203{N 60.199i{N  60.238iN 45.457iN 45.501iN
Lon 24.961E 24.940iE  25.014{E 73.592{W 73.811{W
Obs. O* O, Ok R R O%* Ou, Qp, met. 0% Op, OF, Met.
z(m) 31 - - 25 25
Site name Kul Ku2 Ku3 Pa Pi RI Pr
Eoay 0.42 0.39 0.30 0.42 0.22 0.44 0.37
&oidg 0.20 0.15 0.11 0.20 0.12 0.27 0.12
&g 0.38 0.46 0.59 0.38 0.66 0.29 0.50
&everg 0.01 0 0.01 0 0.10 0 0.05
&yec 0.21 0.20 0.30 0.24 0.30 0.03 0.15
grass 0.15 0.20 0.21 0.10 0.02 0.20 0.25
&yrass 0.01 0.06 0.10 0.02 0.1 0.06 0.05
&unman 0 0 0 0.02 0.14 0 0
&water 0 0.01 0.00 0 0 0 0.01
zy (M) 10.4 115 126 15.2 10.8 7.9 6.4
z, (M) 10 8.8 8.5 8 8 13.0 13.8
p#ha) 31 37 44 42 55 84 24
A(ha) 447 78.2 78.2 23.8 44.8 314.2 314.2
Reference JSrvi et al. (2009a) - - Bergeron and Strachan (2012)
5
6
7
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1 Table 2. Time periodnd the spirup timeof themodel simulationsData availabilityrefers to
2 the number of 60 min periods when observations are available for trepmeup period. EC
3 is the eddy covariance fluxe@4 andQx), R is the runoff and, the snow depthA sub-setof

4  these datareusedin parameter optimization arahother forevaluation.

_ _ _ Data availability
Measurement period Spinup period _ )
during nonspirtup (%)

EC 44
Ku 20102012 Jan- Aug 2010
Sd 100
Pa R 93
_ Sep 201@®Apr 2011  Jan-Aug 2010
Pi R 86
EC 53
Pr
sq¢ Dec 200/MSep 2009 80
Dec 2007
EC 36
RI
Sd 85
5
6
7
8
9
10
11
12
13
14
15
16
17
18

30



Table3. Results of the model optimization made for the snow storage heat and melt water
calculations. Different evaluation criteria for tb@mponents were used

Range of Final Evaluation criteria | Rangeof the Site
tested values| value evaluation criteria
a, |0.00080.002 | 0.0016 | CumulativeR/Dgm | -14--3/-7.6-16.1 Pa, Ku
(mm)
a; | 0.050.15 0.12 CumulativeR/Dsm, | -14--3/-7.6-16.1 Pa,Ku
(mm)
a, |01.2 0.5 RMSE/MBE ofQy | 44.449.0£23.1-28.0 Pr
(W m?)
az; |-60-0 -30 RMSE/MBE ofQy | 44.449.0£23.1-28.0 | Pr
(W m?)
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11

Table4. Parameters used in SUEWS for surfaces that are buildilelgg, (pavement (pav),

evergreen vegetation (everdggciduousregetationdecid), grass and water. If the

vegetation is irrigated, different values to describe the caamgpysed.Sources of the

values are as in JSrvi et al. (2011) unless indiattegtwisebelow. Where different

values are used for tlilfferent sites, this is indicated for Helsinki (Hel), and for the two

sites in Montreal (RandPr). Variablenotation is given in Appendix C.

a) Site Units  Bldg Pav Everg. Decid. Irr.veg  Grass Water
Si mm 0.25 0.48 1.3 0.30.8 1.9 0
g Hel/RI mm 50 100 150 150 150 150 -
soil Pr mm 150 150 150 150 150 150 -
Dy mm 10 10 0.013 0.013 10 0.013 -
b - 3 3 1.71 1.71 0.013 1.71 -
C; mm 0 0 0 0 0 0 0
C Hel/RI mm 50 100 150 150 150 150 -
ikt pr mm 150 150 150 150 150 150 -
o, - 0.15 0.09 0.10 0.16’ 0.19 0.19 0.08
& - 0.95 0.91 0.98 0.98 0.93 0.93 0.95
Zimax mm s' - - 7.4 11.7 40 33.1 -
Snow
s Hel mm 40 40 40 40 40 40 40
PEO Mon mm 0 0 0 0 0 0 0
. Hel mm 1 1 1 1 1 1 1
Jsio Mon  mm 0 0 0 0 0 0 0
Ps0 kg m* 120 120 120 120 120 120 120
'M’}%f‘i mm 190 190 190 190 190 190 -
SWe Lim mm 40 100
b) Overall area parameter values
amin  0.18 Ao pwdwe 0.1 W m? (p* ha')™¥ Gs 3.36 g kgt 7S ap 10 mm
am™>* (.85 A pawe 9.910°WM2ZK ! (ptha)™  Gs 11.07;C resqan  0-25mm
H
& 0.99 A pawer  0.0102 WE K™ (pthal)*  Ge 0.018 mm Rec 1.0 mm
Pe 200 kg m*® boa -84.54mm GDD 300 Sy 0.45 mm
pmin 100 kgm*® bia 9.96mm K* I, 0 mm S» 15 mm
pmax 400 kg m*® bsa 3.67mm d* Klm 1200 W n?¥ Spipe 100 mm
# 0.018 Bom -25.36mm K, 0.0005 mm$s SDD -450
# 0.11 Bim 3.00mm K* LAl maxeverg 5.1 nf m? Tgasecop  5iC
a 0.25 bam 1.10mm d* LAl maxdec 5.5 nf m? Tgasesop  10iC
as 0.6 C i 0.05 mm LAl maxgrass 5.9 nf m Teaseor  18.2iC
as -30 g 0.2 mm LAl mineverg 4.0 nf m2 Tiim 2.2;c"
ar 1 Gy 16.48 mm § LAl mingec 1.0 nf m Ty 40iC
a, 000166 mm W'h! G, 566.1 W n¥ LAl mingrass 1.6 nf m T, 10iC
a 0011 mm C'h*  Gj 0.216 kg ¢ Py max 9999 sm™ Tyiep 300s

‘Optimizedusing data fronHelsinki; “Vargo et al. (2013)" Auer (1974)
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1 Table5. Model evaluation statistics based on performance relative to observations of net all
2 wave radiation@®’, W m?), sensible @y, W m?) and latent hedtuxes gz, W m?)
3 undertaken for two years in Helsinlkiu11 for 2011 and Kul2 for 2012nd two sites in
4 Montreal(Pr and RI) The statistics: RMSE is the root mean square error )y iRMSE
5 the normalized RMSkEeq 17), SRMSE éq 18) is RMSE normalized with standard deviation
6 of the observed valuendX is the number of points in the linear fit.
Cold snow Melting snow Snowfree
RMSENRMSESRMSEN MBE RMSEnRMSESRMSEN MBE RMSEnRMSE sRMSEN  MBE
Kull Q" 34.3 0.0445 -1.3 1697-13.7 38.1 0.0492 0.9 1020-5.1 30.3 0.0303 0.43 5992 7.7
0y29 0.0719 1.3 756 -8.7 50.4 0.1009 0.95 435 -16.7 37.5 0.0628 0.76 3069 -1.1
Qr12.3 0.0378 0.72 613 -2.1 23.7 0.0713 0.65 377 -10.8 25.8 0.0584 0.64 2627 -23.8
Kul2 Q" 26.5 0.0371 -0.7 223831 40.6 0.057 1.31 644 -3.1 29 0.0302 0.37 5584 7.3
0y23 0.0734 1.9 1056-24.6 37.9 0.0822 0.74 284 -12.6 38.4 0.0555 0.74 3429 -8.2
0r9.7 0.0429 0.7 775-55 219 0.0974 0.58 221 -10.5 26.5 0.0664 0.58 2868 -27
Pr (0383 0.055 -6.34 2980-34.3 31.2 0.0411 0.42 1145-37.1 24.6 0.0276 0.21 6952 -4.4
04325 0.0826 1.41 2177-8.4 457 0.1081 0.97 672 -16.8 32.2 0.0698 0.67 5598 -13.2
Qr11.8 0.0398 0.74 20631.7 34.1 0.1704 0.82 649 3.6  34.8 0.0662 059 5463 -11.9
RI Q409 0.0613 -57.642740-13.5 31.6 0.0422 0.5 965 -25.4 26.7 0.0322 0.21 4521 -9.4
04309 0.0673 0.64 13669.1 427 0.088 0.68 522 -16  47.7 0.0857 0.53 3762 -10
0:86 0.0587 0.55 1292 1.2 23.3 0.1189 0.76 499 3.4 285 0.0654 1.05 3661 -10.8
7
8
9
10
11
12
13
14
15
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Figure 1. Aeriaphotograph of the measurement locations in Helsinki. Red dot is the
SMEARIII-Kumpula siteg(Ku). The red dashed line is the 1 km radius circle that the surface
cover fractions are calculatéor, andthewhite squares show the approximate locations of
the atchment areada left side and Rop-right). © Kaupunkimittausosasto, Helsinki, 2011.
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Appendix A. Leaf area index (LAI)

In SUEWS, changes in phenologych as growing season length, alewed to vary from

year to year as a function of thermal conditions through growing degree days and senescence
degree days. The thermal thresholds are changed to be appropriate for a location (e.g.
latitude, continental vs. maritime climate) (JSrvilgt2011). At high latitudes, air

temperature is a good proxy for leaf growth in spring, whereas theffaafinitiated by day
length(Keskitalo et al., 2005). However, air temperature still influences the rate of leaf fall.
Thus the functions to calate daily leaf area index{/;;) are modified to take also the day

length into account according to

g U T T LIS LS Thgeoies !
I U™ 1, + LAL,, leaf ! ™, < Tgasespp, OF (19)
LAId,l = LAId—l,ib3 (1 - GDD) * C3 + LAId—l’ leaf_ Off, td < 12 h

where GDD and SDD are the growing and senescence degreé:gaymdc; 3 control the
rate of change in LAl an@iz..spp IS the base temperature for seeence. Using the original
LAI functions with coefficients, = b,= 0.03 and:; = ¢, = 5'10" resulted too slow both leaf
on and leabff period at both cities when compared to visual inspection. Thus, for therleaf
period the coefficients at both cities were changed t00.04 and:; = 0.001, and the new
senescence parameterization.(E0) based on the day length with parameters -1.5 and

¢; = 1.5'10%was deployedUnfortunately no measurements of LAl were available. The
values are from visual surveys of leaf and leabff timings.
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Appendix B. Snow fraction depletion curves /egetated, paved and roof surfaces.
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Figure BO1 Surface snow fraction depletion curves for vegetated, paved and building

surfacesThe paved and building curves was obtained from Valeo and Ho (2004), whereas

the vegetation curve was obtained by fittBi\genson and Lawrence (2012) to Ek et al.
(2003) data.
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Appendix C Notation used

gt

s
!
H
I
I

I I"#
! Q
' O4
' Osi

Abldg
8@eC
&V
&yrass
&igrass
Apav

&J nman
Aveg
&Vater

Ps
Ps,0
Pw

max

Ps

min

Ps

Oobs
Ta

Th

Tf

Effective surface albed@)

Effective snow albed¢)

Minimum snow albedd-)

Minimum snow albedd-)

Change in the nall wave radiation in time stepr (W m™)
Advective heaflux (W m?)

Change in thenow heat storage (W

Change in the snow water equivalent (mm h
Time step of the model (s)

Effective surface emissivitft)

Effective surface emissivity of snof)
Psychometric constant (Pa{C

Surface fraction of buildings)

Surface fraction of deciduous trees

Surface fraction of evergree(i3

Surface fraction of neirrigatedgrasy(-)

Surface fraction of grags)

Surface fraction of paved are@p

Surface fraction of unmanaged lay

Surface fraction of vegetatio(t)

Surface fraction of watdF)

Air density (kg m®)

Threstold value in the calculation of retention capacity (kg m
Snow density (kg )

Initial snow density (kg )

Water density (kg i)

Maximum snow density (kg 1)

Minimum snow density (kg i)

Cold snowtime constant for snow albedo agi(yy
Standard deviation of observed values
Seconds in one hour (3600 9h

Period of one day (86400 s)

Warm snow time constant for snow albedo adi)g
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ao, fwd, we}
aj, fwd,we}
a2, twd we}
a3

a,

a;

as

A

b

bi23
bla,2a,3a
blm,Zm,Sm
Bldg
€123

Cp

Cw

Ci

Csoil,i

Everg
fs!i
fs,i,O

gi,max
Gis
GDD

Time constant describing the snow density aging
Parameter defining the ba@gper capita (W i (capita” ha')™)
Parameter related to CDD (WTK ™ (capita® ha)™)
Parameter related to HDD (WK™ (capita* ha')™?)
Constants in the calculation of the snow heat storage
Radiation melt factor (mm Wh?)

Temperature melt factor (mm 7Y

Temperature freezing factor (mm1@™)

Study area (ha)

Empirical coefficient in the calculation of drainage
Parameters controlling the speed of leaf on
Parameters for automatic irrigation (mm, mr, knm d?)
Parameters for manual irrigation (mm, mnt,knm d*)
Building surface type

Parameteto controlthe speed of leabff

Heat capacity of air (J KgKk™)

Specific heat capacity of water (kJkgC™)
Interception state of ith surface (mm)

Soil water storage (mm)

Retention capacitgmm)

Minimum retention capacity (mm)

Maximum retention capacity (mm)

Day

Drainage rate (mm)

Day of the snow melt

Deciduous surface type

Evaporation (mm 1)

Eddy covariance

Evergreen surface type

Fraction of snow on surface

Initial fraction of snow

Freezing water on surface (mni)h

Maximum conductance (m'p

Parameters related to surface conductance
Growing degree days
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Kul
Ku2
Ku3

Ly
LAI;
LAl max,i
LAI min,i
Lat
Lon

M
MBE
NRMSE
N
OHM
p

P

Pa
Pav

Pi

Pr

Q*

04

Ok

Or

Qg

On

Surface type index

Irrigated vegetatiotype

Interception of linear regression

Additional water to water surface type (mm)
Downward shortwave radiation (W
Maximum incoming solar radiatiamsedin g, calculation
Upward shortwave radiation (W
Saturated hydraulic conductivity (mnt)s
Kumpula site

Built sector at the Kumpula site

Road sector at the Kumpula site
Vegetation sector at the Kumpula site
Latent heat of fusion (J Ky

Daily leaf area index (Am?)

Maximum LAl of surface type (m” m?)
Maximum LAl of surface type (m” m?)
Latitude (j)

Longitude (j)

Snow melt and réreezing of melted watémm h*)
Mean biased error

Normalized root mean square error
Number of data points

Objective hysteresis model

Population density inside the grid (capitd'ha
Precipitation (mm H)

Pasila site

Paved surface type

PihlajamSki site

PierrefondsRoxboro site

Net allwave radiation (W )

Advective heat flux (W )

Latent heat flux (W i)

Anthropogenic heat flugv m?)

Ground heat flux (W rf)

Sensible heat flux (W 1)
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Om
Op

¥
rs,max
reéScap

reSdrain

RI
Rinoa
Robs
RMSE

T BaseGDD
T BaseSDD
T BaseQF
Ty, Ty
Tlim

TS‘

Energy consumed to melt snow (W’m

Heat released from rain on snow (Wm

Pearsonscorrelation coefficient

Aerodynamic resistance (sn

Maximum surface resistance (s")n

Surface water capacity in LUMPS (mm)

Drainage rate of water bucket in LUMPS (mij h

Runoff (mm)

Limit when surface is totallgovered with water in LUMPS (mm)
Rosemont_a-PetitePatrie site

Modelled runoff (mm)

Observed runoff (mm)

Root mean square error

Slope of the saturation vapour pressure curve over ice (Ba iC
Snow depth (m)

RMSE normalized with standard deviation of the observation
Slope of linear regression

Parameters related to surface conductance

State of the snoviree surface (mm)

Maximum depth capacity of pipes (mm)

Soil state (mm)

Snow wate equivalent (mm)

Initial snow water equivalent (mm)

Limit of the snow water equivalent for the snow removal (mm)
Snow water equivalent when surface typefully covered with snow (mm)
Senescence degree days

the Surface Urban Energy and Water balance Scheme

Day length (h)

Air temperature (jC)

Base temperature for leaf growth (jC)

Base temperature for senescence (jC)

Base temperature f@x (jC)

Parameters related talculation ofg; (jC)

Temperature limit for the liquid precipitation and snow (jC)
Snow surface temperature (jC)
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14

15

16

17

18

19

20

21

22

23

24

25

26

27

28
29

TStep
T

XMod

XMod, max
X Obs

X Obs, max

Zoy
Z0m
Zp

Zt

Time stepfor water balance calculati¢s)
Transport of snow from the study area (mm)
Vapour pressure deficit (Pa)

Modelled variableY

Maximum value of observed time series
Observed variabl&

Maximum value of observed time series

Height of the meteorological measurements (m)
Roughness length for heat and water vapour (m)
Roughness length for momentum (m)

Mean building height (m)

Mean tree height (m)
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