Technical Reference Material to:
An urban ecohydrological model to quantify the effect of vegetation
on urban climate and hydrology (UT&C v1.0)

Naika Meili'?, Gabriele Manoli>'?, Paolo Burlando?, Elie Bou-Zeid?, Winston T.L. Chow*, Andrew
M. Coutts>®, Edoardo Daly’, Kerry A. Nice>®3, Matthias Roth®, Nigel J. Tapper>S, Erik Velasco'?,

Enrique R. Vivoni'!'!?, and Simone Fatichi?

'ETH Zurich, Future Cities Laboratory, Singapore-ETH Centre, Singapore

Institute of Environmental Engineering, ETH Zurich, Zurich, Switzerland

3Department of Civil and Environmental Engineering, Princeton University, NJ, USA

4School of Social Sciences, Singapore Management University, Singapore

3School of Earth, Atmosphere and Environment, Monash University, Clayton, Australia

6Cooperative Research Centre for Water Sensitive Cities, Melbourne, Australia

"Department of Civil Engineering, Monash University, Clayton, Australia

8Transport, Health, and Urban Design Hub, Faculty of Architecture, Building, and Planning, University of Melbourne,
Victoria, Australia

Department of Geography, National University of Singapore, Singapore

10Centre for Urban Greenery and Ecology, National Parks Board, Singapore

1ISchool of Sustainable Engineering and the Built Environment, Arizona State University, Tempe, Arizona, USA
128chool of Earth and Space Exploration, Arizona State University, Tempe, Arizona, USA

3Department of Civil, Environmental and Geomatic Engineering, University College London, London WC1E 6BT, UK

Correspondence: Naika Meili (meili @ifu.baug.ethz.ch)



10

15

20

25

30

Contents

1 Radiation 5
1.1 Shortwave radiation . . . . . . . . . . ... e e e e e e e 5
1.1.1  Absorbed shortwave radiation: Roof . . . . . . . .. ... ... L 5

1.1.2  Incoming direct shortwave radiation: Ground and wall withouttrees . . . . . . . . ... ... .. ... 5

1.1.3 Incoming direct shortwave radiation: Ground and wall withtrees . . . . . . . . . ... ... ... ... 6

1.1.4  Incoming direct shortwave radiation: Trees . . . . . . . . . . . ... .. .. .. 8

1.1.5 Incoming diffuse shortwave radiation: Ground, wall, trees . . . . . . . .. . ... ... ... ..... 10

1.1.6  Radiation reflection and total absorbed shortwave radiation . . . . . . .. .. ... ... ... ..... 10

1.1.7  Absorbed direct and diffuse shortwave radiation . . . . . . . . . . ... . ... ... 12

1.1.8  Energy conservation . . . . . . . . . . .ttt i e e e e e e 12

1.2 Longwaveradiation . . . . . . . . . . . . . e e e e e e e 13
1.2.1  Absorbed longwave radiation: Roof . . . . . . . ... ... L oo 13

1.2.2 Infinite radiation reflections: Theory . . . . . . . . . . . . .. L 13

1.2.3 Infinite longwave radiation reflections: Stepby step . . . . . . . . ... Lo oL 14

1.2.4  Energy ConServation . . . . . . . . . v v ittt e e e e e e e e e e e e e 17

1.3 View factor calculation . . . . . . . . . . L e e 17
1.3.1 Analytical solution . . . . . . . . . L e 17

1.3.2 Monte CarloRay Tracing . . . . . . . . . . . o e 18

2 Turbulent fluxes 20
2.1 Sensibleheat . . . . . . . e 22
2.1.1 Sensible heat: Roof . . . . . . . . . L e 22

2.1.2  Sensible heat: Ground . . . . . . . .. 23

2.1.3  Sensible heat: Trees . . . . . . . . . L e 23

2.1.4 Sensible heat: Wall . . . . . . . . . e 23

2.1.5 Sensible heat: Canyon . . . . . . . . . .. e e e 25

2.2 Latentheat . . . . . . . . L e e 25
2.2.1 Latentheat: Roof . . . . . . . . . e 25

2.2.2 Latentheat: Ground . . . . . . . . . . 27

2.23 Latentheat: Trees . . . . . . . . . o o o i i e e e 27

224 Latentheat: Wall . . . . . . . . . 28

2.2.5 Latentheat: Canyon . . . . . . . . . .. e e e 28

2.3 2 mair temperature and humidity . . . . . . ... L e e 28



35

40

45

50

55

60

65

3 Energy and mass transfer resistances

3.1 Windprofile . . . . . L e e e e e e e e
3.2 Roughness length and zero displacement height . . . . . . . . . .. .. ... .. L
3.3 AerodynamicC reSiStance, Tah - - « « « v o v e e e e e e e e e e e e e e e e e e e
3.3.1 Aerodynamic resistance: AbOVE CANYON T'gh,y Tah, « « « « « « « o e e e e et e e e e
3.3.2  Aerodynamic resistance: Within canyon rap,, Tanl,»> Tah2,  « ¢« v v v v v oo e e e
3.3.3 Aerodynamic resistance: Wall r, . . . . . . oL oL
34 Leafboundary resistance, ', . . . . . . . ... oo e e e e e e
3.5 SOIlTESISTANCE, Tsoil « + « « « o v o e e e e e e e e e e
3.6 StomataresiStanCe, Ts . . . . . v v e e e e e e e e e e e e e e e e e e
3.6.1 Canopy partition and scaling from leaf tocanopy . . . . . . . . .. ... ... L.
3.6.2 Stomata conductance and stomata resistance . . . . . .. ... ..o u e e e e
3.6.3 Biochemical model of photosynthesis . . . . . . . . ... ... .

4 Conductive heat flux

4.1 Conductive heat flux: Building envelope . . . . . . . . . . . . .
4.2 Conductive heat flux: Ground . . . . . . . . ... L e
4.3 Soil thermal properties . . . . . . . . . L

5 Anthropogenic heat flux

6 Urban hydrological model

6.1 Interception and ponding . . . . . . . . .. e e e e e e e
6.1.1 Interception: Plantcanopy . . . . . . . . . . . . L e
6.1.2 Ponding: Impervious surface . . . . . . . . ... e
6.1.3 Ponding: Soil surface . . . . . . . . .. e
6.2 Vadose zone dynamicCs . . . . . . . . ot e e e e e e e e e e e e e e e e e e
6.2.1  Vertical and horizontal soil moisture profile . . . . . . . . . . ... ... ...
6.2.2 Infiltration . . . . . . . ... e e
6.3 Runoffandrunon . . . . . . . .. e
6.4 Soil hydraulic properties . . . . . . . . . . o e e e e e e e

7 Plant water and biophysical relations

7.1 Horizontal root distribution . . . . . . . . . . L L e e e e e e
7.2 Vertical root distribution and root soil MOIStUIE ACCESS . . . . . . . . v v v vt e e e e e
7.3 Planthydraulics . . . . . . . . o L

29
29
31
33
33
35
36
36
37
38
38
39
41

46
46
47
48

48

48
49
49
50
51
51
51
53
54
54



74 Plantwateruptake . . . . . . . oL L e e
8 Anthropogenic water
9 Model input parameters

10 Additional Figures and model performance results



70

75

80

85

90

95

1 Radiation
1.1 Shortwave radiation

The direct Sff?;’i and diffuse Sgg{ solar shortwave radiation absorbed by each urban surface i [W m™2] are calculated as a
function of urban geometry and albedo. The urban geometry provides shade by blocking part of the incoming direct beam solar
radiation. It further decreases the sky-view factor, which reduces the incoming diffuse solar radiation and traps reflected solar

radiation within the urban canyon. UT&C calculates the absorbed solar shortwave radiation with the following steps:

1. (a) The direct shortwave radiation received by each urban surface is calculated as a function of solar position and shade
provided by buildings and trees (Sect. 1.1.2, 1.1.3, 1.1.4).

(b) The diffuse shortwave radiation received by each urban surface is calculated as a function of its sky-view factor

(Sect. 1.1.5).

2. Infinite radiation reflections within the urban canyon are calculated using view factors and the total absorbed shortwave

radiation of each urban surface i is consequently calculated (Sect. 1.1.6).

It is assumed that all urban surfaces are Lambertian with isotropic scattering and reflections. The view factors are calculated
analytically (Sect. 1.3.1) if there are no trees in the urban environment and with a Monte Carlo ray tracing algorithm (Sect.
1.3.2) if trees are present. UT&C assumes no obstruction of the roof surface and the absorbed shortwave radiation is only
influenced by the solar position and surface albedo (Sect. 1.1.1). UT&C further calculates the absorbed shortwave radiation
due to direct beam radiation and diffuse radiation (Sect. 1.1.7) which allows to investigate the effects of shade and albedo in

more detail. The energy associated with shortwave radiation is perfectly conserved (Sect. 1.1.8).
1.1.1 Absorbed shortwave radiation: Roof

The direct Sffzf,i, diffuse Sigé, and total S,¢; absorbed shortwave radiation of each roof surface fraction i [W m~2] are

calculated as:

Sgieai =(1-a) S [dir "
Spt = (1—ay) S 1497, N
Sneti = (1 —ay;) (S 149 idiff) 7 o
where a; [—] is the surface albedo of roof surface fraction i, S |%" [W m~2] the incoming direct, and S |%// [W m~2] the

incoming diffuse shortwave radiation from the sky.
1.1.2 Incoming direct shortwave radiation: Ground and wall without trees

In the absence of trees, the direct solar radiation received by the ground facets S%Tq, sunlit wall S%fwsun, and shaded wall

Sdir (W m_Q], are calculated according to Kusaka et al. (2001), Wang et al. (2013), and Ryu et al. (2016). The shade

in,wshd
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positions on the ground z, and on the wall yo [—] (Fig. 1) are:

o = max[l - hcanfa O] ) 4
Yo = max[hcom - 1/57 O] y ©)
where hqn [—] is the canyon height normalized by canyon width weg, (often referred to as height-to-width ratio), and £ [—]

summarizes the influence of solar position in relation to canyon position as (Kusaka et al., 2001; Wang et al., 2013; Ryu et al.,

2016):
¢ = tand, |sinf,| , (6)

where 0, [rad] is the solar zenith angle, and 6, [rad] the difference between solar azimuth angle and canyon orientation
(Oazimuth [rad] - Ocanyon [rad]). The shadow length on the ground X spqdow [—], and on the wall 7spq400 [—]. are calculated as
(Kusaka et al., 2001; Wang et al., 2013; Ryu et al., 2016):

Xshadow = 1 —To , @)
Nshadow = Y0 hc_aln 5 (8)
The direct solar radiation received by the ground S¢i"  the sunlit wall S¢", . and the shaded wall Sgi7 ., [W m™~?] are

calculated as (Kusaka et al., 2001; Wang et al., 2013; Ryu et al., 2016):

Szdrijg =5 \I/dir [1 - Xshadow] s ©))
Sgr’i,rwsun =S \Ldir 5 []— - nShadow] ) (10)
nwsha =0, (1n

where S |%" [W m~2] is the incoming direct shortwave radiation from the sky. The shaded wall does not receive any direct

solar radiation.

1.1.3 Incoming direct shortwave radiation: Ground and wall with trees

In the presence of trees, the direct solar radiation received by the ground S;ﬁfg, the sunlit wall Sfﬁfwsun, and the shaded wall

S sha [W m™?] are calculated according to Ryu et al. (2016) as:

Szdrifq =5 \Ldir [1 — Xshadow + TXtTee] ) (12)

Szdrzwsun =98 \l/d” 5 [hcan — Nshadow + TT/tree] ) (13)
fwsha =0, (14)

where S |%" [W m~2] is the direct incoming solar radiation, Xsnadow [—] the total shadow length on the ground, X¢ree [—]

the shadow length on the ground due to tree shading alone, 1spadow [—] the total shadow length on the wall, and 7. [—] the
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Figure 1. Shadow location on the ground and wall cast by trees and opposite wall according to Ryu et al. (2016). zo, x1, T2, 3, x4 are the

shadow locations on the ground and yo, y1, Y2, Y3, Y4 on the wall as described in Sect. 1.1.3.

shadow length on the wall due to tree shading alone. The variable 7 [—] is the tree canopy transmittance as a function of leaf

area index, LAI [—], and optical trasmittance factor K, [—], calculated according to Maass et al. (1995) as:
7= ¢ Kope LAI , (15)
The shaded wall does not receive any direct solar radiation. The shadow lengths X shadow [—]s Mshadow [—]> Xtree [—]s and Neree
130 [—] are calculated according to Ryu et al. (2016) who computes the shadow location coordinates (Fig. 1) as:
xo =max[l — heané, 0], (16)
yo = max[heqn — 1/€, 0] , (I7)
r1 = max|d; — & —r\/1+ €2, 0], (18)
22 = max[ds — he& + 17/ 1+ &2, 0], (19)
135 23 =max[l —dy — € —ri/1+62, 0], (20)
xg =max[l —d; — he&+1:7/14+ 62, 0], 21
11 :max[ht—(l—dt)f_l—rt 14¢-2, 0], (22)
y2=max[ht—(1—dt)§71+rt 1+£72, 0] 5 (23)
Y3 = max[ht — dtf_l — T 1+ 5_2, O] s (24)
140 y4 :ma,x[ht—dt§_l+rt 1+€_2, O] s (25)
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where x1 < 23 < 3 < 24 and y1 < y2 < y3 < Ya, by [—] is the normalized tree height, r; [—] the normalized tree radius, and

d; [—] the normalized tree-to-wall distance (Fig. 2). The shadow length caused by tree 1 and tree 2 on the ground, Xtree1 [—]

and X¢ree2 [—|, and on the wall, rce1 [—] and tree2 [—], are:

Xtreel = T2 — X1,

Xtree2 = T4 — X3,

Ntreel = Y4 — Y3,

Nitree2 = Y2 — Y1 ,

(26)
27)

(28)
(29)

The total shadow length caused by trees and wall on the ground Xspadow [—], and wall 9spad0w [—], are (Ryu et al., 2016):

1—min|[zg, 3] + Xtreer — max[zs — zg, 0]  if 2o < 24
Xshadow =

1- To + Xtreel T Xtree2 if Ty > X4

max (Yo, Y1, Y2, Y3, Y4 if y3 < max[yo, yo
Nshadow = A )

NTreel +Max[yo, yol if y3 > max [yo, yo]

The total shadow length caused by trees only on the ground X e [—], and wall 7. [—], are (Ryu et al., 2016):

Xtreel — Max[zo —xg, 0]  ifxg <3
Xtree = §  Xtreel +ZTo — X3 ifeg<wo<zg

Xtreel + Xtree2 if o > @1y

Nireel + Y2 — Yo if y3 > max[yo, y2] & y2 > o

MNtreel if Y3 > max [y()a yQ] & Y2 § Yo

Nireel T Niree2 if y3 > max[yo, y2] & y1 > yo
Ntree = )

Ya—Yo if y3 < max[yo, y2] & y2 > o

0 if y3 < max[yo, y2] & y2 <o

1.1.4 Incoming direct shortwave radiation: Trees

dir

The direct shortwave radiation received by the tree canopy Sy,

(2016) as:

S%Tt =(1-1) (S%,Tﬂ + S%th) /2,

(30)

€2y

(32)

(33)

[W m~2 circle area] is calculated according to Ryu et al.

(34)
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dt

Figure 2. Urban geometry and its interaction with direct beam solar radiation according to Ryu et al. (2016). & is the normalized building
height, h: the normalized tree height, r; the normalized tree radius, and d; the normalized distance of tree trunk from the wall. 61, 02, 03, 04

are reference angles used to calculate radiation-tree interaction as described in Sect. 1.1.4.

where S3i" | and S{",, [W m~? circle area] are the direct shortwave radiation received by tree 1 and tree 2, 7 [—] is the tree

canopy transmittance (Eq. (15)). S d”ﬂ and Szdﬁrtz [W m~2 circle area] are calculated as follows (Ryu et al., 2016):

0 if £ > tan6,
S%Tﬂ =< S [ri/T+E24+ (1 —dyp) — (hean — he)€]/(27r)  if tanfy < € < tanb,
S 14T 27\ /1 + €2]/(277y) if £ < tanfy
0 if £ > tanfs
SHre =3 S 14T [\ /T+E +dy — (hean — he)E]/(2774)  if tanfy < € < tanfs (35)
S 14T 20 /1 + €2]/(2774) if ¢ < tanf,

where S | %" [W m~2] is the incoming direct shortwave radiation from the sky, and d; [—] the normalized tree-to-wall distance
(Fig. 2).
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The four reference angles 61, 62, 03, and 6, (Fig. 2) are calculated as (Ryu et al., 2016):

(1= de) (hean = he) +70) (L= de)2 + (hean — he)* =12

tanf; = , 36
' (hcan - ht)2 - rt2 ( )
1—dy) (hean — he) =167/ (1 — di)? + (hean — he)® — 12
g, — 01 t> /(= de)? +( -t .
can - ht) - rt
d ( can ht) +Tf \/d2 ran - )2 - Tt2
tanfs = : (38)
(hcan ) _Tt2
d can — h d2 can - ? - T2
tanf,y = (h )~ \/ o) ! , (39

(hcan ht) - Tt
The relationships developed by Ryu et al. (2016) and applied in UT&C does not account for tree-on-tree shading. Hence,
energy conservation is only met when trees do not shade each other. In the case of tree on tree shading, the excess or deficit of

energy is added to the tree surfaces.
1.1.5 Incoming diffuse shortwave radiation: Ground, wall, trees

The diffuse shortwave radiation received by each urban surface i Sfflfzf [W m~2] is a function of sky-view factors (Masson,
2000; Kusaka et al., 2001; Wang et al., 2013; Ryu et al., 2016) and is calculated as:

Sdlff S \Ldiff Fz(st) , (40)

wmn,1

where S [%ff [W m~2] is the incoming diffuse solar radiation from the sky, and Fl(t) [—] the respective sky-view factor of
surface i either without trees (Fjs) or with trees (F},). In the absence of trees, the sky-view factors Fj are calculated with the
analytically derived equations (Masson, 2000; Kusaka et al., 2001; Oleson et al., 2007; Park and Lee, 2008; Ryu et al., 2011;
Wang et al., 2013) described in Sect. 1.3.1. In the presence of trees, the sky-view factors FY, are calculated with the Monte
Carlo ray tracing algorithm once at the beginning of the simulation period (Hoff and Janni, 1989; Wang, 2014; Frank et al.,
2016) described in Sect. 1.3.2.

1.1.6 Radiation reflection and total absorbed shortwave radiation

UT&C calculates infinite reflections of shortwave radiation within the urban canyon according to the method developed by
Sparrow and Cess (1970), and applied by Harman (2003), and Wang (2010, 2014).

The infinite reflection theory and its step by step application to the longwave radiative transfer in an urban canyon without
trees are described in Sect. 1.2.2 and 1.2.3. The solution of shortwave radiation reflections can be derived identically under the

following assumptions:
— There is no shortwave radiation generated: €2; = 0.

— The incoming direct shortwave radiation Szd,?z is added to each surface i.

10



195

200

205

Applying these changes and following the step by step derivation described in Sect. 1.2.3 leads to the following equation:

T;;B; = Cy

— The reflectivity term (1 — ¢;) for longwave radiation is replaced by the albedo «;.

(41)

Where B; [W m~2] is the vector of outgoing shortwave radiation from surface i, C; [W m~2] the vector of incoming direct

and diffuse shortwave radiation from the sky to surface i, and T;; [—] the matrix describing the geometric relationship between

the different surfaces with their view factors. In the absence of trees, T;;, B;, and C; are:

_Cgvagv(sgrijq + FysS idiff)_ [ By, ]
Copagy (ST + FyoS |11 B
C; Cgiagi(Sid;;fg + F,sS 1400y Bi=| By |,
(St + FusS 19T) Busun
| QpFpsS 1451 Busha
[ 1 0 0 —CyutigeFyw  —ClutigeFyw)
0 1 0 —Cgpaglyw —CgpagpFyu
Tij 0 0 1 —CyiegiFyuy  —Clirgi Fyu
—CovfovwFug  —CopfapwFug  —CgifgictwFug 1 —owFpw
| —CoufgvowFug  —CopfopwFug  —CyifgitwFug — Py 1 |
In the presence of trees, T;;, B;, and Cj are:
[Cyvorgy(SET + FLS |H1T)] [ By, ]
Copargy(Siury + FyeS L) Bgy
0, = | Corcoi(Sialy + FouS L0 g | Boi |
s (Siisun + FlpsS 147) Buysun
w8 1Y Bushd
ar (ST, + FS L) L B: |
[ 1 0 0 —CyoagFy, —CyagFy,
0 1 0 —CgpagF}, —CgpagpkFy,
I, = 0 0 1 ~CyiagiFl, —CyiagiFl,
_Cgvfgvo‘“’FéJg _Cgbfgbaquf;g —ng‘fgz'OéwFﬁjg 1 —ay, FL,
—Cyofgoawli, —CaufopwFl, —CgifgicnFL, —ay, Ft L, 1
| —CyofgoaiF},  —CafaparFl,  —CyifgiciFY, —a,Ft, —o F,

11

-
—CgvaguFg,

t
—CyvaguFy,

t
—CgvogyF,

gt
—, FY
w wt

wt

1—aFfy |

(42)

(43)

(44)

(45)
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where Cy,,, Cgp, and Cy; are logical factors accounting for the presence (Cy; = 1) or absence (Cy; = 0) of vegetated, bare, or
impervious ground cover. a; [—] is the albedo of surface i, S&”; [W m™?] the direct incoming radiation of surface i, Fi(;) [—]
the view factor from surface i to surface j, S idzf f [Wm~ ] the incoming diffuse shortwave radiation from the sky, fqv, fg5,
and fy; are the fraction of vegetated, bare and impervious ground, respectively. B; [W m™2] is the outgoing solar shortwave
radiation from surface i. The subscripts gv, gb, gi, wsun, wshd, and t denote vegetated ground, bare ground, impervious
ground, sunlit wall, shaded wall, and trees, respectively.

The outgoing shortwave radiation of surface i, B; [W m~2], is calculated with matrix inversion of Eq. (41):
B, =[Ty;] 'C; , (46)

Subsequently, the incoming shortwave radiation of surface i, A; [W m’Q], and net absorbed shortwave radiation of surface i

Snet.i [W m™2] are calculated according to Eq. (58) and (59).
1.1.7 Absorbed direct and diffuse shortwave radiation

The direct absorbed shortwave radiation of each surface Sgﬁft ; [W m~2] is calculated as a function of the direct incoming solar

radiaton to surface i S, [W m™2] and its albedo «; [—] as:

Sdzr _ ( )Sdzr 47)

net,t m,t )

The diffuse absorbed shortwave radiation of each surface i Sffg’; [W m~2] is calculated afterwards subtracting the absorbed

direct solar radiation S{%; ; [W m~?] from the total absorbed solar radiation of surface i Sper,; [W m™2]:

Speks = Sneti = Sie (48)

net,t net,t

1.1.8 Energy conservation

UT&C is designed to conserve shortwave radiation energy. View factors are direction specific and need to fulfill a reciprocity

criterion in order to conserve radiation energy. Monte Carlo Ray tracing algorithms do generally not result in reciprocal view

factors due to the finite number of rays. Hence, the view factors used in UT&C are post processed to fulfill reciprocity.
Taking the directionality of the view factors into account, the shortwave radiation energy balance can be calculated from the

perspective of the urban surface F By, [W m~2] and from the perspective of the urban canyon F B, [W m~?] as:

EBsurf Zsinzfl : anetzfl . ZSoutsz : ) (49)

EByan = 8 147 18 |17 _ anmfl D S (50)

where S;y,.; [W m™2] is the incoming, S,yt,; [W m™2] the outgoing, and Sy,.: ; [W m™?] the net absorbed shortwave radiation
of surface i. A; is the surface area i, A, the total ground area equal to the canyon width, f; the ground cover fraction (f; =1 for
wall or tree), F’ S ) [—] the sky-view factor, S |%" [W m~2] the direct, and S |%// [W m~2] the diffuse incoming shortwave

radiation from the sky.

12
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1.2 Longwave radiation

The absorbed longwave radiation of surface i Lyes; [W m*Q] is calculated as the difference between incoming L;, ; and
emitted outgoing longwave radiation L, ;, which is dependent on the surface temperature. As with shortwave radiation,
UT&C calculates infinite reflections of longwave radiation within the urban canyon (Sparrow and Cess, 1970; Harman, 2003;
Wang, 2010, 2014). Sect. 1.2.2 describes the infinite radiation reflection theory (Harman, 2003) between multiple surfaces,
which is applied step by step to the urban canyon (Sect. 1.2.3). UT&C assumes no obstruction of roof surface in the calculation
of longwave radiation transfer (Sect. 1.2.1). The air within the canyon does not interact in the radiative exchange. UT&C is

designed to fully conserve the energy budget of longwave radiation (Sect. 1.2.4).
1.2.1 Absorbed longwave radiation: Roof

The absorbed longwave radiation of each roof surface i L,e;,; [W m_2] is calculated as:
Lpeti =¢ei(L ) —0T}), (51)

where L | [W m~2] is the incoming longwave radiation from the atmosphere, €; [—] the emissivity and (1 — ¢;) the reflectivity
of surface i for longwave radiation, o = 5.67% 10~8 [W m~2 K~*] the Stefan-Boltzmann constant, and 7} [K] the temperature

of surface i.
1.2.2 Infinite radiation reflections: Theory

The incoming A; [W m~2], outgoing B; [W m~?2], emitted ©; [W m~2], and net absorbed @Q; [W m~2] longwave radiation
flux of each surface i can be described as (Sparrow and Cess, 1970; Harman, 2003; Wang, 2010, 2014) :

A; =) F;B;, (52)
J

gioTH  fori=g,w,t
Bi=Q;+(1—¢)A;, Q= ) (53)
Ll fori=s

Qi=N\—Bi, (54
where F;; [—] is the view factor from surface i to surface j, ; [—] the emissivity and (1 —¢;) the longwave reflectivity of

surface i, and T; [K] the temperature of surface i.

Equations (52) and (53) are combined and solved for the emitted radiation of surface i 2; [W mfz] as:

Bi:Qi+(1_€i)ZFiij s (55)
J

Qi:Bi_<1_€i)ZFiij :ZFi-ij y (56)
J J

Fij = (5”’ — (1 — gi)Fij s (57)

13
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Equation (56) shows recurrence of outgoing radiation B; [W m~2]. The geometric relationship between the surfaces is de-
scribed by the view factors F;; [—] in matrix I';;. I';; always has an inverse [I';;] ! and the outgoing B; [W m™2], incoming

A; [W m™2], and net absorbed longwave radiation flux Q; [W m™2] are calculated as:

B —Q.
Bi=) [Ly]7'y,  Aj=——7TH
i

58
E jFiij_Qia ife; =1

Qi =
(e;B; —Q;)/(1—¢;) otherwise

(59)
UT&C applies the above described solution for infinite reflections to the computation of longwave and shortwave radiation

transfer.
1.2.3 Infinite longwave radiation reflections: Step by step

The following equations show the step by step derivation and application of the infinite reflection theory described in Sect.
1.2.2 to calculate the net absorbed longwave radiation in an urban canyon without trees.
The outgoing longwave radiation of surface i, B; [W m~2], is the sum of emitted €2; = £;07;* [W m~2] and reflected A;

[W m~—?2] longwave radiation (Eq. (53)):

By = £gu0Ty, + (1 —£40) Agu , (60)
Bgy =egu0 Ty, + (1 —£g) Mgy , (61)
Byi =¢e4i0Ty; + (1 —e4i) Agi , (62)
Busun = €w0 Tt eum + (1= €0) Mvsun (63)
Bushd = €00 Tt oa+ (1 —cw) Awsha » (64)

Similarly, the incoming longwave radiation to surface i, A; [W m~2], can be written as (Eq. (52)):

Ago = FgsL | +F g Buwsun + FguwBuwshd » (65)
Agy = FysL | +FyuwBuwsun + FguwBuwshd » (66)
Agi = FyoL | +F g Bysun + FgwBuwshd (67)
Awsun = FusL L+ fouFuwgBgy + fopFuwgBgy + fgi FuwgBgi + FuwwBuwsha (68)
Awsha = FusL | +fgoFuwgBgo + fopFuwgBgb + fgiFuwgBgi + FuwBuwsun » (69)
where B; [W m™?] is the outgoing longwave radiation from the surrounding surfaces j, and F;; [—] the view factor from

surface i to surface j. Equations (65) to (69) show that there is no direct radiative exchange between different ground covers
fractions. The walls receive a weighted average of the emitted ground radiation according to the surface cover fractions (fgu,

fgbs fgi). UT&C assumes homogeneous distribution of ground cover and hence, the view factors are not ground cover specific.
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Combining Eq. (60) to (64) with Eq. (65) to (69) leads to:
Bgu = gguO'T;U + (1 - sgv) (ngL 1l +Fngwsun + Fngwshd) ,
ng = agbaT;b + (1 - ggb) (ngL ~lr +Fngwsun + Fngwshd) P
Bgi = EgiUT;Z‘ + (1 - Egi) (ngL \I( +Fngwsun + Fngwshd) )

4
Bwsun = EwO—,I‘

wsun + (1 - Ew) (FwsL ~L +fngwngv + fngwngb + fgingBgi + Fwawshd) )

Bwshd = 5w0—T$shd + (1 - 5w) (FwsL \L +fngwngv + fngwngb + fgingBgi + Fwawsun) )

Rearranging Eq. (70) to (74) leads to:

Bgv - (1 - Egv)(Fngwsun + Fngwshd) = EngT;y + (1 - Egv)ngL Jr y
ng - (]- - €gb)(Fngwsun + Fngwshd) = €gbUT;b + (]- - Egb)ngL \I/ )

Bgi - (1 - 5gi)(Fngwsun + Fngwshd) = 5gi0—T;i + (]- - 5gi)ngL \l/ )

Bwsun - (1 - Ew)(fngwngv + fngwngb + fgingBgi + Fwawshd) = EwaTésun + (1 - 5w)FwsL l« )
Bwshd - (1 - 6’w)(fgv}'—’wng'u + fngwngb + fgingBgi + Fwawsun) = awUT;l;shd + (1 - gw)FwsL Jr )

The system of equations (Eq. (75) to (79)) can be written in matrix notation as:

T:;B; =C;,
where:
Cgv (5ngT§v +(1—eg)FysL ) By,
Cop(egp0 Ty + (1 —egp) Fys L 1) By
Ci=| CyilegioTy;+ (1 —egi)FysL ) | Bi=| By |,
EwUT;l,sun"i‘(l_Ew)FwsL\L Bwsun
i ewUTgshd"‘(l_ew)FwsL\L ] _Bwshd_
1 0 0
0 1 0
T = 0 0 1

—Cyofon(l—ew)Fug —Copfop(l —ew)Fug —Cyifgi(l —ew)Fug
__Cgvfgv(l - Ew)ng _Cgbf.qb(l - 6w)ng _Cgif.qi(l - 5w)Fw9
—Cgo(1—€g0) Fyw
—Cop(1 —egp) Fyu
—Cyi(1—¢e4i) Fyw

—(1—ew)Fuyuw
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Cyv, Cgp, and Cy; are logical factors accounting for the presence (Cy; = 1) or absence (Cy; = 0) of a ground cover fraction.

The outgoing longwave radiation of surface i, B; [W m~2], is calculated with matrix inversion as:
B; =[T;]7'Ci (84)

Subsequently, the incoming A; [W m~2] and net absorbed Q; [W m~2] longwave radiation are calculated according to Eq.
(58) and (59).

The matrices used to describe the system of equations solving infinite longwave reflections in an urban canyon with trees are:

TB; =C;, (85)
where:
C!JU( UJT4U + (1 - €QU)F55L \L)_ [ BQU ]
Cgb(ggbUT p+ (1= Egb)F;sL 1) By
C; = ng(eglUT (11— €gi)eqsL 1) 7 B; = Byi 7 (86)
ewaTweun (1 - Ew)Fi)sL i Bwsun
€wUTwshd + (1 - Ew)Fist \J/ Bwshd
EtO'Tﬁ—f-(l—Et)FttsL\L 1 L Bt i
[ 1 0 0
1 0
0 0 1
T = t t (87)
_Cgvfgv(l_gw)ng - gbfgb(l_gw)ng _Cgifgl(l Ew)
~Coufgu(l—ew)Fly —Copfop(l—ew)Fhy —Cyifgi(l—ew)Fy,
_Cgvfgv(l_ft)Fgg _Cgbfgb(l_gt)ng —Cyifgi(1 Et)
—Cgu(1— Egv)thw —Cgu(1— 8gv) —Clgy(1 - gv)
—Cgp(1— 5gb)thw —Cgp(1— 8gb) —Cyu(1 6gv)
—Cyi(1— 59i)thw —Cgi(1— 591) —Cyo(1 591)) (88)
1 —<1—sw>F5w - —aw>FfUt ’
—(1—cw)FL, 1 —(1—cuw)Fl,
—(1 =) FY, —(1—e0)FY, 1—(1—e)F,

where FfJ [—] is the view factor from surface i to surface j for an urban canyon with trees. The subscripts gu» gbs gis wsuns wshd

+ denote vegetated ground, bare ground, impervious ground, sunlit wall, shaded wall, and trees, respectively.
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1.2.4 Energy conservation

The longwave radiation energy conservation can be calculated from the perspective of the urban surfaces EBy, gy [W m 2]

and from the perspective of the urban canyon E By, .o, [W m™2]. This directionality is important as explained in Sect. 1.1.8.

ZLnet % fl : ZLout % fl : ) (89)

EBL can — =L \I/ ZLnet 1T 4 ZLout zfz sz ) (90)

EBL ,surf — ZLln i

where L;y, ; [W m™2] is the incoming, L,y,; [W m™2] the outgoing, and L. ; [W m™2] the net absorbed longwave radiation
of surface i. A; is the area of surface i, A, the total ground area equal to the canyon width, f; the ground cover fraction (f; =1
if i is wall or tree), FS ) [—] the sky-view factor, and L | [W m~2] the incoming longwave radiation from the atmosphere to

the urban canyon.
1.3 View factor calculation
1.3.1 Analytical solution

The view factors Fj; [—] for an infinite urban canyon without trees can be calculated with the following analytically derived
equations (Sparrow and Cess, 1970; Masson, 2000; Harman, 2003; Oleson et al., 2007; Park and Lee, 2008; Ryu et al., 2011;
Wang et al., 2013):

hcan 2 hCan
Fsg:ngz 1+ () - ) O

Wean Wean

w 2 w

Fww — 1 can _ can , 92
+ < hCa"l ) hcﬂ.n ( )
Fug=Fus=05(1—Fu) , (93)
Fpw—0.5(1— Fyq) | (94)

where weqy, = 1 [—] is the normalized canyon width. The subscripts s, ¢» w denote sky, ground, and wall, respectively. The view
factors Ij; [—] are directional so that the incoming flux density onto surface i A;(;) [W m 2] originating from surface j B;

[W m~2] is (Harman, 2003):

Ay =Fi;B; 95)
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Nmc = 1000 randomly distributed emitting points per surface

Ne = 200 uniformly distributed
rays per emitting point

Figure 3. Representation of a 2 dimensional Monte Carlo ray tracing algorithm in an urban canyon with 2 trees.

The view factors F;; [—] fulfill the following three conditions (Wang, 2014): The self-view factor of a flat surface Fj; [—] must
be zero (Eq. (96)), energy must be conserved (Eq. (97)), and view factors are reciprocal (Eq. (98)).

Fi; =0, (96)
N

Y Fy=1, (97)
j=1

AiFij = Aiji 5 (98)

A; and A; are the area of surface i and surface j.
1.3.2 Monte Carlo Ray Tracing

The view factors Ff] [—] for an urban canyon with trees are calculated with a Monte Carlo ray tracing algorithm (Fig. 3).
UT&C includes a simplified two dimensional Monte Carlo ray tracing code similar to the methods described by Wang (2014)
and Frank et al. (2016). The Monte Carlo ray tracing algorithm does a probabilistic sampling of all rays emitted by surface i.
The relative frequency of rays emitted by surface i that hit surface j is an estimation of the view factor I}; (Frank et al., 2016).
On each surface i, a large number N, of randomly distributed emitting points are selected. The emitting coordinates on each

canyon surface are defined as:

Tge = Wean BNye 99)
Zw,e = hean BNye s (100)
Tt = Ttree COS(2T RNy ) (101)
Zt,e = Tiree SIN(2TRN,, o) (102)

where x4 . is the x-coordinate of the emitting points on the ground and sky surfaces, z, . the z-coordinate of the emitting

points on the wall, and z; . and z; . are the (x,z)-coordinates of the emitting points on the circular tree surface, and Ry,, are
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Njrc uniformly distributed random variables in the intervall [0,1]. The direction of the emitted ray at the emitting point can

be defined with the polar angle 6,;¢ [rad] as:
Onc = arcsin Ry, (103)

where Ry, are Ny uniformely distributed variables in the intervall [0,1]. The polar angle 05;¢ [rad] is defined to be zero
perpendicular to the emitting surface for the ground, sky and wall and perpendicular to the tangent of the emitting point on
the tree circle. The intersection of an emitted ray with a canyon surface can be calculated as the line intersection between ray
and surface defining a maximum ray distance. The first surface hit by a ray is counted towards the view factor calculation.

Subsequently, the view factor F itj is calculated as:

Nrays.j

Fj; = (104)

)
Nrays,tot

Fl=0, (105)

where N,.qy 5 ; are the number of rays hitting surface j, and N,.qys ¢0¢ the total number of rays emitted. The self view factor is
corrected to be 0 (Eq. (105)). The view factors do not necessarily fulfill the reciprocity criterion (Eq. (98)) right after the Monte
Carlo ray tracing, due to the finite number of rays emitted in the algorithm. In a subsequent step, the computed view factors are
corrected to be reciprocal as to meet energy conservation in the infinite reflection scheme. The corrections applied in UT&C

are as follows:

Urban canyon without trees

F,s = f(Monte Carlo ray tracing) , (106)
qu :0.5(1—Fqs) , (107)
Fog=Fys (108)
Fow=Fyu , (109)
ng = Fgwwcan/hcan s (110)
Fws = swwcan/hcan 5 (111)
Fwwzl_ng_FwS7 (112)
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Urban canyon with trees

ng = f(Monte Carlo ray tracing) , (113)
F}, = f(Monte Carlo ray tracing) , (114)
Fay =051~ Fy, — Fp)., (115)
F!, = f(Monte Carlo ray tracing) , (116)
Fl,=F,, (117)
F,=05(1—F;, —Fg), (118)
F!, = f(Monte Carlo ray tracing) , (119)
Fqi]g = Fgwwcan/hcan 3 (]20)
Fh = FlyWean/ean (121)
Fl,=1-F.,, —FL, —F.,, (122)
Ffy = Fywean/Atree (123)
Fttg = F‘gtwcan/Atree 5 (124)
Fly = Fighean/Awree (125)
Ff,=1-F,—2F, —F}, (126)
where Aipee = 2(2774ree) [—] is the normalized tree surface area. The Monte Carlo ray tracing algorithm implemented in

UT&C is able to reproduce the analytical view factors for an urban canyon without trees (Fig. 4). The number of emitting
points Nysc = 1000 and the number of emitted rays per emitting point N,.q,s = 200 show a sufficient approximation to the
analytical solution (Fig. 4). Note that the tree canopy is assumed impermeable in the view factor calculation as well as in the
calculation of infinite reflections within the urban canyon. This could lead to a slight overestimation of absorbed radiation by

the tree canopy.

2 Turbulent fluxes

The total flux of sensible H.,,;, [W m~2] and latent AE,,,, [W m~2] heat from the urban environment is calculated as the area

weighted average of turbulent roof and canyon fluxes:

Hurb = frH'r + fcaanan y (127)
)\Eurb = fr)\Er + fcan)\Ecan y (128)

20



415

420

425

* MC Raw
* MC Reciprocal
Analytical

o
o

o
o»

View factors
o
-~

o
[N}

0 2 g 6 8 10
Canyon aspect ratio H/W

Figure 4. View factors calculated with the Monte Carlo ray tracing algorithm implemented in UT&C (MC Raw) corrected for reciprocity
(MC Reciprocal) and compared with the analytical solution (Analytical) of the different canyon surfaces as a function of canyon aspect ratio

H/W. The supscripts g, w and s denote ground, wall and sky, respectively.

where f,. [—] is the roof plan area fraction and f..,, [—] the canyon plan area fraction. The total sensible and latent roof heat

flux is calculated as:

H’r = fr,impHr,imp + fr,vegHr,veg ) (129)
>\E’l“ = fr,impAEr,imp + fr,vegAEr,veg ) (130)
where f; jmp [—] is the impervious and f; .., [—] the vegetated roof fraction. The total sensible and latent canyon heat flux is

calculated as:

Hcan = wcaan + hcanHw,sun + hcanHuz,shd + 4rtrethree + Qf ) (131)
>\Ecan = wcanAEg + hcan/\Ew,sun + hcan/\Ew,shd + 4rtree/\Et7'ee y (132)

where Q; [W m~2] is the anthropogenic heat input. The sensible and latent heat fluxes of the tree, Hy e and AEj.c., are
calculated as Watts per horizontal tree area. Therefore, Hy.ce and AEy... need to be multiplied by 4r;,.. to rescale to the

canyon extent. The total sensible and latent ground heat flux is calculated as:

Hg = fg,impHg,imp + fg,bareHg,bare + fg,vegHg,Ueg 3 (133)
AE‘g = fg,imp/\Eg,imp + fg,bare)\Eg,bare + fg,veg)\Eg,veg 5 (134)

where fq imp [—] is the impervious, fg pare [—] the bare, and fg ,cq [—] the vegetated ground fraction. The calculation of the

individual sensible and latent heat fluxes are described in Sect. 2.1.1 to 2.1.5 and 2.2.1 to 2.2.5.
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2.1 Sensible heat

The sensible heat flux from any surface i to a generic air mass near the surface, H; [W m’z], is calculated as (Shuttleworth,

2012):

(T; - Ta)
Xy

where p, [kg m~3] is the air density (Eq. (137)), C,, [J kg~! K~!] the specific heat capacity of air at constant pressure (Eq.

H; = p,C, (135)

(136)), T; [K] the temperature of surface i, T,, [K] the air temperature, and ) r; [s m~!] the sum of resistances j to the turbulent
transport of sensible heat from the surface i to the air layer. A detailed description of the resistance calculations is described in

Sect. 3.3 to 3.6. The specific heat capacity of air at constant pressure C), [J kg=! K~1] is calculated as:

(T, +23.15)?

C, =1005 136
P + 3364 ) (136)
The air density p, [kgm 3] is calculated as:

P, €q
po = 55 oap (L= (1-0.622)) (137)

where P, [Pa] is the air pressure, and e, [Pa] the vapour pressure.
2.1.1 Sensible heat: Roof

The sensible heat flux from the impervious H,. i, [W m™2], and vegetated roof fraction H, ye, [W m 2] to the air at atmo-

spheric reference level is calculated as:

Trim _Tam
Hr,imp=pa0p—( e )7 (138)

Tah,r

(Tr,veg - Tatm)

Tb,r )

Tah,r + 3LAT, +SAT,)

Hr,ueg = Pan (139)

where T} imp (K], Tr.veq K], and Tyt [K] are the surface temperatures of the impervious and vegetated roof fraction, and the
air temperature at atmospheric reference height. The resistance g, - [s m 1] denotes the aerodynamic resistance from the roof
to the atmospheric reference height (Sect. 3.3.1), and 7y, - [s m™?] the leaf boundary resistance of the roof vegetation (Sect.
3.4). The term LAI,. [—] and SAI, [—] are, respectively, the leaf and stem area index of the roof vegetation. Note, both leaf

sides interact in the sensible heat exchange (Fatichi et al., 2012a, b, ¢).
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2.1.2 Sensible heat: Ground

The sensible heat flux from the impervious Hg ;mp [W m~2], bare H g.bare [W m~2], and vegetated ground fraction H, g.veg

[W m~2] to the canyon air is calculated as:

(Tg,imp — Tcan)

Hyimp = paCp—"———, (140)
Tah,g
T, —Toun
Hypare = paCy Ltere = Tean) (141)
Tah,g
T, ve _Tcan
HQ;Ueg = pacp ( £l rb,g,'veg) ’ (142)

Tah,g ¥ 3TAL, .sF SAT, veg)
where Ty imp (K], Tg.pare K], Tgveq K], and ey, [K] are the surface tempertures of the impervious, bare and vegetated
ground fraction, and the air temperature at canyon calculation height (Zcaic = Rdisp,can +20m,can» S€€ Sect. 3.2). The resistance
Tah,g [s m_l] denotes the aerdoynamic resistance from the ground to the canyon calculation height (Sect. 3.3.2), and 7 g veg
[s m™1] the leaf boundary resistance of the ground vegetation (Sect. 3.4). LAI, e, [—] is the leaf and SAI, e, [—] the stem

area index of the ground vegetation. Note, both leave sides contribute to the sensible heat exchange (Fatichi et al., 2012a, b, c).
2.1.3 Sensible heat: Trees

The sensible heat flux from the trees Hy... [W m ™2 horizontal tree area] to the canyon air is calculated as:

(Ttree - Tcan)

Tb,tree )

Tahtree T SLAT, eo +5 AT re0)

Htree - Pan (143)

where Tyee [K] and Teq,, [K] are the tree surface temperature and the air temperature at canyon calculation height (Z¢qc =
Rdisp,can + Zom,can» Sect. 3.2). LAI;yc. [—] is the leaf and S AT, [—] the stem area index of the trees. The resistance rqp, ¢ree
[s m’l] denotes the aerdoynamic resistance from the tree to the canyon calculation height (Sect. 3.3.2), and 7y tree [S m’l] the

leaf boundary resistance of the tree (Sect. 3.4).
2.1.4 Sensible heat: Wall

The canyon air is divided into two layers and the sensible heat flux from the wall contributing to the canyon air temperature
at height Z, =2 m and at height Z.q;c = Rdisp,can + Z0m,can (Rdisp,can [M] is the canyon displacement height and zom,can
[m] the canyon roughness length, see Sect. 3.2) are calculated individually (Fig. 5). The height of the first layer is 2Z,, and the
height of the second layer H,, —2Z,. The total sensible heat flux from the sunlit wall Hy, sun, [W m_Q], and shaded wall

Hy sha W m’Z] to the canyon air is calculated as the area weighted average of the sensible heat fluxes from wall layer 1 and

wall layer 2.
27 H.., — 27

Hw,sun = Hiprl,sun HiprZsun ; (144)
27 H.on, — 27

Hw,shd = H b le,shd TprQ,shd» (145)
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Figure 5. Sensible wall heat fluxes and canyon air layers. T%,, and gz, are the 2 m air temperature and humidity calculated at height Z,, = 2
m. Teqn and geqn are the air temperature and humidity at canyon calculation height Z.,;.. The thickness of the first wall layer is 27, and
the thickness of the second wall layer is Hcqn — 2Z),. The variables T5,, and g2, are calculated at mid height of the first wall layer while
Tean and geqrn do not necessarily correspond to the mid height of the second wall layer. The horizontal resistances from wall to canyon air

for both canyon air layers are calculated at their mid heights and their subsequent vertical aerodynamic resistance is applied to reach Z¢q;c.

where Z,, = 2 [m] and H_,y, [m] is the canyon height. Hyy1 sun and Hyo, sun [W m™2] denote the sensible heat flux from sunlit
wall layer 1 and layer 2. Similarly, H 1 shq and Hy2 shd W m’z] denote the sensible heat flux from shaded wall layer 1 and

layer 2. The sensible heat fluxes Hy1 sun> Hw2, sun» Huw1,shd, and Hy2 snq are calculated as follows:

(Tw,sun - Tcan)

Hw sun — ac 146

b Patp Twl + Tahl,w ( )
Tw s - Tcan

Hopt gha = oGy osstit~ Lean) (147)
Twl + Tahlw

(Tw sun Tcan)

Hyo sun = paC, : 148

> Patp Tw2 + Tah2,w ( )
Tw s - Tcan

Hoz sha = paCy Lottt = Tean) (149)

Tw2 + Tah2,w

where Ty sun [K], Tw sha [K], and Teqy [K] are the sunlit and shaded wall surface temperatures and the air temperature
at canyon calculation height (Zcqic = Rdisp,can + 20m,can, Sect. 3.2). The resistances 7,1 and 7,2 [s m’l] are the horizontal
aerodynamic resistance from the wall surface to the canyon air at mid height of layer 1 and layer 2 (Sect. 3.3.3). The resistances
Tahl,w and Tep2 . [S m_l] are the vertical aerodynamic resistance from the mid height of layer 1 and layer 2 to the canyon air

at calculation height (Sect. 3.3.2).
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2.1.5 Sensible heat: Canyon

The total sensible heat flux from canyon air to atmospheric reference height H.,,, [W m~2] is calculated as:

T, - 7
Hean = pacpM : (150)

Tah,c
where T, [K] is the canyon air temperature, Ty, [K] the temperature at atmospheric reference height, and r,, . [s m™!] the
aerodynamic resistance from canyon air at calculation height to the atmospheric reference height (Sect. 3.3.1).
2.2 Latent heat
The latent heat flux from any surface i to a generic mass of air above/near the surface A\E; [W m~2] is calculated as (Shuttle-
worth, 2012):

(ant,(Ti) - Qa)

Xy
where A [J kg~!] is the latent heat of vaporization (Eq. (152)), p, [kg m~3] the dry air density (Eq. (137)), sat,(Ty) [—] the

AE; = \pa (151)

specific humidity of surface i at saturation (Eq. (153)), g, [—] the specific humdity of the air (Eq. (155)), and }_r; [s m ] the
sum of resistances j to the turbulent transport of latent heat from the surface i to the air layer. The latent heat of vaporization A
[J kg~!] is calculated as (Shuttleworth, 2012):

A =1000(2501.3 — 2.351T,) , (152)

where Ty, [°C] is the air temperature. The specific humidity of surface i at saturation Qsat,(T;) [—] is calculated as a function of
surface temperature 7; (Shuttleworth, 2012):

0.622e54¢ ()

= 153
Pa — 0-37868at,(Ti) ’ ( )

Gsat,(T;)

where P, [Pa] is the air pressure, and e, (1,) [Pa] the saturation vapour pressure at temperature 7; [°C]. The saturation vapour
pressure is calculated as (Shuttleworth, 2012):

17.27T
€sat,(T;) = 61177577 (154)

The specific humidity of the air g, [—] is calculated as a function of vapour pressure e, [Pa] (Shuttleworth, 2012):

0.622¢,
0= S » 1
9= P "0.378¢, (155)

2.2.1 Latent heat: Roof

UT&C calculates evaporation from ponding water on impervious r00f E,. ;,,;,, €vaporation from intercepted water on vege-

tation canopy E. yeg,in, S0il evaporation E,. yeq s0i, and transpiration from sunlit T'E,. yeq sun and shaded T'E;. g sha roof
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vegetation canopy. All roof evapotranspiration fluxes have the unit of [kg m~2 s~!] and are calculated from the roof level to

the atmospheric reference height as:

Ervimp _ Pa(ant,(T,.,imp) - Qat’m) ’ (156)
Tah,r
Er,veg = Er,veg,int + Er,veg,soil + TEr,veg ) (157)

Pa(Gsat,(Ty.0eq) ~ datm)
Er,veg,int: AL LG gz-b.,,. il ’ (158)

Tah,r ¥ (TAL, 7S AL )du.,

Pa (asoil,r 9sat,(Trveq) — Qatm)

E i = (159)
egsot Tah,r + Tsoil,r ’
Pa (q\sat,(Tﬁve ) T qm&m)
TEr,veg,sun = To.r 2 Ts rsun ) (160)
T(Lhﬂ’ + LAITFsun,T(l_dw,r) + LAIrFsun,T(l_dwﬂ')
Pa(ant,(T,.,ve ) Qth)
TE'r',veg,shd = Toor ? T rohd y (161)
Tah,r + TAT Fongr(=duwy) T LAL Fona,r (1—du 1)
TEr,veg = TEr,veg,sun + TEr,veg,shd ) (162)
where gqtm [—] is the specific humidity at atmospheric reference height, rqp - [s mfl] the aerodynamic resistance from roof

to atmospheric reference height (Sect. 3.3.1), 7, - [s m~!] the leaf boundary layer resistance of roof vegetation (Sect. 3.4),
Tsoil,r s m 1] the soil resistance (Sect. 3.5), and 75 - sun and s - sna [s m~!] the stomata resistance of the sunlit and shaded
vegetation canopy fraction (Sect. 3.6). The sunlit Fi,,, [—] and shaded Fy;4 [—] canopy fractions are calculated assuming
exponential decay of direct beam radiation within the vegetation canopy where the light transmission coefficient K, = 0.5
is assumed constant for simplicity rather than calculated with more complex canopy radiation transfer models (Fatichi et al.,
2012a, b, ¢):

1 1— e(—K,,ptLAI)

Foun = , 163
LAI Kopt (163)

Fspa=1— Foun s (164)

Evapotraspiration from canopy interception is calculated for the canopy fraction covered by intercepted water d,,, [—], whereas

transpiration is calculated for the canopy fraction free of intercepted water (1 —d,,) [—]. The canopy fraction covered by

intercepted water d,, [—] is calculated according to Deardorff (1978) as:

dy =min[1,(In/Inme:)??] | (165)

where I'n [mm] is the intercepted water and I7,,4, [mm] the maximum canopy interception capacity. The evaporation from
canopy interception and ponding is eventually limited by the amount of water intercepted and ponding. The canopy transpira-

tion and the evaporation from the first soil layer are controlled by stomata resistance and soil resistance, respectively.
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2.2.2 Latent heat: Ground

UT&C calculates evaporation from ponding water on impervious ground E ;y,y, soil evaporation from bare soil Fy pore,soils
evaporation from intercepted water on vegetation canopy E yeq.in, s0il evaporation from vegetated soil E,. yeg s0i1, and tran-
spiration from sunlit T'Ey ,eq sun and shaded T'Ey ,eq sha ground vegetation canopy. All evapotranspiration fluxes have the
unit of [kg m~2 s_l} and are calculated from the ground to the canyon calculation height (Zqic = Rdisp,can + 20m,can» Sect.

3.2) as follows:

Eg,imp _ pa(QsaL(Tg,imp) - QCcm) ’ (166)
Tah,g

Pa (dsoil,g Asat,(Ty pare) — QCan)

Eg bare = (167)
g.oare Tah,g + Tso0il ’
Eg,’ueg = Lg veg,int +E ,wveg,sotl + TEg,veg ) (168)
Pa (QSat,(T wveg) QCan)
Eg,veg,int - 2 riyg,veg ) (169)
Tah,g * (TAT, T5AT,)du 5 veq
pa(dsoil Asat,(Ty veg) — QCan)
Egveg.soit = — ; (170)
Tah,g + T'soil,g
TEg,veg = TEg,veg,sun + TEg,veg,shd P (171)
pa(Qsat,(T veg) QCan)
TEg,Ueg,sun = Th.g Pt Ts.g,sun ’ (172)
Tah.g & TAT, Frun.gU—dug) T LAT; Foung(1—dug)
Pa (QSat,(T veg) QCan)
TEg,ueg,shd - Tb.g s Ts.g.shd ) (173)
Tah,g * TAT, Fong o (0—dug) T TAT, Foni.s(1—du.g)
where ¢cq, [—] is the specific humidity at canyon calculation height, 74, 4 [s m_l] the aerodynamic resistance from ground

to canyon calculation height (Sect. 3.3.2), 1, [s m™!] the leaf boundary layer resistance (Sect. 3.4), 7s0i1,4 [s m~!] the soil
resistance (Sect. 3.5), and 7, g sun and Ts,g,shd[S m’l] the stomata resistance of sunlit and shaded canopy fraction (Sect. 3.6),
Gis0il,g |—] the relative humidity in the soil pores (Sect. 3.5), d,, 4 [—] the vegetation fraction covered by intercepted water (Eq.
(165)), and Fyyp, 4 [—] and Fypq, 4 [—] the sunlit and shaded vegetation canopy fraction (Eq. (163) and (164)). The evaporative
fluxes from interception and ponding are eventually limited by the amount of water intercepted on the canopy and ponding on

the ground. In the case of ponding water, there is no soil resistance and the relative humidity & [—] is one.
2.2.3 Latent heat: Trees

UT&C calculates evaporation from intercepted water on the tree canopy Eyy.ce.in, and transpiration from the sunlit TE,. e g, sun

and shaded T'E; ;¢4 sha tree canopy fraction. All evapotranspiration fluxes have the unit of [kg m~2 horizontal tree area s—1
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and are calculated from tree height to canyon calculation height (hg;sp,can + Z0m,can» Sect. 3.2) as follows:

Etree = Etree,int + TEt ) (174)
Pa(Gsat,(Tiree) — dean)
Btreeying = —mtlTivee) _Jean (175)
Tah,t ¥ (TAT, F5AT)du
TE; = TEt,sun + TEt,shd ’ (176)
TEy qun = pelbuat(r) ~ean) 177
Taht ¥ TAL Foun i (1=dut) T LAL Fount(1—du0)
Pa(4. t(Ty) — 4 )
TEt sha = e (178)
Taht ¥ LA Fona(1=duw) T LAT Fona.1(1—du.0)
where gcqn [—] is the specific humidity at canyon calculation height, 74, ; [s m~!] the aerodynamic resistance from tree to

canyon calculation height (Sect. 3.3.2), 7y ¢ [s mfl] the leaf boundary layer resistance (Sect. 3.4), and 7, ¢ sun and 75 sha
[s m~1] the stomata resistance of the sunlit and shaded tree canopy fraction (Sect. 3.6), d,, ; [—] the canopy fraction covered
by intercepted water (Eq. (165)), and Fyy,; [—] and Fgpq [—] the sunlit and shaded canopy fraction (Eq. (163) and (164)).

The evaporative flux from interception is eventually limited by the amount of water intercepted on the tree canopy.
2.2.4 Latent heat: Wall

The latent heat fluxes from sunlit and shaded wall, E, sun and E,, sun, are assumed to be negligible and equal to zero

(Ew,sun = 0 and Ey, s5,q = 0). This means that the current version of UT&C does not include green walls.

2.2.5 Latent heat: Canyon

The total latent heat flux from canyon air to atmospheric reference height E.,, [kg m~! s™1] is calculated as follows:
Ecan = M , (179)
Tah,c

where Geqn [—] is the specific humidity at canyon calculation height, g4+, [—] the specific humidity at atmospheric reference

height, and r,, . [s m™!] the aerodynamic resistance from canyon air to the atmospheric reference height (Sect. 3.3.1).
2.3 2 m air temperature and humidity

The air temperature and canyon humidity are calculated at two heights, Z, = 2 m and Z.qic = Rdisp,can + 20m,can (Sect. 3.2).
The variables T4y, [°C| and geqr [—] refer to the air temperature and specific humidity at canyon calculation height Z.4;.. The
variables Tqr 2m [°C| and geqn 2m [—] refer to the air temperature and specific humidity at a height of 2 m above the ground.
A height of 2 m is often used for urban meteorological measurements and corresponds to the temperature and humidity felt by

pedestrians.
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Tean and qcqy are calculated solving the following equations:

Hcan = fg7impHg7imp + fg7baTeHg,bare + fg,vegHgmeg + hl(Hstun + le,shd) + h2(Hw27sun + Hw2,shd)
+4r¢ree Hiree + Qf , (180)
LEcan = fg,impLEg,imp + fg,bareLEg,bare + fg,’uegLEg,veg + 4TtreeLEtree ) (181)

Q¢ [W m™2] denotes the anthropogenic heat flux which is directly added to the energy balance of the canyon air. The calcula-
tion of T¢,, and q.q,, considers all sensible and latent heat fluxes from ground fractions, trees, and wall layer 1 and 2.

The variables T¢qp, 2/ and geqn,2m are calculated solving the following equations:

HcanA,Zm = fg,impHg,imem + fg,bareHg,bare,Zm + fg,vegHg,veg,2m + hl(le,sun + le,shd) ) (182)
LEcan,2m = fg,impLEg,imp,Zm + fg,bareLEg,bare,Qm + fg,vegLEg,veg,Qm ) (183)

H; om and LE; o, are calculated as described in Sect.2.1.2 to 2.1.5 and 2.2.2 to 2.2.5 replacing aerodynamic resistance
Tah,can : J (Rdisp,can + Z0m,can) With aerodynamic resistance rqp 2m : f(2m), and Teqp and geqrn With Tean, 2m and gean,2m.-
The heat fluxes from wall layer 2 and trees are not directly considered in the calculation of T¢.qy, 2 and geqn,2m but they play

an indirect role through T,,,, and gy,

3 Energy and mass transfer resistances

The turbulent mass and energy fluxes described in Sect. 2 to 2.3 are calculated with a set of resistances. These resistances
parameterize different processes influencing the turbulent transport of water vapour and energy from the urban surface to the
planetary boundary layer at reference height, Z,+,, [m]. UT&C accounts for aerodynamic resistance r,;, above and within the
canyon (Sect. 3.3, 3.3.1, 3.3.2 and 3.3.3), leaf boundary resistance r; (Sect. 3.4), soil resistance 7,;; (Sect. 3.5), and stomata

resistance of sunlit and shaded leaves 7 g, and 7 spq (Sect. 3.6). The unit of resistance is the inverse of velocity [s m_l].
3.1 Wind profile

The wind speed profile u(z) is assumed to be logarithmic above the urban canopy (Zuty, > 2 > Heqn), €xponential within the
urban canyon (Heqpn > 2 > Zean,rey), and logarithmic again close to the ground surface (Zcan,rer > 2) (Masson, 2000; Mahat
et al., 2013) and is calculated as (Fig. 6):

1 —h can
U(Z) = %uj;tmln <M> for Zatm >z 2 Hcan ’ (184)
Zom,can
5 z
u(z) =UH 4 exp<fﬁ(1 - H )) for Hcan Z z Z ann,ref ) (185)
1
u(z) = Eu*zcan,ref In (Zom,g> for ann,ref >z, (186)
where k = 0.4 is the von Karman constant, /3 [—] an attenuation coefficient, hg cqn [m] the urban canopy displacement height

(Sect. 3.2), Zom,can [m] the urban canopy roughness length (Sect. 3.2), Zom g [m] the ground roughness length (Sect. 3.2),
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Figure 6. Vertical wind speed profile: Logarithmic above the urban canopy, exponential within the urban canyon, and logarithmic close to
the canyon ground. The displayed wind speed profiles are calculated from the atmospheric reference level Z a7/ to the canyon ground with
a canyon height of H = 0.75 Z a7, a canyon width of of Weanyon = 0.5 Zar s, aroof width of Wroop = 0.25 Z a7, and varying tree
heights of Hrree = 0.125 Zarar to 0.5 Zarm.

Hcan _hd,can

Zom,can

u* [m s™!] the friction velocity, ug,,, = Ul In (

) [m s~!] the wind velocity at canyon height, Z,, [m] the

atmospheric reference height, H,,,, [m] the canyon height, and Z.,,, .., [m] a reference height close to the ground where the

*

exponential wind profile changes to a logarithmic wind profile. The friction velocities v, and uy  are calculated as:

atm ef
kuatm

o (187)

atm ln(Zatm — hd)can)/(zom,can)) ’

kuz

o _ can,ref (188)

Zecan,ref hl(ann,Tef)/(Zomyg)) )
where a4, [m s~ '] is the wind velocity at atmospheric reference height, and uz,,, ., = %“*ann,ref In (%T;f) m s the

wind speed at the canyon reference height Z, .. r. The attenuation coefficient B controls the vertical gradient of wind speed
within the urban canyon. UT&C applies the approach developed by Fatichi et al. (2012a, b, c) for vegetated canopy which is
based on a point equivalence between logarithmic and exponential wind speed profile at reference height Z,+,, [m] and canopy
height H.qy, [m]:

In[ugm/vm,,, ]

A 7 (189)
ﬁ Zatm/Hcan -1
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Figure 7. Sensitivity of canyon displacement height hg, cqn (Eq. (190)) and canyon roughness height 2om,can (Eq. (191)) as a function of
canyon height, roof width, tree height, tree canopy extent, and leaf area index. The baseline scenario is a canyon height of 10 m, a canyon

width of 10 m, a roof width of 5 m, a tree height of 5 m, a tree extend of 2 m, and a leaf area index of 5.

The mean vertical wind speed w(z) [m s~!] is assumed to be negligible since we do not consider three-dimensional effects.
The presence of trees modifying the wind profile is considered in the canyon displacement height iy ¢4, and roughness length
Zom,can as described in Sect. 3.2. The effect of ground vegetation is considered in the ground roughness length z,,, , as
described in Sect. 3.2, however displacement height of ground vegetation is considered negligible in the overall roughness

parameterization of the ground, which typically include large fractions of smooth impervious surfaces.
3.2 Roughness length and zero displacement height

The urban canopy displacement height hg cqp [m] and roughness length zoy, cqn [m] are calculated according to the approach
developed by Macdonald et al. (1998) which was modified by Kent et al. (2017) to include the effect of trees on the wind

profile above the canyon (Fig. 7) as follows:

hacan = (143 (\p = 1)) Hurs (190)
7 hdcan 1 hdcan) {A’élfb“i’(]Dv)14fv}>0.5
om,can = Huyr 1-=—e —| —50.584C 1-= : : ) 191
Zom, b ( T ) Xp l <K2 BaCpy ( T A, (191)
where k = 0.4 [—] is the von Karman constant, and a4 = 4.43 [=], 84 =1 [—], and Cp;, = 1.2 [—] are parameter values for

staggered arrays (Macdonald et al., 1998). H,,;, [m] is the average height of the urban roughness elements, A, [—] the plan
area index of the urban roughness elements, Ay [m] the actual frontal area of buildings, Ay, [m] the actual frontal area of
vegetation, A;,; [m] the total urban plan area, and P, [—] the ratio between vegetation drag Cp,, and building drag Cpy,. The

average height H ., [m] and the plan area index of the urban roughness elements ), [—] are calculated as follows (Kent et al.,
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2017):
F _ HcanAp,b+Htree (1_P3D)Ap,v

ur ) 192
’ Ap7b+(1_P3D)Ap7v ( )
A 1-P3p)A,.,
)‘p: P,b+( 3D) D, , (193)
Atot

where H,q,, [m] is the urban canyon height, Hy,.. [m] the tree height, A, , = W, [m] the building plan area, A, , = 474y
[m)] the tree plan area, Aot = Wroos + Wean [m] the total urban plan area, and Psp [—] the volumetric/aerodynamic porosity.

The volumetric/aerodynamic porosity Psp is calculated as a function of the optical porosity Pop (Guan et al., 2003):

Psp = Pop™ 7, (194)
Pyp = exp(—Kop LAI) (195)
The optical porosity P>p [—] is computed identically to the direct beam transmission through vegetation canopy (Sect. 1.1.3)
where K,,; [—] is the light extinction parameter, and LAI [—]| the leaf area index. The ratio P, [—] between vegetation drag

Cpy and building drag C'py, is calculated as (Guan et al., 2000):

—1.251 P2 A4R9 P .
P, = 51P5p +0.489 3D+0803’ (196)
Cpoy

where Cp, = 1.2 [—] (Macdonald et al., 1998). The actual frontal area of buildings A, [m| and vegetation A, [m] is
calculated as (Kent et al., 2017):

o, *
Ap==—""" A%, (197)
Hurb - hd,can

where A} [m] is the unsheltered frontal area of buildings A}, = Heay, [m] and trees A} | = 274¢ [m].
The total roughness length of roof z,y, - [m] and ground zep,, g [m] cover are calculated as the maximum of the individual

patch roughness lengths z,y, ; [m]. It is assumed that the largest roughness elements of a surface will govern the wind profile.

Zom,r = MAT(Zom,rwegs Zom,rimp) » (198)

Zom,g = max(zom,g,vega Zom,g,bare; Zom,g,imp) ) (199)

where Zom rveg (1] i8 the roughness length of roof vegetation, Zom, r imp [m] Of impervious 100f, Zom,g.veq [m] of ground
vegetation, Zom, g,bare [M] Of bare ground, and Zoy,, g,imp (M| of impervious ground. The vegetation roughness length 2o, veg
[m] and vegetation displacement height /4;sp cq [m] are calculated as a function of the vegetation height .4 [m] (Brutsaert,
1982):

Zom,veg — 0-123hveg ) (200)
Zoh,veg = Row,veg — 0~lzom,veg ) (201)
hd,veg = 0'67hveg ) (202)
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where hyeq [m] is the vegetation canopy height. The momentum roughness length of bare soil Zom, pare = 0.003 [m], road
Zom,road = 0.003 [m], and impervious 100f Zm, oo = 0.01 [m] are chosen according to values used by Wieringa (1993), Su
(2002), and Wang et al. (2013). The roughness lengths for heat and water vapour are assumed to be one tenth of the momentum

roughness length:

Zoh,bare = Zow,bare — Olzom,bm‘e , (203)
Zoh,road = Zow,road = 0-1Zom7road ) (204)
Roh,roof = Row,roof = O-lzom,roof 5 (205)

3.3 Aerodynamic resistance, 7.,

The aerodynamic resistance parametrizes the transport of sensible and latent heat caused by buoyancy and turbulence in the
atmospheric surface layer and is based on the Monin-Obukhov similarity theory (Monin and Obukhov, 1954; Arya, 2001).
Solving the complete Monin-Obukhov similarity theory is computationally demanding though and UT&C applies a simplified
parametrization developed by Mascart et al. (1995) and applied by Noilhan and Mafhouf (1996), Masson (2000), Wang et al.
(2013), and Fatichi et al. (2012a, b, c) (Sect. 3.3.1). The vertical aerodynamic resistance within the canyon is calculated
similarly to an undercanopy resistance for a tree covered landsurface as described by Mahat et al. (2013) (Sect. 3.3.2). The
horizontal aerodynamic resistance within the canyon describing the turbulent transport between wall surface and canyon air is
calculated using the parametrization developed by Rowley et al. (1930) and Rowley and Eckley (1932) and applied by Masson
(2000) and Wang et al. (2013) (Sect. 3.3.3). The aerodynamic resistances to the transport of heat and water vapour are assumed
equal, i.e. 747, = rqq- This is a common approximation in land surface, hydrological, and urban canopy models (Viterbo and
Beljaars, 1995; Sellers et al., 1996a; Noilhan and Mafhouf, 1996; Bertoldi et al., 2006; Ivanov et al., 2008a; Ryu et al., 2011;
Wang et al., 2013; Ryu et al., 2016; Fatichi et al., 2012a, b, c).

3.3.1 Aerodynamic resistance: Above canyon 74p,., Toh,

The aerodynamic resistance from the roof surface 7,5, [ms~!] and the canyon air r,,. [ms~!] to the atmospheric refer-
ence height Z,;,, [m] is calculated using the simplified parametrization developed by Mascart et al. (1995) as applied in the
ecohydrological model T&C (Fatichi et al., 2012a, b, c).

The aerodynamic resistance 7., [s m ] is calculated as a function of the neutral transport coefficient C,, and an empirical

equation Fj, = f(Rip) accounting for atmospheric stability as follows:

1
ch = A e s 206
"ah = G (Rip)ua (206)
Where u,, [m s~!] is the wind speed at atmospheric reference height, and C,, and F}, = f(Rip) are calculated as:
k2
Cn= ) (207)

In[(Zatm — d)/zom]2

33



700

705

710

715

720

725

. 15Rip ln[(zatm - d)/zom] . .
Frp(Rip)=|1— if Rig <0,
n(ftip) [ 1+cp /7|Ri3|} {ln[(zatm—d)/zoh]} B =
. 1 hl[(zatm - d)/zom] . .
Fy(Rip) = fRip >0, 208
h(Rip) {1 +15RigyI+ 5Ri3] [ln[(zatm —d)/zon) } BB (548
¢y, 18 calculated as:
ln[(zatm — d)/zom}
=1 * n atm d o b ’ 20
cn = 15¢1"C [ (Zatm — )/ Zon] {m[(zm ~ D) /o] (209)
en* = 3.2165 4 4.3431p + 0.5360% — 0.0781p3 | (210)
pn = 0.5802 — 0.1571p + 0.0327,% — 0.00261> (211)
o= ln(zom/zoh) 5 (212)

where u, [ms™!] is the wind speed at the atmospheric reference height, k = 0.4 the von Karman constant, zu¢,, [m] the
atmospheric reference height, d [m] the zero plane displacement, and 2,5 and 2., [m] the roughness lengths of heat and
momentum, respecivley. The bulk Richardson number Rip (Mascart et al., 1995; Abdella and McFarlane, 1996; van den Hurk
and Holtslag, 1997) including the correction proposed by Kot and Song (1998) is calculated as:

. g(9a - 05)(zatm — d)
Rip = f2 0.5(0g + 05)ug? (213)
f2 =1~ 2om/(2atm — d)}z/[l = Zoh/(Zatm — d)] (214)

where 6, and 0, [K] are the potential air and surface temperature which are the temperatures corrected for the pressure gradient
in the atmosphere. Note that using the potential temperature neglects the density stratification due to humidity gradients (Brut-
saert, 2005). Hence, UT&C includes the option of using the virtual potential temperature which accounts for the influence of
humidity on the boundary layer stability. This modification is proposed as high canyon humidity is observed during night times
caused by stable boundary layer conditions. The bulk Richardson number describes the boundary layer stability condition. A
stable boundary layer results in Rip > 0 and an unstable boundary layer in Rip < 0. Equation (208) for stable conditions is
modified from its original form (Mascart et al., 1995) according to Noilhan and Mathouf (1996) and van den Hurk and Holtslag
(1997).

The aerodynamic resistance formulation of Mascart et al. (1995) reaches infinity (r,;, = o0) and prohibits turbulent transport
in completely windless conditions (u, = 0). This is almost never observed in reality (Kondo and Ishida, 1997) and UT&C
computes the aerodynamic resistance according to Beljaars (1994) at wind speeds u, < 0.05:

— =015 [g’/] v (0, — 0,)'/3 215)
Tah 0.5(05 + 0,) Pr2 s ’
where g = 9.81 [m s~2] is the gravitational acceleration, v = 1.575 [m? s~!] and Pr = 0.71.

The aerodynamic resistance above the roof 4 is cacluated from the roof level H.,,, to the atmospheric reference height

Zawm- It is assumed that the area averaged roof temperature (1, = fr vegTrveg + frimpTr imp) determines boundary layer sta-

bility. The displacement height and roughness length of the roof cover is calculated as described in Sect.3.2. The aerodynamic
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resistance above the canyon 7., is calculated from the canyon calculation height Z.,;. to the atmospheric reference height

Zam. The canyon calculation height is Zcqic = Rdisp,can + 20m,can (1] (Sect. 3.2) for simplicity.
3.3.2 Aerodynamic resistance: Within canyon 45, Tah1,,5 Tah2,

The vertical aerodynamic resistances within the urban canyon, Tahg» Tahly and 74p2,, [S m_l], are calculated according to the
formulation of vegetation undercanopy resistance as developed by Mahat et al. (2013) and applied by Fatichi et al. (2012a, b,
¢). Mahat et al. (2013) derived the vegetation undercanopy resistance applying a logarithmic wind profile above the canopy,
an exponential wind profile within the canopy, and a logarithmic wind profile close to the ground surface. These wind profile
assumptions match with the wind profiles commonly used in urban canopy parametrizations (Masson, 2000; Wang et al., 2013)
as described in Sect. 3.1. Hence, the urban aerodynamic undercanopy resistance r/, [s m~!] is derived similarly to a vegetation

undercanopy resistance and is calculated as follows (Mahat et al., 2013):

3 ~ 5 Zom,can 2

pr = Heane” (wzfz:;:ef B ) PR S (chef ) (216)

ah 5 k2 )
AKH.. vz Fom.g

can,ref

In[uatm/UHcan]
Zatm,/Hcan_l

the eddy diffusion coefficient at canyon height (Mahat et al., 2013), Zcar res [m]

where H_,,, [m] is the canyon height, B = the attenuation coefficient of the exponential wind profile (Sect. 3.1),

Hcan _hd,can

atm—hd,can]/Zom,can)

KH,,, = K Uatm 51z
the selected reference height within the canyon close to the ground where exponential wind profile changes to logarithmic wind

profile, hg cqn [m] the urban canopy displacement height, zom, cqn [m] the urban canopy roughness length, uz [ms™!]

can,ref
the wind speed at Z;qy, re s, and zopm, 4 [m] the ground roughness length. The undercanopy resistance depends on the turbulence

and stability of the roughness sublayer. The following formulations are used to adjust for atmospheric stability (Choudhury

and Monteith, 1988):

/
r_ Tah : ;
Tal = (15 Ri)3/ iTRi<0, @D

!
/ T(Lh . .
=5 fRi>0 218
"ah = (T =R =0, (218)
g(Tcan - Ts,a'U)ann,ref

Ri=
T 05(T, + 1)+ 213 5y,

(219)

where Ri is the Richardson number within the canyon. Ri = 0.16 is used for R¢ > 0.16 as Eq. (218) reaches infinity at Rz = 0.2.
The superscript prime indicates the undercanopy quantities. The reference height within the urban canyon Z.,, ¢ s is assumed
to be 1.5 m and the wind speed at Zean ref 1S Uz, o = UH,on exp[—B(l — Zean,ref/Hean)]. The canyon temperature Teqp,
[K] and the area averaged ground surface temperature including trees Ts 4, [K] are used to account for the atmospheric stability
within the urban canyon. The effect of trees and ground vegetation in modifying the undercanopy resistance are taken into
account in the canyon displacement heigth hg cqy, canyon roughness length 2o, cqrn, and ground roughness length 2z, 4 (Sect.
3.2).

The aerodynamic resistance 75, is calculated from the ground roughness length 2, 4 level to the canyon calculation height

Zcalc- The aerodynamic resistances 7451, and rq42,, are calculated from mid height of layer 1 and 2 to the canyon calculation
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height as:

Tahl, = Tah (Zom,g — hd,can + Zom,can) —Tah (Zom,g — Zp,wl,m) ; (220)

Tah2, = ’rah(zom,g — hd,can + Zom,can) - Tah(zom,g —Z 7w2,7n) 5 (221)
3.3.3 Aerodynamic resistance: Wall r,,

The horizontal aerodynamic resistance 7, [s m~!] to the turbulent transport of sensible and latent heat from the wall surface

to the canyon air is calculated as (Rowley et al., 1930; Rowley and Eckley, 1932; Masson, 2000; Wang et al., 2013):

rw = Cppa(11.8 + 4.2\/u(Zp,mn)2 +w(Zpean)?) " (222)

where u(Zp can) [m s™1] is the horizontal, and w(Z, cqn) [m s~ the vertical wind speed within the urban canyon at height
Zy can (Sect. 3.1). The original formulation is multiplied by the air density p, [kg m 2] and the specific heat capacity of air C,,
[J kg—! K—1] to be consistent with the general resistance formulations and the apparent unit incongruence in Eq. (222) is due
to the empirical coefficients used in Rowley et al. (1930) and Rowley and Eckley (1932). The effect of atmospheric stability on
the aerodynamic resistance is not considered in the formulations of Rowley et al. (1930) and Rowley and Eckley (1932). The

described horizontal aerodynamic resistance is calculated at the mid heights of layer 1 and 2.
3.4 Leaf boundary resistance,

The leaf boundary resistance describes the resistance imposed by a thin layer of air around the leaf surface. UT&C calculates
the one-sided leaf boundary resistance per unit leaf area 7, [s m~!] as a function of leaf boundary conductance at forced
turbulence gy fore [m s~!] and leaf boundary conductance at free convection gy, e [m s~'] (Fatichi et al., 2012a, b, ¢):

1

rp=——-",
9b, free +gb,forc

(223)

The leaf boundary conductance at free convection gy, f..c. is calculated according to Monteith (1973) and Leuning et al. (1995)
if Ts > Ty,. The leaf boundary conductance at forced turbulence (u, > 0) is calculated as follows (Jones, 1983; Choudhury and
Monteith, 1988; Shuttleworth and Gurney, 1990; Fatichi et al., 2012a, b, ¢):

0.5D;, G925
b free = 74 o (224)
1/2
2a UH,,, 5
9b, forc = (B) (dl P ) [1 —e€ B/ﬂ , (225)

where djeqp [m] is the characteristic leaf dimension, D, =1.9 - 1075 [m? s~!] the molecular diffusivity of heat, a = 0.01
[m s~1/2] an empirical coefficient (Choudhury and Monteith, 1988), B [—] the wind profile attenuation coefficient, and G, =
1.6 - 108(Ts —T,)d3, # [—] the Grashof number. The wind speed at vegetation canopy height uy,,, is calculated as described

in Sect. 3.1. Equations (224) and (225) are derived under the assumption of a linear distribution of leaf area index over

the vegetation height L(z) = LAI/H,.4, (Choudhury and Monteith, 1988) and the effects of atmospheric stability are not
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considered. Note that 7 is the leaf boundary resistance for one side of the leaf. Hence, the leaf boundary resistance has to be
rescaled by a factor of two to account for both leaf sides and by the LAI to account for the whole vegetation canopy. Leaf

boundary resistance increases with larger leaf size and lower wind speed.
3.5 Soil resistance, 75.;

The soil resistance 75047 [8 m_l] describes the transport of water vapour from the soil pores to the air above the soil surface
boundary layer. The transport of water vapour from the soil to the air is controlled by atmospheric conditions, diffusion in the
soil boundary layer, moisture transport within the soil, and wetness of the surface soil layer. UT&C applies the expressions
derived by Haghighi et al. (2013) and implemented in the ecohydrological model T&C (Fatichi et al., 2012a, b, c). Haghighi
et al. (2013) calculates the soil resistance 7,.;; [s m~!] as a function of soil type, soil water content in the top layer, and soil
boundary layer characteristics. The total soil resistance 4o [s m_l] is the sum of soil boundary layer resistance 7., [s m_l]

and internal capillary-viscous resistance 7, [s m~1]:
Tsoil = Tvbl + T'sv (226)

The soil internal capillary-viscous resistance r, accounts for the water vapour transport within the porous media (soil) while
the soil boundary layer resistance r,; accounts for the presence of a boundary layer at the soil surface which poses a resistance
to the transport of water vapour from the soil surface to the air just above the soil (Haghighi et al., 2013).

The soil internal capillary-viscous resistance 7, is calculated as a function of soil water content of the surface layer 65 and
a proportionality constant vy (Haghighi et al., 2013):

Tsy = i
sV 4K(95’) ’

(227)

where K [m s™1] is the soil hydraulic conductivity at soil water content 6. The proportionality constant ~ [—] transforms the

unit of capillary liquid to the unit of vapor flux (Haghighi et al., 2013):

_ Q€sat — €q

T T puRAT, (228)
w g

where eg,: and e, [Pa] are the saturation vapour pressure in the soil and the vapour pressure of the air, respectively, and &

is the relative humidity of air in the soil pores. T, [K] is the soil surface temperture, p,, kg m~3] the water density, and Ry

[J kg—! K] the water vapor gas constant. The relative humidity in the soil pores & is calculated as Philip (1957):

v
& = exp [ }%ﬂf } , (229)
g

where U5 [m)] is the water potential in the soil surface layer, and g = 9.81 [m s~2] the gravity acceleration constant.

The soil boundary layer resistance 7, is calculated as (Haghighi et al., 2013):

§m+Pszf(95)

230
oo (230)

Tvbl =
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where 6, [m] is the soil boundary layer thickness, Ps. [m] the pore size, and Da [m? s~1] the molecular diffusivity of water
vapour. The function f(fg) [—] describes the coupling of surface layer soil water content 05 and diffusive resistance. The

boundary layer thickness §,, is calculated as (Shahraeeni et al., 2012):

O =2.2610 3005 (231)

where u,. ¢ [m s™'] is the wind speed at reference height for bare and vegetated ground (2 m on the roof, 1.5 m on the ground).

The soil pore size Ps, [m] is correlated with the soil texture and can be computed as (Haghighi et al., 2013):
P,,=11.12n%>%107°, (232)

where n is the pore size distribution parameter of the van-Genuchten soil water retention curve (Mualem, 1976; van Genuchten,

1980). According to Haghighi et al. (2013), f(fs) is calculated as follows:

f(0s) = 2 @ (233)

T Jahg
UT&C typically considers a top soil layer with a depth of 10 [mm]. The formulation of r,;; proposed by Haghighi et al. (2013)
and described here is mostly based on physical principles. Therefore, most uncertainty lays in the definition of soil texture and

soil layer discretization (Fatichi et al., 2012a, b, c). Note that the soil resistance r,;; = 0 and the relative humidity & = 1 in the

case of ponding water.
3.6 Stomata resistance,

UT&C calculates the stomata resistance to the turbulent transport of water vapour from leaf interior to exterior air r, [s m™?]
as a function of plant photosynthetic activty. Plants open their stomata to allow the transfer of CO, from the atmosphere to
their chloroplasts inside the leaves. The open stomata lead to an inevitable loss of water vapour from the water-saturated tissue
within the plants (Sellers et al., 1997). The stomata resistance is calculated individually for roof vegetation, ground vegetation,
and trees. Following a two-big leaf approach, the stomata resistance for sunlit and shaded leaf area is calculated separately
to account for light limitation in the shaded vegetation fraction. One single leaf temperature for sunlit and shaded vegetation

canopy is used though to keep the number of prognostic temperatures small (Fatichi et al., 2012a, b, c).
3.6.1 Canopy partition and scaling from leaf to canopy

It is necessary to scale processes from leaf to canopy level due to several non-linear interactions (de Pury and Farquhar, 1997,
Wang and Leuning, 1998; Dai et al., 2004; Fatichi et al., 2012a, b, ¢). The sunlit F},,, [—] and shaded F,4 [—] canopy fraction
is calculated assuming an exponential decay of direct beam radiation within the vegetation canopy (Dai et al., 2004; Ivanov

et al., 2008b; Fatichi et al., 2012a, b, ¢):
1 1— e(fK(,ptLAI)
LAI Kopt ’

Fshd =1- Fsun y (235)

Fsun =

(234)
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845 where K, [—]| is the light extinction parameter, and LAI [—] the leaf area index. The scaling factor for photosynthetic capacity

Fx [—] is calculated as in Fatichi et al. (2012a, b, ¢):

1 — e~ (KEn+Kopy) LAI

EFn sun = ’ 236

N, Kn + Kopr (236)
1— e~ (ENLAD  { _ o=(Kn+Kopt) LAI

FN sha = — , 237

N, shd K Ky + Ko (237)

where K [—] is the canopy nitrogen decay coefficient. Subsequently, the maximum Rubisco capacity at 25°C for unit of leaf

850 area [umol CO5 s~ m~2 leaf] is calculated as (Fatichi et al., 2012a, b, ¢):

Fy sun
Vinaz.sun = Vihas ﬁ , (238)
Vi = VI INahd (239)
: emar T TAT
where ngam [umol CO s~ m~2] is a model input parameter and specifies the maximum Rubisco capacity at the top of the
vegetation canopy at 25°C.
855 The results of the photosynthetic model at leaf level need to be scaled back to the canopy level for computing the net

1

assimilation rate A,,c [umol CO5 s~ m~2] and the leaf maintenance respiration Ryc [umol CO5 s~ m~2] (Sect. 3.6.2 and

3.6.3) (Fatichi et al., 2012a, b, ¢).

AnC = AnC,sun FsunLAI + AnC,shd FshdLAI 5 (240)
Rac = Ryc,sun Foun LAL + Rqc sha FsnaLAIL , (241)

860 The stomata resistances, 7s syun and s spa [ m’l] (Sect. 3.6.2), are kept at the leaf scale as this is needed to caculate transpi-

ration (Fatichi et al., 2012a, b, ¢).
3.6.2 Stomata conductance and stomata resistance

UT&C applies the biochemical model implemented in the ecohydrological model T&C (Fatichi et al., 2012a, b, c) to describe
the coupling between photosynthesis and stomata resistance. The stomata resistance to water vapour 75 g7, [m? s* umol=! COsq |
865 is calculated as the inverse of the stomata conductance g, co,:

1

_ (242)
95,002 1.64

Ts,H,O =

where 1.64 is the ratio of stomata resistance for CO5 and stomata resistance for Ho2O (75,c0, /s, H,0 = 1.64) (von Caemmerer
and Farquhar, 1981). The following expression converts the resistance from biochemical units of [m? s! ymol= CO5 ] to
hydrological units [s m~1] (Sellers et al., 1996b):

_ 1 Tf Patm
0.0224 (T 4 273.15) Patm.0

870 ry(sm™') 1067‘5711(20(7712 s umol 1 COy) , (243)

where
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Patm

= [Pa] is the atmospheric pressure.

Pyim,0 = 101325 [Pa] is the reference atmospheric pressure.

Ty
T

=273.15 [K].

= [°C] is the leaf temperature.

Ts.H,0 = [m? s umol~! COy] is the resistance to convert.

Experiments have shown a relationship between stomata behaviour and net CO5 assimilation rate A, ¢, atmospheric vapor

pressure deficit Ae, and intercellular CO5 concentration ¢; (Ball et al., 1987; Leuning, 1995; Gao et al., 2002). UT&C calculates

the stomata conductance gs,co, [umolCOy m~2 leaf s~1] according to Leuning (1990, 1995) and as implemented by Fatichi
et al. (2012a, b, ¢) as:

9s,C0, = 90,c0, + aAif(Ae) Patm (244)
(e =T%)

f(Ae) = <1—|—A16/A0) , (245)
where

Ane = [umol CO; m~2 s71] is net CO assimilation rate at leaf scale.

Ce = [Pa] is the leaf internal C' Oz concentration.

r+ = [Pa] is the CO5 compensation point.

Pt = [Pa] is the atmospheric pressure.
90,c0, = [umol CO m~2 leaf s7!] is the minimum stomatal conductance caused by cuticular conductance and imperfect
stomatal closure when A, is negative.

Ae = [Pa] is the vapor pressure deficit.

Ay = [Pa] is an empirical coefficient that expresses the value of vapor pressure deficit at which f(Ae = Ag) =0.5.

a = [—] is an empirical parameter connecting stomatal aperture and net assimilation.

The leaf internal C'Os partial pressure c. is unknown a priori and an iterative approach is needed. Equation (246 is solved

iteratively to calculate resistance between leaf chloroplasts and atmosphere (Fatichi et al., 2012a, b, c):

AnC =

Cq — Cc

where

246
Patm (1-64Ts+7“mes+1.377“b+ra) ’ ( )

-2 -1

Apc = [pmol CO m™# s™1] is net CO4 assimilation rate at leaf scale.

Ce

Cq

Pal is the leaf internal C'O2 concentration.
Pa] is the atmospheric CO5 concentration at the leaf surface.

241

m? s! ymol~! Hy

[

=

=

= [m? s' pmol~! H,O] is the stomata resistance. rs co, /s, ir,0 = 1.64 (von Caemmerer and Farquhar, 1981).

= is the leaf boundary resistance. 7, co, /7, 1,0 = 1.37 (von Caemmerer and Farquhar, 1981).
=

=

O
m? s umol~! COy] is the mesophylic resistance (Warren, 2006).
|

m? s! umol~! CO,] is the aerodynamic resistance.
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3.6.3 Biochemical model of photosynthesis

The biochemical model of photosynthesis (Fatichi et al., 2012a, b, c) calculates the net and gross photosynthetic assimilation
rate, A,c and A* [umolCO, m~2 s~1], as a function of three limiting rates of enzyme kinectics. The RuBP-carboxylase
limited carboxylation rate .J. describes the amount and velocity of the carboxylating enzyme Rubisco. The maximum rate of
photosynthetically active radiation captured by the leaf chlorophyll J. accounts for light limitations. The export-limited (for
Cj3 plants) and the PEP-carboxylase limited (for C4 plants) rate of carboxylation J; describes the capacity of the leaf to use
or export products of photosynthesis. The transition between the three rates J,, J., and Js is not abrupt. The three processes
are coupled with a continous smooth function (Fatichi et al., 2012a, b, ¢) which is described with two quadratic equations
according to Collatz et al. (1991). The gross photosynthetic assimilation rate A* [umol COy m~2 s71] is calculated solving

both quadratic equations for their smaller roots:

e — Jp(Je+ Je) + Jede =0,
ps(A*)? = A*(J,+ Js) + JpJs =0, (247)

Jp = [umol COs m~2 s7!] is the smoothed minimum of J. and .J...

A* = [umol CO5 m~2 s7 1] is the gross assimilation rate for unit leaf before accounting for soil moisture stress.

e =1s a coupling coefficients (Sellers et al., 1996a; Bonan et al., 2011) where o, = 0.98 for C3 species and .. = 0.80
for Cy species.

oy, = is a coupling coefficients (Sellers et al., 1996a; Bonan et al., 2011) where o, = 0.95.

2 —1}

Subsquently, the net assimilation rate at leaf scale A, [umol COy m™# s~ ] is calculated as the difference between gross

assimilation rate corrected for water stress A and leaf maintenance respiration Ry (Fatichi et al., 2012a, b, ¢):

Anc =Ac — Rac, (248)
Ac=pBs A", (249)
where

Ac = [umol CO2 m~2 s71] is the gross assimilation rate.

Rgc = [pmol CO m~2 s is the leaf maintenance respiration assumed to be equal to the leaf dark respiration, which is
a coarse approximation for respiration during daytime (Villar et al., 1995; Atkin et al., 1997).

Bs = [—]is a water stress factor limiting canopy photosynthesis based on leaf water potential ¥, [MPal].

The leaf maintenance respiration Rgc [umol COq m~2 s_l] is estimated as (Collatz et al., 1991, 1992; Bonan et al., 2011):

H. (T T 1+6$p (7TTefAS_Hd)
Ruc = 0.015V, 1an exp[ a(Ty—Trey )} Trei® ) for Cs (250)
, (Tyey RT,) 1+exp<Tu%S§Hd)
1
Rac = 0.025 Vg 2.001T=25) [1 tel 3T —55>} for Cy , 251)
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where

Ve.maz = [umol COz s™1 m™2] is the maximum Rubisco capacity.

Ty = [K] is the leaf temperature.

TS¢ = [°C]is the leaf temperature.

T,o; =273.15[K].

R = 8.314 [J mol~! K] is the universal gas constant.
H, =46.39 [kJ mol~1].

Hy  =150.65 [kJ mol~!].

AS  =0.490 [kJ mol~! K~1].

The water stress factor Sg, limiting canopy photosynthesis, is based on the leaf water potential ¥, [MPa] and calculated as:

1
—1— , 252
Ps 1+exp(ps¥r +4s) 252
where
U, = [MPa] is the leaf water potential.

Ps = f(\]—!s’()(), \IJS,SO [MPa])
s  =1f(Vs,00, ¥s,50 [MPa)).
Us 0o = [MPa] is the water potential threshold where stomata closure begins.

Us 50 = [MPa)] is the water potential threshold where stomata closure reaches 50%.

UT&C does not include plant hydraulics (Tuzet et al., 2003; Buckley et al., 2003; Katul et al., 2003; Bohrer et al., 2005;
Verbeeck et al., 2007; Vico and Porporato, 2008; Feddes et al., 2001; Sperry et al., 2003; Kirkham, 2005; Sack and Holbrook,
2006; Nobel, 2009) and the leaf water potential W, is equal to the soil water potential ¥, experienced by the plant in the
root zone. Note that the maximum Rubisco capacity at 25°C' V.. ;.42 [umol CO2 m~2 s71] is an important parameter in the

biochemical model and it is plant species specific.

RUBISCO LIMITED CARBOXYLATION RATE

The RuBP-carboxylase limited carboxylation rate is calculated as (Fatichi et al., 2012a, b, c):

c. —I'*

c— Vm f 5 253
J.=V, T K.+ 0Ky or C3 (253)
J. =V, for Cy , (254)
where
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. = [Pa] is the partial pressures of C'Os in the leaf chloroplasts.

O; = [Pa] is the partial pressures of Oy in the leaf chloroplasts.

Vi = [umol COg s~! m~2] is the temperature dependent Rubisco capacity at the leaf scale for C3 species V,,, ¢3, and C4
species V,, c4.

K. = [Pa] is the temperature dependent Michaelis-Menten constants for COs.

K, = [Pa] is the temperature dependent Michaelis-Menten constants for Os.

'™ = [Pa] is the temperature dependent CO5 compensation point.

925 The temperature dependence of the maximum catalytic Rubisco capacity for C3 species V;,, 3 [umol CO2 s7! m~2]
(Kattge and Knorr, 2007), and for C4 species Vi, ca [umol CO4 st m_z] (Sellers et al., 1996b; Dai et al., 2004; Bonan

et al., 2011) is calculated as:

Tref AS—Hgy
Ha(TU _Tlef):| 1+€$p( Zf—'.,,efR d)

Trer RT, T,AS—H,
( f ) 1—|—eg;p( TR d)

1 1
Vin = Vemaz 2.10'1(TUC_25) 256
,C4 ; [ ] 1+exp[0.3(T¢ —40)] | |1 +exp(0.2(15-TF)) |’ (250

Vm,CS = ch,maw eXp{ (255)

930 The temperature dependence of the Michaelis-Menten constant for CO4, K. [Pa] and Os, K, [Pa], and the CO5 compensation
point I'* [Pa] are calculated as (Bonan et al., 2011):

_ 79.43(T, — TTef)
K.= Kc,25 €xXp [(Tref—RTv)} , (257)
_ 36.38(Tv — Tref)
K, = Ko,25 €xp [%—Rm} , (258)
37.83(Tv — Tref)
I'*=T% _— 259
2 eXp{ (Tres RT,) } ’ (259)

935 where
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Ve.maz = [umol CO2 m~2 s71] is the maximum Rubisco capacity at 25 °C.

H, = [kJmol~!]is the species dependent activation energy with a typical range of H, = 45 — 95 [kJ mol~!]. A
reference value of H, = 72 [kJ mol~!] is used if no paramter is provided (Kattge and Knorr, 2007).

Hy =200 [kJ mol~!] is the constant deactivation energy describing the rate of decrease above the optimum
temperature.

AS = [kJ mol~! K~1] is the species dependent "entropy factor” with a typical range of AS = 0.625 — 0.665

[kJ mol~t K~1]. A reference value of AS = 0.649 [kJ mol~! K—!] is used if no paramter is provided (Kattge
and Knorr, 2007).

R =8.314 [J mol~! K~!] is the universal gas constant.
T,ep =273.15 K],

Ty = [K] is the leaf temperature.

TS  =[°C]is the leaf temperature.

K. o5 =404.9 1076 P,y [Pa] is the reference value of the Michaelis-Menten constants for CO4 at 25 °C (Bonan et al.,
2011).

K,o05 =278.4 1073 P,y [Pa] is the reference value of the Michaelis-Menten constants for Oy at 25 °C (Bonan et al.,
2011).

RATE LIMITED BY PHOTOSYNTHETIC ACTIVE RADIATION (PAR) CAPTURED BY LEAF CHLOROPHYLL
The maximum rate of photosynthetically active radiation captured by the leaf chlorophyll is calculated as (Farquhar et al.,

1980; Collatz et al., 1991, 1992; Bonan et al., 2011; Fatichi et al., 2012a, b, c):

ce —I'*
940 Jo=J|———— for C! 260
‘ [06—1—21"*} ortss (260)
Jo=PPFD" for Cy , (261)
where
Ce = [Pa)] is the partial pressures of C'Os in the leaf chloroplasts.
r+ = [Pa] is the temperature dependent CO5 compensation point.

PPFD* = [umol CO5 s~! m~2] is the effective photosynthetic photon flux density of photosystem II.

J is the smaller root of the following quadratic equation:

945 «yJ*— (PPFD* + {T’") J+ PPFD* ‘{T’" =0, (262)
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with

PPFD* =¢fgPARs , (263)
PARabs,sun .
PAR s = m for sunlit leaves , (264)
PARups s
PAR s = Wbﬁd for shaded leaves , (265)
950 where
Im = [umol equivalent s~! m~2] is the temperature dependent electron transport capacity at leaf scale.
ay = 0.7 [—] is a shape parameter (Bonan, 2002).
€ = [umol COg umol~! photons] is the intrinsic quantum efficiency depending on the photosynthesis pathway (Cs

or Cy). € = 0.081 [umol CO5 pmol~! photons] for C3 plants, € = 0.040 [umol CO pmol~* photons] for C;
plants (Farquhar et al., 1980; Collatz et al., 1991, 1992; Singsaas et al., 2001).

Ba =4.57 [pmol photons J~!] is a quanta-to-energy conversion factor between the measurement units (Dye, 2004).
PAR,,s = [W m~2] is the absorbed photosynthetically active radiation at leaf scale.

Foun =[- ] is the fraction of sunlit leaves.

Fina = [—] is the fraction of shaded leaves.

LAI  =|[-]is the leaf area index.

The maximum electron transport capacity J,,, [umol equivalent s~* m~2] as a function of temperature is calculated as

(Kattge and Knorr, 2007):

H,(T, ~ Ty L+ eow (127"
I = Jmax exp[ (Tyef RT,) } 1+ eap (T,,As Hd) ’ (266)
R
955  Jmaz = Tjv Vermaa » (267)
where
Jmaz = [pmol equivalent s~ m~2] is the maximum electron transport capacity at 25 °C.
Ve.maz = [umol COz s™1 m™2] is the maximum Rubisco capacity.
Ty = [umol equivalent pmol CO5 1} is a scaling factor between V ;2 and Jy,q, With a typical range 7, = 1.6 —2.6.
H, =50 [kJ mol~?] (Kattge and Knorr, 2007).
Hy; =200 [kJ mol~!] (Kattge and Knorr, 2007).
AS  =0.646 [kJ mol~t K~!] (Kattge and Knorr, 2007).
R = 8.314 [J mol~! K] is the universal gas constant.
Trey =273.15[K].
T, = [K] is the leaf temperature.
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PRODUCT EXPORT AND USAGE LIMITED RATE

The export-limited rate of carboxylation (for Cg plants) and the PEP-carboxylase limited rate of carboxylation (for C4 plants)

are calculated as:

Js =3TPU for Cs5
Js = ke Pj:m for Cy ,
where
T PU = [umol equivalent s~! m~2] is the temperature dependent triose phosphate utilization at leaf scale.
ke = [umol equivalent s~! m~2] is the PEP Carboxylase coefficient.
Ce = [Pa)] is the partial pressures of C'Os in the leaf chloroplasts.
P, = [Pa] is the atmospheric pressure.

The Triose Phosphate Utilization 7PU [umol equivalent s~ m~2] and the PEP Carboxylase coefficient

ke [umol equivalent s~! m~2] are calculated as (Bonan et al., 2011):

Tref AS—H
Ha(Tv*Tref)} 1+€£Cp( If“,‘efR d)

Tt RT, T,AS—Hg\
( f ) 1+€1‘p( TR d)

TPU = TPUss exp [

TPUss = 0.1182V, smas
ke =k, 25 |:2.].0'1(T“725)i| s

ke,25 = 20000 ‘/c,max 5

where

T PUss = [umol equivalent s~!

H, =53.1 [kJ mol~1].

AS  =0.490 [kJ mol~! K1].

Hy  =150.65 [kJ mol™1].

T, = [°C] is the leaf temperature.

keos = [umol equivalent s~ m~2] is the PEP Carboxylase coefficient at 25 °C.

4 Conductive heat flux

4.1 Conductive heat flux: Building envelope

m’z] is the triose phosphate utilization at 25 °C computed as a function of V;, 4.

(268)
(269)

(270)

@271)
(272)

(273)

The conductive heat flux into and out of the building envelope (wall and roof) is calculated with a numerical solution of the

heat diffusion equation (Hu and Islam, 1995; Hillel, 1998; Ninez et al., 2010; Masson, 2000; Wang et al., 2011; Park and Lee,
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2008):

G =h @74)
where T} [°C] is the temperature of wall or roof layer k, and ki = A /cvr [m? s~1] the heat diffusivity of the wall or roof
material. UT&C considers two physical layers for the vegetated roof and one physical layer for the impervious roof, and sunlit
and shaded wall. The numerical solution is based on three nodes (two numerical layers) with the inner boundary condition
equal to the interior building temperature 73 and the outer boundary condition equal to the prognostic surface temperature 7;.

The conductive heat flux of wall and roof layer 1 and 2, G (t,z) and Ga(t,z) [W m~2], are calculated as:

(Tine (1) = T5(1))

Gl(t,z) = —/\1 A21 (275)
(1) —Tae(t)
Ga(t2) = —dg =t (276)

where A\; and Ao [J K~1 m~! s7!] are the heat conductivity of layer 1 and 2, and Az; and Az, the thickness of layer 1 and 2.
An internal wall and roof temperature T}, is calculated to account for heat storage effects inside the wall or roof. The interior
building air temperature 7} is prescribed equal to the air temperature at atmospheric reference height if the air temperature
is between a set minimum value T} ,,;,, and a set maximum value T, ,,q,. In the case of higher or lower air temperature, the
interior building temperature T}, is prescribed equal to T}, iy, OF T} 1ma, assuming that heating or cooling of building interior

is occuring (de Munck et al., 2018).
4.2 Conductive heat flux: Ground

The conductive heat flux into and out of the ground is calculated applying the force restore method, which approximates the

heat diffusion equation with a single ordinary differential equation as (Hu and Islam, 1995):

dT,
L= C1G=CoT, ~T) 277)

where T}, [K] is the ground surface temperature, and Ty [K] the ground temperature at dampening depth d. C; [m? K J71]
and Cy [s71] are coefficients of the method. UT&C uses the Deardorff (1978) force restore method as implemented in the
ecohydrological model T&C (Fatichi et al., 2012a, b, c):

G(t) = cil [l (1)~ Tutt)) + W 7

C1 =2/(cvsd) =24/ 7/ (AsCVsTday) » (279)

2
Cy=w = —— (280)

Tday

(278)

where A [J K=! m™! s71] is the bulk ground heat conductivity, cvs [J K~! m~3] the bulk ground volumetric heat capacity,

and 744, = 86400 [s]. The dampening temperature Ty is calculated as (Noilhan and Planton, 1989):

de/dtZ(Tq—Td)/Tday, (281)
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4.3 Soil thermal properties

The soil volumetric heat capacity cv, and the soil thermal conductivity \s are calculated as a function of soil type and soil
water content according to de Vries (1963), Farouki (1981), and Oleson et al. (2004, 2013) as described in Fatichi et al. (2012a,
b, ¢).

5 Anthropogenic heat flux

The current UT&C parametrization allows for a prescribed time series of anthropogenic heat flux, which is added to the
canyon air at the canyon calculation height. The anthropogenic heat flux is a model input timeseries. Hence, anthropogenic
heat emissions caused by air conditioning, car exhaust, industry, human metabolism, or any other additional source need to be
estimated a priori, e.g. using existing approaches (Sailor and Lu, 2004; Sailor et al., 2015). The conductive anthropogenic heat
flux caused by heating of building interiors is represented with a prescribed interior building temperature if air temperature falls
below the set value T} ,,,in, (See Sect. 4.1). On the other hand, the conductive anthropogenic heat flux due to air conditioning
of building interiors produces a negative anthropogenic heat effect, which could be counteracted by adding air conditioning
heat emission input to the canyon air as described above. Future developments of UT&C could focus on the inclusion of
anthropogenic heat emissions due to the air conditioning of buildings by adding the value of the total conductive heat flux into
the building back into the urban canyon or above the roof (depending on location of airconditioning units), with an appropriate

adjustement for efficiency.

6 Urban hydrological model

UT&C solves the urban water mass balance as:

d
d—f:P+Qf—E—R, (282)

where P [mm h™!] is the incoming precipitation, Q) ; [mm h~!] the anthropogenic water input, E [mm h~!] the total evapo-
transpiration, R [mm h™?] the total runoff plus deep leakage from the soil column, and d;S/d¢ [mm h~!] the change of water
storage S in the system. P and @) ¢ are both model input timeseries, and E and R are calculated within UT&C as described in
Sect. 2.2 to 2.2.5 and 6.3. The total water storage S consists of intercepted water, ponding water, and water stored in the soil
column. The water mass balance is calculated individually for roof and canyon. It is assumed that the total roof runoff and the
soil water leakage of green roofs is directed towards the sewer system and does not affect the canyon water budget anymore.
It is further assumed that soil moisture changes slowly in comparison to energy fluxes to reduce the complexity of the system
and to facilitate faster computation. Hence, the energy balance is solved first for a given time step t and the evapotranspiration
is constrained by the water availability at the previous timestep (t-1). The obtained evapotranspiration E; [kg m~2 s~ is then

used as an input to solve the water mass balance.
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6.1 Interception and ponding

UT&C considers interception on vegetation canopy (Sect. 6.1.1), ponding on impervious surfaces (Sect. 6.1.2) and ponding on
bare soil or soil underneath vegetation (Sect. 6.1.3). The interception and ponding storage dynamics are calculated according

to a mass conservation equation as:

dIn
P _D-E;,, 283
dt ! (283)

where In [mm] is the intercepted or ponding water, P* [mm h~!] the incoming water flux from precipitation and runon ,
D [mm h~!] the canopy drainage or soil infiltration, and E,, [mm h~?] the evaporation from intercepted or ponding water.
A finite difference approximation is used to solve Eq. (283) as suggested by Fatichi et al. (2012a, b, ¢) where the effects of

evaporation and precipitation are considered first and the canopy drainage or infiltration are substracted subsequently:

Ing(t) = In(t — At) + P*(t)At — Ep, (t) At (284)
In(t) = Int(t) — Dr(t)At, (285)

where At = 1 [h] is the time step of the calculation.
6.1.1 Interception: Plant canopy

The canopy interception is calculated according to the Rutter model (Rutter et al., 1971, 1975; Mahfouf and Jacquemin, 1989;
Eltahir and Bras, 1993; Ivanov et al., 2008b) as:

dI
d—: = Pjor— Dr — Epy (286)

The precipitation onto the canopy foilage P, [mm h™'] and the throughfall Pyjyougn [mm h™!] are calculated as a function

of projected leaf area fraction onto the ground C'¢,; as follows (Mahfouf and Jacquemin, 1989):

Pioy=P Cyor (287)
Pthrough =P (]- - Cfol) 5 (288)

Ofol =1— e*li(LAI‘FSAI) . (289)

where P [mm h~!] is the incoming precipitation, LAI [—] and SAI [—] the leaf and stem area index, and x = 0.75 (Ramirez
and Senarath, 2000). Cs; = [0 — 1] [m? obstructed area m~2 VEG area] represents the projected leaf area onto the ground,
which is active in the interception process.

The canopy drainage Dr [mm h~1] is calculated as:

Dr=Drs+ Dry, (290)
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where Dr, [mm h~1] is the saturation excess drainage, and Drg [mm h~1] the canopy dripping. Dr, and Dr, are calculated
as (Fatichi et al., 2012a, b, ¢):
I _ T Max
Dr, = %(m > [pMary | 91)
JMG,.'I:)

Drg = KefUn=In"") (292)

Maz [mm] is the maximum interception capacity of the vegetation canopy, K. = 0.06 [mm h~!] the drainage rate

where In
coefficient (Rutter et al., 1971; Mahfouf and Jacquemin, 1989), and g. = 3.7 [mm_l} the exponential decay paramter (Rutter
et al., 1971; Mahfouf and Jacquemin, 1989). The total intercepted water In [mm] must always be smaller than the maximum
interception capacity In (Fatichi et al., 2012a, b, ¢). The maximum interception capacity of the vegetation canopy In’%®

[mm] is calculated as (Dickinson et al., 1993):
InMe =g 1. (LAI +SAI), (293)

where S, 1, [mm] is a model input parameter and a function of vegetation type.

The fraction of precipitation reaching the layer below the vegetation P, [mm] is calculated as:
Piown = P(]- - Aveg) + -DTAveg ) (294)

where A,.q is the vegetation canopy area in relation to the underlying ground area. It is assumed that the vegetated roof and
canyon ground fraction f,., [—] are completely covered by vegetation leading to A,., = 1. The impervious, bare and vegetated

ground cover fraction underneath trees are homogeneously distributed leading to Ayeg tree = 47tree-
6.1.2 Ponding: Impervious surface

Ponding on impervious surfaces is calculated according to a water mass budget as:

dIn

—— =Py — Lk—Erpy 295
dt P ! (295)

The incoming water flux to the impervious roof fraction P, ;,,, and the impervious ground fraction Py ;,,, are calculated as

follows:

Pr,imp =P+ 4roof (296)

Pg,imp = Piown + dground (297)

where Pjo.y, [mm h™!] is the precipitation plus dripping reaching the ground level within the canyon accounting for tree
canopy interception, and gyo0 and ggrouna are the roof and ground runon which represent the runoff fluxes that did not leave
the system in the previous time step (Sect. 6.3).

The leakage of the impervious roof fraction Lk, [mm h~!] is zero whereas the leakage of the impervious ground fraction
Lk, [mm h™'] is modelled with a prescribed hydraulic conductivity Ky jm,, typically a small value corresponding to asphalt

or other pavements which is a model input parameter.
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The maximum storage capacity of the impervious roof In [mm] and ground In
eter and it depends on the roof and ground cover roughness and micro-depressions. Ponding water exceeding the maximum
interception capacity is leaving the system as runoff or can remain in the system and becomes runon in the following time step

(Sect. 6.3).
6.1.3 Ponding: Soil surface

Ponding and water logging on bare soil surfaces is calculated with the water budget equation:
dIn
dt

where Ps,; [mm h™'] is the incoming water flux to the soil, If 50, [mm h™!] the soil infiltration rate (Sect. 6.2.2), and Ey,,

= Ls0il — If soil — Eln ) (298)

[mm h~'] the evaporation from ponding water on the soil. The incoming water flux to the roof P, s,; and ground P, s, soil

fractions is calculated as follows:

Pr,soil = Pdown + droof (t - 1) P (299)
Pg,ba'r‘e,soil = Pdown,tree + q_q'r‘ound(t - 1) ) (300)
Pq,veg,soil = Pdowmtree,veg + QQround(t - 1) ) (301)

where Pjown [mm h~!] is the precipitation reaching the soil level underneath the roof vegetation canopy accounting for
canopy interception (Sect. 6.1.1), Pyoun, tree [mm h_l] is the precipitation reaching the canyon ground accounting for tree
canopy interception, Piown, treeveg mm h™!] is the precipitation reaching the soil level underneath the ground vegetation
canopy accounting for both tree and ground vegetation canopy interception. Finally, gro0¢(t —1) and ggrouna(t — 1) are the

roof and ground runon, i.e., the ponding water remaining in the system from the previous time step (Sect. 6.3).
6.2 Vadose zone dynamics

The urban soil and its vertical and horizontal #(z,x) soil moisture profile directly influence water and energy fluxes in the
urban environment. UT&C divides the urban soil into three soil columns beneath the impervious, bare, and vegetated ground
cover fractions and one soil column for the vegetated roof fraction (Fig. 8). Soil underneath buildings is not considered in the
current model formulation. The first two soil layers of the impervious ground soil column are assumed largely impermeable

and do not participate in the water exchanges.
6.2.1 Vertical and horizontal soil moisture profile

The soil moisture and soil water content is calculated according to the 1D-Richards equation (Richards, 1931) describing the

flow of water in variably saturated soils subjected to capillary and gravity forces in the vertical direction z (positive downward)

as:
20 9 AV g(0)
= o | KO =+ K(0)] -8, (302)
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where 6 [—] is the soil water content, K, (#) [mm h~!] the vertical hydraulic conductivity as a function of soil moisture, and
VU 5(0) [mm] the soil water potential. The sink term S [h~!] accounts for lateral fluxes, soil evaporation, and root water uptake
for transpiration.

The 1D-Richards equation is first solved in vertical direction for each soil column (impervious, bare, vegetated) using a finite
volume approach with the method of lines (Lee et al., 2004), discretizing the spatial domain and reducing the partial differential
equation to a system of ordinary differential equations in time as described by Fatichi et al. (2012a, b, c). Each soil column is
subdivided into j =1, ...,n layers with varying layer thickness d. ; [mm]. Soil layer depth z is increasing downwards (Fig. 8)
and the top soil layer is soil layer 1. For each soil layer, the ordinary differential equation describing the change in soil moisture

over time can be written as (Fatichi et al., 2012a, b, ¢):

do;
dz,jﬁ =(¢j-1 =) + (Quinj — Quout,j) —Turu, —Tprr, — By, (303)
where ¢;_1 and ¢; [mm h™!] are the vertical fluxes in and out of soil layer j, and @y i j and Qy oyt,; [mm h™'] are the lateral
fluxes in and out of soil layer j from and into the adjacent soil columns. The soil evaporation £, [mm h~!] is assumed to be
only present in the first (5 = 1) soil layer of the bare and vegetated soil column.

The transpirative sinks of high and low vegetation, T and 77, [mm h~!], are weighted according to their root biomass
fraction in each soil layer, rg; and rp,, [—]. In the absence of trees or ground vegetation, T and T, are zero. The calculation
of root biomass fraction in each soil layer, r H; and r L; [—], is described in Sect. 7.1 and 7.2.

The vertical water flow associated with soil layer j is calculated as:

(Vs Ts j+1>
q; :K1)7 . <1+ 2 5 ; (304)
J J DZjJrl

where Ug ; [mm] is the soil water potential of layer j, K, ; [mm h™!] the vertical unsaturated hydraulic conductivity arith-
metically averaged between soil layers j and j+1, and Dz;1; [mm] the distance between the center of soil layer j and j+1.
The vertical inflow to the first soil layer is the infiltration go = Iy [mm h™?'] as calculated in Sect. 6.2.2. The outflow of the
last soil layer is the deep leakage ¢, = Ly, [mm h~!]. It is possible that soil layers become saturated for example when an
impermeable bottom is defined. In this case, a shallow water table depth is calculated and the excess water is transported to the
soil layers above. This mechanism can lead to a saturated zone within the soil column (Fatichi et al., 2012a, b, c).

The lateral water inflow to soil layer j in soil column k from the adjacent soil column i, Q; ;r, j i—% M hfl], with k and i

denoting vegetated, bare, or impervious soil column, is calculated as:

Ue.ii—Vg ik d
iniisk =ar | K .= ohs -t = ) 3
Quin,jisk =a |: v, 5,1k ( Dy >:| (fk Wcan) o

where a, = K}, /K, [—] is an anisotropy factor accounting for the difference in horizontal, K}, and vertical hydraulic con-

ductivity, K, (Garrote and Bras, 1995; Assouline and Or, 2006), K ik [

mm h~!] is the arithmetic average of the vertical
hydraulic conductivity of soil layer j in soil columniand k, and ¥g ; 1 and Ug ; ; [mm)] are the soil water potential of layer j in
soil column k and i, respectively. Dy = 1000 [mm] is a selected characteristic length scale on which soil moisture differences

will affect the unsaturated lateral water exchange and it is a model input parameter. The factor d, ; /(i Wean) rescales the
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Figure 8. Soil layer (j) and soil column (vegetated, bare, and impervious) discretization. Q;_j vare,veg and Q1 j bare,imp denote the lateral
water fluxes between bare and vegetated soil column and bare and impervious soil column in layer j and g; the vertical water flux between

soil layers.

horizontal water flux over the layer depth d. ; [mm] to the vertical water flux over the column width where fj, [—] is the ground
cover fraction of column k and W, [mm] the total canyon width. Note that the scaling factors of the lateral soil water fluxes
vary depending on the extent of the origin and destination soil columns to garantuee mass conservation.

The soil moisture profile is numerically resolved in a mesh with n vertical layers and i = 1, 2, or 3 columns (Fig. 8) with
width specified by the ground cover fractions (impervious, bare and vegetated) and roof cover fraction. A typical vertical soil
layer parametrization includes n=10-30 ground layers and n=1-5 roof layers. The vertical mesh has a higher resolution near the
surface and coarser resolution near the bottom with soil layer depths varying from 10 to 500 [mm] (Fatichi et al., 2012a, b, ¢).

The first two soil layers of the impervious soil column are considered impervious and do not interact with the vertical and
lateral soil water transport. A small infiltration capacity can be prescribed for the impervious soil column and the infiltrated
water will be directly added to the third soil layer. The lateral soil water exchange is calculated among all ground soil columns

resulting in 3! lateral fluxes. No lateral soil water exchange is calculated for the vegetated roof fraction.

6.2.2 Infiltration

The actual infiltration into the bare and vegetated soil column is calculated as the minimum between infiltration capacity [ J?

[mm h~!] and water availability at the soil surface g;,s [mm h~*] (Fatichi et al., 2012a, b, ¢):

Iy = min (gins, I§) | (306)
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The infiltration capacity I ]?, as the upper limit to infiltration, is calculated as a soil hydraulic conductivity applying a Dirichlet
boundary condition at the soil surface which assumes a soil water potential of zero (Fatichi et al., 2012a, b, ¢) and using
the actual water potential of the first soil layer. The hydraulic conducitivity is calculated from the water potential with the
pedotransfer functions described in Sect. 6.4. UT&C does not yet account for soil crust mechanisms and soil surface sealing.
Similarly, a maximum impervious infiltration capacity / gimp [mm h~1] is prescribed for the impervious soil column. I gmp

is typically very small when compared to the permeability of natural surfaces.
6.3 Runoff and runon

Runoff R [mm h~!] is generated as infiltration excess runoff (Hortonian runoff) when the available water at the ground surface
exceeds the maximum infiltration capacity ]9 [mm h~!] and the maximum allowed ponding depth over bare and vegetated

Maz [mm h_l] is overcome (Fatichi et al., 2012a, b, ¢). Runoff can further be generated as saturation excess runoff

surfaces I'n
when a soil column becomes saturated and the shallow water table reaches the surface as described in Sect. 6.2.1.

The total roof and ground runoff are calculated as the area weighted average of the runoff generated by each surface fraction:

Ro=) friRvi, (307)
Ry = ng,iRg’i ) (308)
where f,.; and f,; [—] are the roof and ground cover fractions, and R,.;, and R, ; [mm h™!] are the roof and ground runoff of

each surface fraction. It is assumed that roof runoff does not interact with the ground but rather enters into a sewer system.

A fraction of the total roof and ground runoff can be kept in the system and becomes runon in the next time step R, (t + 1)

[mm h~1:
Ron(t+1) = Agr,, Ri, (309)
where A\, = [0 — 1] [~] is the fraction of runoff kept in the system and and R; [mm h~!] is the total roof or ground runoff.

The runon is distributed homogeneously over either the roof or ground and is put back into the system at the next time step.
A runon fraction larger than zero (Agr,, > 0) can account for microdepressions and surface exchanges between the various
surfaces in the urban environment before the water reaches the sewer system. For example, it can account for runoff from

impervious area that is redirected to infiltrate in vegetated areas in the roof or as for example in bioswales.
6.4 Soil hydraulic properties

UT&C can either use the van Genuchten (1980) or the Saxton and Rawls (2006) parameterization to calculate the soil hydraulic
conductivity K () [mm h~!] and the soil water retention curve ¥, = f(6) [MPa] which are a function of soil moisture content
6 [mm?® mm—?]. Soil hydraulic properties are calculated according to the soil composition specified as fraction of clay, sand,
and organic material in the soil. The hydraulic conductivity at field capacity is set to 0.2 [mm h~!] and the soil water potential
at residual water content to -10 [MPa]. Further description on the calculation of soil hydraulic properties can be found in

Fatichi et al. (2012a, b, ¢).

54



1200

1205

1210

1215

1220

7 Plant water and biophysical relations
7.1 Horizontal root distribution

UT&C assumes that ground and roof vegetation can only access the soil moisture of the vegetated ground and roof fraction.
Two possible horizontal tree root distributions are implemented that specify the abilty of the tree to reach different soil columns:
(1) the trees have even access to the impervious, bare, and vegetation ground columns, and (2a) the trees have only access to
the vegetated and bare ground columns, if the tree canopy is smaller than the combined vegetated and bare ground area, or (2b)
the trees fully accesses the vegetated and bare soil columns and parts of the impervious soil column if the tree canopy is bigger

than the combined vegetated and bare ground area.
7.2 Vertical root distribution and root soil moisture access

The fraction of root biomass within each soil layer r; [—] with j = 1...n,, n, being the last soil layer accessed by the roots,
is calculated assuming a vertical root biomass profile (Fatichi et al., 2012a, b, c). Four different root biomass profiles can be
specified in UT&C: (1) an exponential root profile (Arora and Boer, 2005; Ivanov et al., 2008a), (2) a linear dose response root
profile (Schenk and Jackson, 2002; Collins and Bras, 2007), (3) a constant root profile, and (4) a linear dose response profile
with tap roots (Fatichi et al., 2012a, b, ¢). The described root profiles are specified by the rooting depth containing 50 % and
95 % of the fine root biomass Zg 50 and Zg 95 [mm], and by the maximum rooting depth Zg 5,4 [mm]. Zg 50, Zr,95, and
Z R maz are model input parameters. Note that the maximum rooting depth Zg ,,,q, and the rooting depth containing 95 % of
the fine roots Zg 95 need to be smaller than the total soil depth as the soil profile is not resolved underneath (Fatichi et al.,
2012a, b, c). The detailed description of the root biomass fraction calculation can be found in Fatichi et al. (2012a, b, ¢).

The average water content available to the roots of a given plant type 8 [—] is calculated according to Fatichi et al. (2012a,

b, ¢) as:

eR:erej, (310)
j=1

where r; [—] is the fraction of root biomass in soil layer j, 6; [—] the soil moisture of soil layer j, and n, the total number of

soil layers. The average water content available to the roots 6 [—] is used to calculate the soil water potential felt by the plant

roots W, r [MPa] and the resulting water stress 8 [—] (Sect. 3.6.3).
7.3 Plant hydraulics

Plant hydraulics is currently not implemented in UT&C. It is assumed that leaf water potential ¥;, [MPa] and xylem water

potential Ux [MPa] are equal to the soil water potential felt by the plant ¥;r [MPa] (Fatichi et al., 2012a, b, ¢).
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7.4 Plant water uptake

The plant-water uptake J, [mm h~!] is assumed to be equal to the transpirative flux 7' [mm h~?] since there is no plant
hydraulic component implemented in UT&C (Sect. 7.3). The plant water uptake and transpirative flux can be limited by the

soil water availability and maximum root-water uptake capacity RW U, 4, [mm h~!] and are calculated as:
Jsx =T = min(Teporr, soil water, RWUpaz) (311)

The plant-water uptake Jg,, is distributed within the different soil layers according to the root biomass fractions r; [—]. The
soil-to-root conductance in each soil layer j g5, ; [mmol H20 s™! MPa~! m~2 ground] parameterizes the hydraulic resistance
between soil and root and is calculated as (Newman, 1969; Deckmyn et al., 2008; Fatichi et al., 2012a, b, ¢):

9sr.j = KKy (0;) Ry, ; 2m log [W} ; (312)

Troot
where k = 5.66 - 10 is an unit conversion factor, K, (6;) [m s~!] the unsaturated hydraulic conductivity as a function of soil
water content in layer j, Ry, j = r; Ry, [m root m~2 ground] the root length density in a given soil layer for a given vegetation
type, Troot = 0.5 mm the average radius of fine roots, and 7.,; = 2.0 mm the average radius to which roots have soil access.
The root length density Ry, [m root m~2 ground] is a model input parameter.
The maximum root-water uptake capacity in each soil layer RW U, 4, ; [mm h™'] is calculated with the soil-to-root con-

ductance g, ; [mmol Hy0 s~ MPa~! m2 ground] as described in Fatichi et al. (2012a, b, ¢):
RWUmar,j = ‘%gsr,j|qjs,j - \Ijmzn| ) (313)

where & = 0.0648 is a unit conversion factor (Fatichi et al., 2012a, b, ¢), ¥, ; [MPa] the soil water potential in soil layer j, and
U,nin =min(Py 50, ¥y, 50) [MPa] the minimum water potential experienced by the leaf ¥y, 5o [MPa] or xylem ¥ x 50 [MPa)]
before a 50 % reduction of hydraulic conductivty occurs. W, represents a lower limit for plant water extraction. Furthermore,

low values of soil-to-root conductance prevent plant water uptake.

8 Anthropogenic water

UT&C accounts for prescribed timeseries of anthropogenic water @y [mm h™!] to the vegetated roof, bare ground, and vege-
tated ground. The anthropogenic water can either be added above the vegetation canopy or on the soil underneath to represent

sprinkler and hose irrigation or drip irrigation.

9 Model input parameters

The following tables summarize the model input parameters used in the model performance assessment for Singapore, Mel-
bourne and Phoenix. Specifically, they specify the urban geometry, radiation and conductive heat flux parameters (Table 1),
vegetation parameters (Table 2), soil, interception and runoff parameters (Table 3), location parameters, as well as anthro-

pogenic heat forcings (Table 4), and irrigation time series (Table 5).
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Table 1. Urban Geometry, radiation, and conductive heat flux parameters used for the model validation in Singapore (SG), Melbourne (MB),

and Phoenix (PH).

Parameter  Description SG MB PH

Hean Height of urban canyon (m) 9.86(1-2) 6.4(4:5) 45

Wean Ground width of urban canyon (m) 16.16(1:2:3)* 15.2(4:5)* 11.3(7D*

Wroof Roof width of urban canyon (m) 10.33(1:2,3)* 12.2(4:5)% 4(7)*

Hiree Tree height (m) 7.26(1,2) 4.2 4(7)

Riree Tree radius (=1/4 fg,tree *Wean) (m) 0.73(1,2,3) 1.5(4:5)% 0.19(7)*

Diree Distance of wall to tree trunk (m) 3(a) 2(a) 2(a)

Niree Absence (0) or presence (1) of trees (—) 1(1,2) 1(6) 1(7

Sfrimp Fraction of impervious roof (—) () 1(a) 1(a) 1(a)

frveg Fraction of vegetated roof (—) (+) o(a) o(a) 0(a)

fq,imp Fraction of impervious ground (—) (+) 0.75(1:2) 0.53(4:5) 0.32(7)

fo bare Fraction of bare ground (—) () 0(1,2) 0.02(4:5) 0.53(7

fg,veq Fraction of vegetated ground (—) () 0.25(1:2) 0.45(4:5) 0.15(M

a Albedo roof [imp, veg] (—) [0.2(®, ] [0.15(9), ] [0.16(10) ]

ag Albedo ground [imp, bare, veg] (—) [0.08(8), 0.2(2) 0.27(8)] [0.1(6), 0.2(a) 0.27] [0.15(9, 0.2(=) 0.27]

aw Albedo wall (—) 0.5 0.3(6) 0.5(®

a Albedo tree canopy (—) 0.27(8) 0.27 0.27

€r Emissivity roof [imp, veg] (—) [0.9() ] [0.92(6) ] [0.95(9, ]

€g Emissivity ground [imp, bare, veg] (—) [0.94(8),0.95(a), 0.97(®)]  [0.92(6),0.973(5),0.97(®)]  [0.95(9),0.98(11),0.97(8)]

€w Emissivity wall (—) 0.9(8) 0.88(6) 0.95(9)

€t Emissivity tree canopy (—) 0.97(8) 0.97(®) 0.97(8)

Arimp Thermal conductivity of impervious roof 0.406(3)* 0.773(5)* 0.6(9)
(WK~1m™1)

Ag,imp Thermal conductivity of impervious ground 1.552(3)* 2.682(5)* 1.2(9)
(WK~ 1m™1)

Aw Thermal conductivity of  wall 0.75(3)* 0.342(5)* 1.3
(WK~!'m™1)

Cr imp Volumetric heat capacity of impervious roof 0.577(3)* 0.813(5)* 1.99)
(MJK~!m~3)

Cvg,imp  Volumetric heat capacity of impervious 1.552(3)* 1.3413(5)* 1.19)
ground (MJ K~ m—3)

Cuy Volumetric  heat capacity of  wall 1.357(3)* 0.9035(5)* 1.5
(MJK~!m~3)

dzy Thickness of roof layers [1, 2] (m) [0.106, 0.106](8)* [0.057, 0.057](5)* [0.075, 0.075]()

dzw Thickness of wall layers [1, 2] (m) [0.098, 0.098](8)* [0.074, 0.074](5)* [0.075, 0.075]()

* Calculated from literature values, (a) Assumption, (1) Velasco et al. (2013), () Roth et al. (2016), (3) Demuzere et al. (2017), 4 Coutts et al. (2007a, b), (5) Grimmond
etal. (2011), (® Nice et al. (2018), (") Chow et al. (2014), (®) Harshan et al. (2017), ° Song and Wang (2015), *®) Yang et al. (2015), (*™) Park and Lee (2008); ¢+ land

cover fractions reported in literature were rescaled by the canyon and roof fraction so that fr- smp+fr veg =1 and fg imp+fg baretfg,veg = 1.
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Table 2. Vegetation parameters™ used for the model validation in Singapore (SG), Melbourne (MB), and Phoenix (PH). Seperate parameters

for roof vegetation [ryc4], ground vegetation [gyc4], and trees [¢rcc] are specified for each location in this respective order.

Parameter Description SG MB PH

[T'ueg7 Guegs treel [Tveg» Guegs treel [Tveg, Guegs treel

he Canopy height (m) [-, 0.05, 7.26] [-,0.1,4.2] [-,0.1,4]
dicay Leaf dimension (cm) [-, 2, 5] [-,2,3] [-, 0.8, 1.5]
LAI Leaf area index (—) [-2.5,33)] [-.3,3] [- 1.5, 1.8]
SAI Stem area index (—) [-,0.001, 0.2] [-,0.001, 0.1] [-,0.001, 0.1]
SrAr Specific leaf area (m2 LAIg C_l) [-, 0.025, 0.02] [-, 0.016, 0.009] [-,0.022, 0.015]
Kopt Canopy light extinction coefficient (—) [-,0.5,0.5] [-,0.5,0.5] [-,0.5,0.5]
VCASE o0t Vertical root profile (1, 2, 3, 4) [-, 1, 1] [, 1,1] [, 1,1]
HCASEroot  Type of root profile of tree (1, 2) 2 2 2
Z Rs0 Root depth, 50t" percentile (mm) [-, - -] - -] S|
Z Rg5 Root depth, 95th percentile of vegetation (mm) [-, 300, 1500(1)] [-, 200, 1000] [-, 250, 1000]
Rlroot Root length index (m root m~2 PFT) [-, 4000, 2200] [-, 4500, 5000] [-, 2000, 1200]
P Stogo Soil water potential at the beginning of stomatal closure [-,-0.5,-0.9] [-,-0.6, -0.7] [-,-0.5,-0.9]
(MPa)
PStoso Soil water potential at 50 % stomatal closure (MPa) [-,-1.6,-1.7] [-,-2,-1.5] [-,-3,-2]
Y150 Water potential at 50 % of leaf hydraulic conductivity (MPa) [-,-2,-2.8] [-,-2.5,-2.5] [-,-2.5,-1.2]
Yx50 Water potential at 50 % of xylem hydraulic conductivity and [-,-5.5,-4.5] [-,-9.5,-9] [-,-3.5,-4]

limit for water extraction from soil (MPa)

bp Photosynthesis pathway (C3, C4, or CAM) [-, 4, 3] [-,3,3] [-,3,3]

KN Canopy nitrogen decay coefficient (—) [-,0.3,0.4] [-,0.3,0.15] [-,0.2,0.25]

Ve,maz Maximum Rubisco capacity at 25 ©°C leaf scale [-, 54, 49] [-, 54, 45] [-, 58, 45]
(umol COa m~2s71)

90,C0, Minimum/cuticular stomatal conductance [-, 0.01, 0.01] [-,0.01, 0.01] [-,0.01, 0.01]
(mol CO2 m™2 leaf s~1)

al Empirical parameter linking net assimilaton A, to stomatal [-,5,9] [-,7, 8] [-, 6,9]

conductance gs,co, (—)

Tjv Scaling factor between Jmazx and Ve,maz [-,2.1,2.2] [-,2.1,2.0] [-,2.2,2.0]
(pmol equivalent pmol~! CO2)

€RT Intrinsec quantum efficency (umol CO2 pmor1 photons) [-,0.04, 0.081] [-, 0.081, 0.081] [-, 0.081, 0.081]

Ao,r Empirical coefficient that expresses the value of vapor pressure [-, 2000, 2000] [-, 1000, 1200] [-, 2000, 2000]

deficit at which f(Ae) = 0.5 (Pa)

* (Fatichi and Pappas, 2017), () Harshan et al. (2017), (?) Liu et al. (2017)
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Table 3. Soil, interception, and runoff parameters used for the model validation in Singapore (SG), Melbourne (MB), and Phoenix (PH).

Parameter  Description SG MB PH

Zs,r Roof soil layer discretization (mm) - - -

Zs,g Ground soil layer discretization (mm) [0 ... 2000] [0 ... 2000] [0 ... 2000]

Fr,soil Roof soil composition [fclay, fsand» forganic] (_) - - -

Fg,soil Ground soil composition [fclayv fsands fm"ganic] (_) [0.20, 0.40, 0.025] [0.20, 0.40, 0.025] [0.20, 0.40, 0.025]

Kimp Hydraulic conductivity of impervous surface [0 s groundl [-, 0.001] [-, 0.001] [-, 0.001]
(mmh~1)

Kpot Hydraulic conductivity of at the bottom of the last soil layer [-, free drainage] [-, free drainage] [-, free drainage]

[TOOf? ground] (mm h~ 1)
SPAR Soil parameter type, 1-VanGenuchten or 2-Saxton-Rawls [- 2] [-, 2] [-, 2]

[roof7 ground] (7)

I n?jrf; Maximum interception capacity of impervious surfaces [0, 1o [0.25, 0.5] [0.25, 0.5] [0.25, 0.5]
ground] (mm)

In2oF Maximum interception capacity on top of soil [r,veg, g,bare> [-, 10, 10] [-, 10, 10] [-, 10, 10]
g.veg] (mm)

Sgﬁ’}ﬁ Specific water retained by vegetation surface [+ veg, 9g,vegs [-,0.2,0.1] [-,0.2,0.1] [-,0.2,0.1]
tree] (mmm? PFT aream ™2 leaf area)

Ar Percentage of runoff that leaves the system [,00f, groundl [1,0.5] [1,0.5] [1,0.5]
=)

Table 4. Location and measurement parameters, and anthropogenic heat used for the model validation in Singapore (SG), Melbourne (MB),

and Phoenix (PH).

Parameter  Description SG MB PH
data Latitude (positive north) (°) 1.31(1,2) -37.81(6) 33.48(8)
Adata Longitude (positive east) (°) 103.91(1,2) 144.88(6) -112.14(®)
Ocanyon  Canyon orientation [direction 1, direction 2] (°) [78, 157110 198, 189]10)  [90, 180](10)
AagmT difference of LT with Greenwich Meridian Time (h) 8(2) 10 -7
Zatm Atmospheric forcing/reference height (m) 23.7(3:4,5) 40(6.7) 22.1(®)
Ty min Minimum interior building temperature (°C) 20 18 18

Ty, maz Maximum interior building temperature (°C) 25 27 28

Qf roof Anthropogenic heat input on top of roof (W m~1) 0 0 0

Qf can Anthropogenic heat input within canyon (W m~1) 113 0 23.25(9)

) Velasco et al. (2013), ) Roth et al. (2016), ®) Demuzere et al. (2017), () Harshan et al. (2017), ¢ Liu et al. (2017), (®) Coutts et al. (2007a,
b), (7) Grimmond et al. (2011), (8) Chow et al. (2014), S average calculated from values reported by Chow et al. (2014), (10) egtimated from
GoogleEarth.
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Table 5. Timeseries of urban irrigation applied during model performance assessment of UT&C in Singapore, Melbourne, and Phoenix. In
short, no irrigation is applied in Singapore, while plants receive irrigation during summer and autumn time in Melbourne, and there is hose

irrigation year-round with higher values during summer time in Phoenix (Volo et al., 2014).

Time Vegetated roof ~ Bare ground ~ Vegetated ground

(h) (mm h~1) (mm h~1) (mm h~1)
Singapore
15t of January - 31°¢ of December 00:00-23:00 - 0 0
Melbourne
15" of November - 29*" of February ~ 00:00-23:00 - 0 0.125
15% of March - 15" of April 00:00-23:00 - 0 0.083
161 of April - 14" of November 00:00-23:00 - 0 0
Phoenix
January 06:00 - 17:00 - 0 0.0365
February 06:00 - 17:00 - 0 0.0437
March 06:00 - 17:00 - 0 0.1313
April 06:00 - 17:00 - 0 0.4375
May 06:00 - 17:00 - 0 1.0646
June 06:00 - 17:00 - 0 1.1812
July 06:00 - 17:00 - 0 1.2396
August 06:00 - 17:00 - 0 0.2625
September 06:00 - 17:00 - 0 0.1604
October 06:00 - 17:00 - 0 0.1167
November 06:00 - 17:00 - 0 0.0729
December 06:00 - 17:00 - 0 0.0219
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10 Additional Figures and model performance results

The following Tables 6 and 7 provide additional model performance results for the total time periods as well as daytime and
nighttime fluxes. The following figures show the validation of shortwave radiation (Fig. 9), and longwave radiation (Fig. 10)
in Singapore, Melbourne, and Phoenix as an addition to the validation of net all wave radiation presented in the main article.
Figure 12 and 13 show the sensitivity of evapotranspiration and the energy fluxes to the change in vegetated ground cover
(AG,veg), leaf area index (LAI), and maximum Rubisco capacity (V. mq.) in Singapore as an addition to the sensitivity of 2 m

air temperature, 2 m humidity and the water fluxes presented in the main article.
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Table 6. Coefficient of determination (R?), mean bias error (MBE), root mean square error (RMSE), systematic root mean square error

(RMSE;), unsystematic root mean square error (RMSE,,), and mean absolute error (MAE) of the UT&C model performance assessment in

Singapore, Melbourne and Phoenix split in daytime and nighttime values for the radiative fluxes. The validation period specifies the total

UT&C simulation period in hours (h) and the percentage of time with available eddy-covariance measurements for model performance

assessment.

R? MBE RMSE RMSE, RMSE, MAE Validation period

(-) (Wm™®) (Wm™?) (Wm?) (Wm?) (Wm?  %of(h
S 1 (Singapore), full period, daytime 0.97 -5.5 9.7 7.6 6 6.6 84 % of 4015 h
S 1 (Singapore), dry period, daytime 0.97 -13.1 16.3 15.1 6.1 13.3 99 % of 330 h
S 1 (Melbourne), full period, daytime 0.99 -12.5 16.3 15.9 3.4 12.8 65 % of 5747 h
S 1 (Phoenix), full period, daytime 0.98 -5.9 10.7 8.8 6.1 8.1 98 % of 4539 h
L 1 (Singapore), full period 0.93 8.3 233 20.4 11.4 17.3 86 % of 8760 h
L 1 (Singapore), full period, daytime 0.93 28.2 334 31.6 10.6 28.4 84 % of 4015 h
L 1 (Singapore), full period, nighttime 0.79 -8.3 9.3 8.4 39 8.6 88 % of 4015 h
L 1 (Singapore), dry period 0.98 8.9 23.8 22.8 6.9 18.2 99 % of 720 h
L 1 (Singapore), dry period, daytime 0.98 29.7 33.8 33.1 7 29.7 99 % of 330 h
L 1 (Singapore), dry period, nighttime 0.94 -9 9.4 9.1 2 9 100 % of 330 h
L 1 (Melbourne), full period 0.94 7.8 14.8 8.6 12 11.7 62 % of 11376 h
L 1 (Melbourne), full period, daytime 0.95 15.2 18.8 15.5 10.7 16 64 % of 5747 h
L 1 (Melbourne), full period, nighttime | 0.91 -0.1 8.6 6.1 6 7 61 % of 5629 h
L 1 (Phoenix), full period 0.98 49 11.5 5.4 10.2 9.2 98 % of 9144 h
L 71 (Phoenix), full period, daytime 0.98 8.2 13.5 8.6 10.5 11.2 98 % of 4539 h
L 1 (Phoenix), full period, nighttime 0.99 1.6 9.1 8 4.3 73 98 % of 4605 h
R, (Singapore), full period >0.99 -4.9 20.8 19 8.4 16.4 84 % of 8760 h
R,, (Singapore), full period, daytime >0.99 -22.8 28 26.2 10 234 84 % of 4015 h
R, (Singapore), full period, nighttime 0.91 11.3 12.2 11.8 3.1 11.4 84 % of 4015 h
R,, (Singapore), dry period >0.99 -2.3 17 15.2 7.5 14.3 93 % of 720 h
R, (Singapore), dry period, daytime >0.99 -16.6 21.1 19 9.2 17.6 99 % of 330 h
R, (Singapore), dry period, nighttime 0.87 12.1 124 12.2 2.4 12.1 87 % of 330 h
R, (Melbourne), full period >0.99 -0.6 9.5 1.5 9.4 7.5 62 % of 11376 h
R, (Melbourne), full period, daytime >0.99 -2.7 9.4 3 8.9 7.5 64 % of 5747 h
R, (Melbourne), full period, nighttime | 0.94 1.7 9.6 6.9 6.6 7.5 61 % of 5629 h
R,, (Phoenix), full period >0.99 2.1 12.5 2.1 12.3 9.7 98 % of 9144 h
R, (Phoenix), full period, daytime >0.99 -2.3 15 23 14.8 11.9 98 % of 4539 h
R, (Phoenix), full period, nighttime 0.8 -1.9 9.4 4.3 8.3 7.4 98 % of 4605 h
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Table 7. Same as Table 6 for sensible (H) and latent (AE) heat fluxes.

R? MBE RMSE RMSE;, RMSE, MAE Validation period

(©) (Wm™) (Wm™) (Wm™) (Wm™) (Wm™)  %of (h)
H (Singapore), full period 0.93 -3.3 25.6 33 25.3 15.4 82 % of 8760 h
H (Singapore), full period, daytime 0.87 -3.3 37 33 36.8 26.6 80 % of 4015 h
H (Singapore), full period, nighttime 0.35 -3 8.2 7.5 32 5.9 84 % of 4015 h
H (Singapore), dry period 0.95 -8.1 30 8.2 28.9 20.4 99 % of 720 h
H (Singapore), dry period, daytime 0.89 -10.5 43.1 13.8 40.8 352 98 % of 330 h
H (Singapore), dry period, nighttime 0.62 -5.2 8.9 8.4 3 7.2 100 % of 330 h
H (Melbourne), full period 0.9 144 36.6 17.2 323 23.6 93 % of 11376 h
H (Melbourne), full period, daytime 0.86 25.5 49.8 26.3 423 372 93 % of 5747 h
H (Melbourne), full period, nighttime 0.48 29 13.1 8.2 10.2 9.7 92 % of 5629 h
H (Phoenix), full period 0.92 10.9 274 11.6 24.9 20.7 78 % of 9144 h
H (Phoenix), full period, daytime 0.88 7.6 338 8.2 32.8 26.3 77 % of 4539 h
H (Phoenix), full period, nighttime 0.1 14 19.2 15.6 11.2 15.1 78 % of 4605 h
AE (Singapore), full period 0.58 -0.6 28.7 13.8 252 159 81 % of 8760 h
AE (Singapore), full period, daytime 0.27 1.4 39.8 27 29.3 26.7 80 % of 4015 h
AFE (Singapore), full period, nighttime | 0.25 2.1 12.9 11.7 5.5 6.2 81 % of 4015 h
AFE (Singapore), dry period 0.67 2.5 16.2 7 14.7 10.5 97 % of 720 h
AFE (Singapore), dry period, daytime 0.24 4.8 22.5 18 13.5 17.2 98 % of 330 h
AFE (Singapore), dry period, nighttime | 0.03 0.2 6.2 5.8 2.2 3.9 95 % of 330 h
AE (Melbourne), full period 0.62 1.9 26.8 9.4 25.1 16.8 93 % of 11376 h
AE (Melbourne), full period, daytime 0.48 35 343 14.9 30.9 23.5 93 % of 5747 h
AE (Melbourne), full period, nighttime | 0.15 0.2 15.6 11.6 10.5 10 92 % of 5629 h
AE (Phoenix), full period 0.5 4.1 19.5 11.3 16 11.5 78 % of 9144 h
AE (Phoenix), full period, daytime 0.3 7.1 25.2 19.5 15.9 17.8 77 % of 4539 h
AE (Phoenix), full period, nighttime 0.16 1.2 11.7 10.1 5.8 5.3 78 % of 4605 h
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Figure 9. Comparison of modelled and measured outgoing shortwave radiation K 1 for the validation sites in a) Singapore, b) Melbourne,
and c) Phoenix. (i): Mean daily cycle (lines) +/-1 standard deviation (shaded area). (ii): Time series of mean daytime fluxes. (iii): Correlation

of hourly daytime measurements and simulations.
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Figure 10. Comparison of modelled and measured outgoing longwave radiation L 1 for the validation sites in a) Singapore, b) Melbourne,

and c) Phoenix. (i): Mean daily cycle (lines) +/-1 standard deviation (shaded area). (ii): Time series of mean daytime (solid lines) and
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nighttime (dashed lines) fluxes. (iii): Correlation of hourly daytime/nighttime measurements and simulations.

65

Model L 4 (W m™) Model L + (W m™)

Model L 4 (W m™)



(@) (b) ()

Vema= 20
LAI = 0.5 Transpiration
Acvee=0% ! 1 4
Vema= 120
LAL =5 Transpiration
Ae ve=100% % %
ﬁﬁyﬁiﬁ:ﬁ%ﬁe&,ﬁﬁ P s At ‘

Figure 11. Geometric set-up of the urban scene in Telok Kurau Singapore for the sensitivity analysis of the vegetated ground fraction
(AG,veg), LAI and maximum Rubisco capacity (Ve maz)- AG,veq is varied between 0 and 100 % (0 and 1), LAI between 0.5 and 5, and
Vi maz between 20 and 120 umol CO2 s~ m ™2, The urban scene is defined by the parameter set of Telok Kurau (Sect. 9 of TRM).
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Figure 12. Sensitivity analysis of canyon evapotranspiration (E7¢qnyon ) caused by the change in vegetated ground cover fraction (Ayeg), leaf
area index (LAI), and maximum Rubisco capacity (V¢ ma<) in Telok Kurau Singapore. (a), (b), and (c): Long term mean evapotranspiration
change with respect to the baseline case of no-vegetation (solid line) +/-1 standard deviation (shaded area). (d), (e), and (f): Long term mean

daily cycle of evapotranspiration. Ayeq is increased from 0 to 1, LAI is increased from 0.5 to 5, V. ;naq is increased from 20 to 120.
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Figure 13. Energy balance components of the urban canyon (L Ecqnyon: Latent heat, Hcqnyon: Sensible heat, Gcanyon: Conductive heat
flux) as a function of (a) vegetated ground cover fraction (Ag,veg), (b) leaf area index (LAI), and (c) maximum Rubisco capacity (Ve ,maz) in
Telok Kurau Singapore. Absorbed longwave radiation (Lyet,canyon), absorbed shortwave radiation (Spet,canyon ), and anthropogenic heat
flux (Qanth,canyon) in the urban canyon as a function of (d) vegetated ground cover fraction (Ag,veg), (€) leaf area index (LAI), and (f)
maximum Rubisco capacity (Ve maz) in Telok Kurau Singapore. The overall conductive heat flux Gcanyon comprises ground heat fluxes as

well as conductive fluxes into buildings which in Singapore often have airconditioned interiors resulting in an overall positive G canyon -
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Code and data availability. The development of UT&C, model validation, and graphs presented in this paper were conducted in Matlab
R2018b. The exact version of UT&C used to produce the results used in this paper is archived on Zenodo (Meili and Fatichi, 2019). The
original source code for the ecohydrological model Tethys-Chloris was obtained from the author (Fatichi et al., 2012a, b) while the building
and tree shading calculations are based on the code of Ryu et al. (2016). The tower based eddy covariance measurements used for model
validation were obtained from the authors in Telok Kurau Singapore (Velasco et al., 2013; Roth et al., 2016), in Preston Melbourne (Coutts
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