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General Summary and Comments This manuscript describes the development and testing of UT&C,
an urban canyon model that incorporates the characteristics of roof vegetation, ground vegetation,
and urban trees, including the capability to represent different plant types, and their effects on the
urban environment. Comparison of model output to tower flux observations indicates good
performance compared to other models. Importantly, the modeling of latent heat flux, the main
focus of the model formulations in the current paper, is equal to or improved compared to other
models. Sensitivity simulations indicate vegetation can decrease urban canopy temperature as
expected. The manuscript is well-written and thoroughly recognizes previous work in this area. The
model is comprehensively presented (a detailed description is provided in the Technical Reference
Material document) and simulation results are thoroughly analyzed. | recommend that this study
be published after considering the minor comments listed below.

We thank the reviewer for his/her time, precise summary, and positive evaluation of the manuscript.

Specific Comments

1. Abstract: Line 9: It is stated here that the model calculates all urban hydrological fluxes. However,
as mentioned in the model limitations section, snow hydrology is not accounted for. So this
statement should be modified.

Yes, correct, we have modified the statement in the abstract to clarify that snow hydrology is not
included in the model yet (Line 9).

2. Line 52: Change “Reasearch” to “Research”.
Corrected.

3. Line 55: CLM doesn’t have an explicit representation of short ground vegetation in the urban
canyon. Rather it has a generic pervious canyon floor whose soil column supports evaporation.

Yes, indeed, thank you for the clarification. We have removed CLM from the list of models with short
ground vegetation.

4. Line 101: Is the model restricted to an hourly time step for any reason or is it flexible enough to
accommodate finer time steps. For example, meteorological forcing data may be available at % or
% hour time steps. Solution of soil moisture equations and conductive fluxes may benefit from a
finer time step.

The code has been modified to accommodate shorter time steps (e.g. % or % h) if the meteorological
forcing data are available.

The soil moisture equations are internally solved at a much finer time step though, determined by an
ordinary differential equation solver based on a modified Rosenbrock formula of order 2 (ode23s,
Shampine and Reichelt, 1997) to ensure numerical stability. We have clarified this now in the
manuscript (Line 100-102) and in Sect. “6.2 Vadose zone dynamics” in the TRM.



5. Line 173: This seems to imply that the interior building temperature is not a function of the
conductive fluxes through the roof and walls and thus ignores external factors such as solar and
longwave radiation impinging on roofs and walls and the transfer of that heat to building interior.
Is this a reasonable assumption? Have the limitations of this assumption been explored in the cited
paper (de Munck et al. 2018)? There is some reference as to the importance of this in lines 599-601,
but there is no quantitative assessment of this offered.

In the current set-up, the interior building temperature is not a prognostic variable and, hence, it is
not dependent on the conductive heat flux. We believe that this simplification is reasonable as building
interiors are often heated or cooled when a certain temperature threshold is exceeded. In other
words, inhabitants define the internal temperature, but not the amount of energy invested in cooling
or heating (which is also a by-product of the UT&C model), as in the model. Furthermore, in mild-
climates or in the Spring and Fall, occupants can open windows, thereby somehow setting the interior
building temperature equal to the exterior air temperature or forcing air temperature.

However, the conductive heat flux is a function of all external factors (e.g., shortwave and longwave
radiation) affecting the surface temperature of the roof and walls. Additionally, the conductive heat
flux is a function of the interior building temperature which can influence exterior temperature. For
example, the heating of building interiors in winter can influence building facade temperatures and
therefore, canyon air temperature.

De Munck et al. (2018) did not further explore the limitation of fixing internal building temperature.
Hence, we have now performed a sensitivity analysis for interior building temperature in Singapore
where air-conditioning of building interiors is common (see TRM Sect. 5). We varied the interior
building temperature and analysed the change in the air temperature at canyon reference height, and
the canyon energy fluxes, if (A) the energy used for cooling is not re-emitted to the canyon air, and
the energy used for cooling the building envelope is re-emitted to the canyon air with an air-
conditioning coefficient of performance which is infinite (efficiency of 1) in (B), and 2.5 (De Munck et
al. 2018) in (C). The air temperature at canyon reference height, the location where anthropogenic
heat is emitted, increases with decreasing building temperature in the case of re-emitted
anthropogenic heat. This re-emission of anthropogenic heat increases the sensible heat flux which
corresponds to the increase in heat emissions caused by air-conditioning of building interiors. The
further feedback of this increase in sensible heat on the forcing temperature and, therefore, urban
canopy air temperature can only be analysed through a coupling with a mesoscale meteorological
model.

We have clarified this now in Sect. 5 “Anthropogenic heat flux” of the TRM.

6. Table 1: Generally, “u” and “v” are used to describe the wind components. Suggest changing
“Velocity u” to “Wind Velocity w”.

We have changed “Velocity u” to “Wind speed U”.

“"

7. Line 560: Suggest changing “the here reported relative humidity increase” to “the relative
humidity increase reported here”.

Changed.

8. Line 575: Change “fraiming” to “framing”. Or change to “helps to define reasonable
expectations”.

Changed.



9. Line 618: Change “explicitely” to “explicitly”.
Changed.

10. Supplement, Line 1011: What is meant by “canyon calculation height”? Is this the height at which
the air temperature calculated? Aren’t there two heights calculated?

Yes, the air temperature and humidity are calculated at two heights within the urban canyon: 1) at 2
m canyon height and 2) at canyon reference height, which is the sum of the zero-plane displacement
height of the canyon and the canyon roughness length (disp,can + Zo,m,can)-

We have chosen to add the anthropogenic heat at the canyon reference height. However, this could
be modified depending on the exact emission location of the anthropogenic heat. The anthropogenic
heat could be added at 2 m canyon height, at canyon reference height, and at roof level, or could be
partitioned among these different locations.

We have now clarified in the TRM that, in the current model set up, anthropogenic heat is added at
the canyon reference height (=ddisp,can + Zo,m,can). Modification in TRM Line 1005.
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General comments

The manuscript titled “An urban ecohydrological model to quantify the effect of vegetation on
urban climate and hydrology (UTC v1.0)” by Meili et al. describes a comprehensive numerical model
that incorporates various urban components (grass, trees, urban facets, etc.) and their
ecohydrological processes. The authors also provide a very detailed descriptive document as the
technical reference manual. In the model comparison using flux tower data, simulated results using
the proposed model are generally consistent with or even better than previous studies. Overall the
manuscript is well written, and the study (both model development and numerical
evaluation/validation) is well designed. | therefore recommend publication after resolving the
issues / answering the questions below in the revision.

We thank the reviewer for his/her time, precise summary, and positive evaluation of the manuscript.

Specific comments

1. Line 97: “The anthropogenic heat flux Qf is directly added to the sensible heat budget of the
canyon air.” The anthropogenic heat flux should be on the LHS of Eq. (1) instead of RHS.

Thank you for your comment, we have now clarified this point in the manuscript in Eq. (1). Previously
we separated the “surface budget” from the “canyon air” budget, but that was indeed confusing.

2. Line 101: “hourly time steps”. Is this enough to ensure numerical stability?

The code has been modified to accommodate shorter time steps (e.g. % or % h) if the meteorological
forcing data are available (see also reply to referee 1).

Equations for which a finer temporal resolution is required to ensure numerical stability, such as the
soil moisture equations, are internally solved at a much finer time step determined by an ordinary
differential equation solver that is based on a modified Rosenbrock formula of order 2 (ode23s,
Shampine and Reichelt, 1997). We have clarified this in the revised manuscript (Line 100-102) and in
Sect. “6.2 Vadose zone dynamics” in the TRM.

3. Lines 151-152: “The air volume within the canyon is subdivided into two layers with a height of
4 m for the first layer and a height of (HCanyon - 4) m for the second layer.” This geometry setting
will largely limit the application of the proposed model if the height (4 m) is fixed.

Thank you for the feedback. The height of 4 m is chosen to calculate the portion of sensible heat flux
from the wall that is contributing to the 2 m air temperature. In the case when the mean building
height is lower than 4 m, it is assumed that the sensible heat flux from the total wall area is
contributing to the air temperature at 2 m. We have now clarified this in the manuscript (Line 151-
156).



4. Llines 172-173:“: : :interior building temperature Tb, which is set equal to the atmospheric forcing
temperature within the range of a specified minimum Th;min and maximum temperature Th;max.”
Is there any specific reason for such setting? The interior building temperature is usually distinct
from outside temperature (forcing) when H/AC is used (as mentioned in line 174).

The interior building temperature is set to a prescribed minimum temperature Ty min if the outdoor
temperature drops below Tpmin and building interiors are heated. Similarly, if outdoor temperatures
exceed Tymax, the interior building temperature will be fixed to Tymax and building interiors are air-
conditioned. In between these two set-points, the interior building temperature is prescribed equal
to the forcing temperature under the assumption that minimal heating or air-conditioning is applied
during periods with pleasant outdoor temperatures. We believe this is a reasonable assumption as
building occupants are likely to open windows during comfortable outdoor conditions. The interior
building temperature can also be set to one single prescribed value T, if the building interior is
assumed temperature controlled under all outdoor conditions.

We have modified the manuscript to clarify this point in line 178-179 and TRM Line 984-985.

5. Lines 380-381: “The simulation time series length is : : : mean daily cycles averaged over the
whole year”. Did the authors observe any seasonal variability?

The sensitivity analysis of 2 m air temperature and relative humidity to an increase in vegetated
ground cover Awg LAl and Vcmax is performed for the urban set-up of the eddy-covariance
measurement site in Telok Kurau, Singapore. Singapore experiences a relatively uniform climate
throughout the year and hence, we did not analyse seasonal variability. There is an exceptional dry
period (15.2.2014 - 16.3.2014) in the modelled time series for which we have now separately analysed
the mean 2 m air temperature decrease and relative humidity increase caused by the change in Ayeg,
LAl and V¢ max. See modifications in the manuscript at line 385-388 and line 527-535.

6. Figure 5(i): Sensible heat flux is generally overestimated by the model during daytime. Please
provide some possible reasons.

As shown in Figure 5, the sensible heat flux is mainly overestimated in Melbourne, while the model
appears to better simulate the sensible heat fluxes in Singapore and Phoenix. As shown in Figure 5 of
Coutts et al. (2007a), the spatial heterogeneity of the urban landscape combined with the variability
in wind direction has an impact on the fluxes. The model lumps these heterogeneities into a handful
of variables, which of course represent a simplification of the true process.

In general, uncertainties in parameter values, such as urban morphology, and thermal and radiative
characteristics, can influence model performance (Demuzere et al. 2017). Additionally, uncertainties
in model structure and parametrizations might also lead to simulation-observation differences.
Uncertainties are also introduced in the amount of anthropogenic heat and water added to the
system, and the prescribed interior building temperature used.

Furthermore, tower based eddy-covariance measurements do not close the energy budget which is
attributed to the conductive heat fluxes and change in heat storage in the urban fabric as well as
measurement uncertainties, since the lack of energy balance closure is also observed in the long-term
averages. In other words, some difference between model simulations and observations are expected.
Because the sensible heat flux is typically one of the major energy fluxes in the urban environment,
model and measurement discrepancies are likely emphasized.

All of these reasons can contribute to the observed difference; however, it is hard to pinpoint the main
reason with only flux-tower estimates of sensible heat and this will likely require different
observations as fields of surface temperature and vertical profiles of wind speed.



7. Section 4.1.3: Probably the observed discrepancy can also be attributable to the assumption of
irrigation water use.

Thank you for the comment, we have added this point to the manuscript. Modification in line 445-447
of the revised manuscript.

8. Figure 10: The dynamics of soil moisture over time are very interesting. Can this be evaluated
with field measurements (of moisture)?

Unfortunately, we do not have soil moisture measurements in the ground underneath the Telok Kurau
eddy-covariance site in Singapore during the simulation time period shown in the manuscript.

The evaluation with field measurements is also difficult as soil texture and soil moisture are often
heterogeneous and measurements are usually performed at the point scale and, hence, unlikely
representative of a larger area, while the model and the eddy-covariance measurements
simulate/measure at the neighbourhood scale.

9. Lines 569-570: “Higher air temperature decrease in drier climates is often linked to urban
irrigation though as shown by Broadbent et al. (2018b) in Melbourne....” and lines 30-37 about the
advantages of urban vegetation: please note that using nature-based solutions for cooling should
also consider the trade-off between irrigation water use and the cooling effect the urban vegetation
can provide, especially in dry areas like Melbourne or Phoenix, see Yang and Wang (2017)
(https://doi.org/10.1016/j.landurbplan.2017.07.014) for a regional simulation in Phoenix and Wang
et al. (2019) (https://doi.org/10.1016/j.compenvurbsys.2019.101397) for a continental simulation
in U.S.

Thank you for the comment which we have now included in the manuscript. Modification in line 588-
590 of the revised manuscript.

Technical corrections

1. Line 81: please add “,” after “accounted for”.

Corrected.

2. Line 515: “The sensitivity to maximum Rubisco capacity (Vc,max), as indicative of plant
photosynthetic capacity, leads to an average reduction of T2m by 0.3 °C and an increase of RH2m
and ETcanyon by 1.6

Changed.

3. Figure 13: Please move the legend to the right side (outside subplot c).

Changed.
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Abstract. Increasing urbanization is likely to intensify the urban heat island effect, decrease outdoor thermal comfort and
enhance runoff generation in cities. Urban green spaces are often proposed as a mitigation strategy to counteract these adverse
effects and many recent developments of urban climate models focus on the inclusion of green and blue infrastructure to inform
urban planning. However, many models still lack the ability to account for different plant types and oversimplify the interac-
tions between the built environment, vegetation, and hydrology. In this study, we present an urban ecohydrological model,
Urban Tethys-Chloris (UT&C), that combines principles of ecosystem modelling with an urban canopy scheme accounting for
the biophysical and ecophysiological characteristics of roof vegetation, ground vegetation and urban trees. UT&C is a fully
coupled energy and water balance model that calculates 2 m air temperature, 2 m humidity, and surface temperatures based
on the infinite urban canyon approach. It further calculates ali-the urban hydrological fluxes in the absence of snow, including
transpiration as a function of plant photosynthesis. Hence, UT&C accounts for the effects of different plant types on the urban
climate and hydrology, as well as the effects of the urban environment on plant well-being and performance. UT&C performs
well when compared against energy flux measurements of eddy covariance towers located in three cities in different climates
(Singapore, Melbourne, Phoenix). A sensitivity analysis, performed as a proof of concept for the city of Singapore, shows a
mean decrease in 2 m air temperature of 1.1 °C for fully grass covered ground, 0.2 °C for high values of leaf area index (LAI),
and 0.3 °C for high values of V. ;4. (an expression of photosynthetic aetivitycapacity). These reductions in temperature were
combined with a simultaneous increase in relative humidity by 6.5 %, 2.1 %, and 1.6 %, for fully grass covered ground, high
values of LAI, and high values of V. 44, respectively. Furthermore, the increase of pervious vegetated ground is able to sig-

nificantly reduce surface runoff.
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1 Introduction

More than 50 % of the world’s population currently lives in cities with a predicted increase in all regions of the world (United
Nations, 2014). This growing urban population, together with the projected rise in global temperature and associated higher
frequency of heat waves (IPCC, 2014), is likely to exacerbate the urban heat island (UHI) effect (Li and Bou-Zeid, 2013),
which can have adverse effects on outdoor thermal comfort (Mitchell et al., 2016; Mora et al., 2017), energy demand of
cooling systems (Hadley et al., 2006), and urban ecology (Zhang et al., 2004; Jochner et al., 2013). At the same time, urban
expansion increases impervious surface area and can enhance heavy rainfall events (Holst et al., 2016). These modifications
intensify surface runoff that needs to be counteracted with greater investments in stormwater sewer systems ;-or-otherwise-to
avoid urban flooding and damage ef-to infrastructure and valuable propertiesmightresutt. Hence, the negative externalities of
urbanization need to be addressed and proper mitigation strategies analysed.

Nature-based solutions, such as the increase of urban vegetation, are often encouraged to mitigate UHI and decrease surface
runoff as part of a sustainable urban development (Lim and Lu, 2016; Roth, 2007; Bowler et al., 2010; Pataki et al., 2011;
Li et al., 2014; Gillner et al., 2015). For instance, urban trees provide shade for pedestrians and evaporative cooling (Bowler
et al., 2010; Konarska et al., 2016), while an increase in ground vegetation can further provide storm water retention (Berland
et al., 2017). In addition to urban climate and water regulation, urban vegetation also provides other ecosystem services, for
example, carbon storage (Nowak and Crane, 2002), enhanced biodiversity (Grimm et al., 2008), and aesthetic, cultural and
health benefits (Salmond et al., 2016; Ng et al., 2018). Therefore, many urban-policy-makers promote an increase of urban
vegetation (Lim and Lu, 2016).

In this context, innovative numerical approaches are needed, given the complexity of the problem, to quantify the influence
of green infrastructure on climate and water fluxes in cities and to provide guidelines for urban planners. A suitable modelling
tool should resolve air temperature and humidity at the pedestrian level, surface temperatures (including mean radiant temper-
ature), and wind speed to predict outdoor thermal comfort (OTC) (e.g. Hoppe, 1999; Golasi et al., 2018). Furthermore, canopy
interception and subsurface hydrology need to be included to assess surface runoff and account for potential water stress of
urban vegetation. Plant biophysical and ecophysiological characteristics are also important to accurately predict the effects of
plant evapotranspiration and shading on the urban climate and hydrological cycle, as well as to evaluate their-climatic feedback
on the well-being of plants and their ability to continue performing the aformentioned ecosystem services.

In recent years, a number of urban climate models started to consider the influence of vegetation on urban micrometeorology
and hydrology. On the one hand, some models focus on the detailed representation of a particular process as, for example, solar
irradiation (e.g. SOLWEIG: Lindberg et al., 2008; RayMan: Matzarakis et al., 2007; 2010). Methods typical of computational
fluid dynamics (CFD) have been used to predict wind patterns and profiles in the urban environment (e.g. OpenFoam: Allegrini
and Carmeliet, 2017; Manickathan et al., 2018; ENVI-met: Bruse and Fleer, 1998), but they usually neglect or simplify other
components of the urban energy and water balance. On the other hand, mesoscale meteorological models, as for example the
Weather Reasearch-and-Foreasting-Research and Forecasting model (WRF) (Skamarock et al., 2008), provide a description

of the large scale meteorological conditions and, when coupled with urban canopy models, can give feedback effects between
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mitigation strategies and urban climate, as well as quantify the impact at different scales of the implementation. Urban canopy
models solve energy and water balances and have been improved in recent years to include short ground vegetation (EEM:
Oleson-et-al;2007:-2008:2010--TEB-Veg: Lemonsu et al., 2012; PUCM: Wang et al., 2013), trees (VUCM: Park and Lee,
2008; TEB-Veg: Redon et al., 2017; PUCM: Ryu et al., 2016; BEP-Tree: Krayenhoff et al., 2014; 2015), and more detailed
representations of subsurface hydrology (TEB-Hydro: Stavropulos-Laffaille et al., 2018). Further advancements allow distin-
guishing between deciduous and evergreen shrubs and trees (SUEWS: Ward et al., 2016), irrigated and non-irrigated vegetation
(TARGET: Broadbent et al., 2018a), and plant types (VTUF-3D: Nice et al., 2018). While these studies represent significant
advancements in urban geoscience, some of them still present limitations as, for example, neglecting the effects of precipi-
tation (e.g., Broadbent et al., 2018a) or the inability to model canopy level humidity (e.g., Nice et al., 2018). Hence, while a
number of urban canopy models accounting for urban-vegetation exist, the majority of them still have a simplistic or empiri-
cal representation of plant physiological processes, and thus transpiration, or entirely neglect components of the hydrological
cycle.

In this study, we combine components of the ecohydrological model Tethys-Chloris (T&C) (Fatichi et al., 2012a, b) with
components of urban canopy modelling, such as the tree shading scheme of the Princeton Urban Canopy Model (Wang et al.,
2013; Ryu et al., 2016), to develop the urban ecohydrological model Urban Tethys-Chloris (UT&C). UT&C accounts for
detailed plant biophysical and ecophysiological characteristics and models transpiration as a function of environment-plant
eonditions—(environmental conditions (e.g., soil moisture, photosynthetic active radiation, vapour pressure deficit) and plant
physiological traits. Interception on plant canopy and ponding on impervious and soil surfaces, as well as urban subsurface
hydrology, are accounted for. UT&C is able to simulate the influence of different configurations of green spaces (green roofs,
street trees, ground vegetation), vegetation types, and plant species on the urban climate and hydrology. It is a fully coupled
energy and water balance model that calculates 2 m air temperature, 2 m humidity, and skin temperatures of urban surfaces.
In this article and its technical reference material (TRM) we (1) introduce UT&C and provide a detailed technical description,
(2) show an evaluation of the model performance in three cities with distinctive climates, Singapore, Melbourne (Australia),
and Phoenix (USA), and (3) provide proofs of concept of the model capability with a sensitivity analysis to urban vegetation

cover, and plant biophysical (leaf area index, LAI) and ecophysiological (maximum Rubisco capacity, V. ;.qz) parameters.

2  Model design

UT&C is based on the infinite urban canyon approximation (Masson, 2000; Kusaka et al., 2001). The urban geometry is
specified with a canyon height (Hcgnyon), canyon width (Wganyon ), and roof width (Wg,, ) (Fig. 1). Street directions are
explicitly accounted for, resulting in one (partially) sunlit and one shaded wall (Wang et al., 2013). The ground is partitioned
into impervious (Ag,smp), bare soil (Ag pare), and vegetated (Mg veq) ground fractions, whereas the roof is partitioned into
impervious (Ag,imp) and vegetated (Ag,veq) roof fractions (Wang et al., 2013). If trees are present in the urban environment,
they are represented by two infinite rows of street trees described by their height (H ), canopy radius (Rr), and distance to the

nearest wall (dr) as developed by Ryu et al. (2016).
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Figure 1. Geometric set-up of UT&C. Z,¢n, is the reference height for meteorological input data, Hcanyon the mean building height,
Wecanyon the mean width of the urban canyon, and Wgo.s the mean roof width. The ground is partitioned into impervious (Ag,imp), bare
(AG,bare), and vegetated (Ag,veg) fractions. The roof is partitioned into impervious (Ar,imp) and vegetated (Ar,veg) fractions. The location

and size of urban trees is specified by the tree height (Hr), tree radius (Rr) and tree distance to wall (dr).

UT&C solves the energy and water budget (Fig. 2 & 3) to calculate surface temperatures of sunlit and shaded wall, tree,
ground, and roof fractions. The canyon air space is subdivided into two layers. The canyon air temperature and humidity are
calculated at 2 m canyon height and at canyon reference height, which is the sum of the zero-plane displacement height of the
canyon and canyon roughness length (daispean—t—=0mmcan disn, can. - 20,0,can> Fig. 2). The evaperationfrom—wall-surfaces
is-assumed negligible—The surface-energy-and-urban energy budget for the whole atmospheric layer and the water budget

arecoup

R,4+Q;=H+AE+G [Wm™? (1)
P+Ir=R+FE+Lk+AS [kgm s} (2)

where R, is the net all-wave radiation, ¢) ¢ the anthropogenic heat input, [ the sensible heat flux, AE the evapotranspiration
E [kg m~2 s~!] multiplied by the latent heat of vaporisation A [J kg~!], G the conductive heat flux which includes the heat
storage effect of the urban fabric, P the precipitation, Ir the anthropogenic water input (irrigation), R the surface runoff, Lk
the deep leakage at the bottom of the soil column, that can be regarded as a recharge term to groundwater, and AS the change in

water storage both on the surface and in the soil. The a

the-eanyon-air—The-heatheat storage within the canyon air is not included in the current version of the model. The evaporation
from wall surfaces is assumed negligible. Input data used by UT&C uses-as-input-data;—are observed meteorological time
series of air temperature, humidity, air pressure, incoming shortwave and longwave radiation, precipitation, and wind speed

at a user-specified reference height above the urban canyon and it is therefore run offline but could potentially be coupled to
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mesoscale meteorological models in the future. The model runs at hourly or sub-hourly time steps and the computational speed
is approximately 500 ms per time step resulting in a simulation time of one grid cell model set-up of roughly 1 h for 1 year of
data (hourly time step) on a commercial laptop (Intel Core i7-6820HQ 2.7GHz, 16 GB RAM).

Reference Height for Meteorological Inputs
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Figure 2. Modelled energy fluxes in UT&C. Tk i, Tw,i, Tc,i, and T'r are the roof, wall, ground and tree temperatures, which are calculated
solving the individual surface energy balaneebalances. The canyon air is subdivided into two layers and air temperature and humidity are
calculated at 2 m height (7%, g2m) and at the canyon reference height (Ttan, gcan) Which is equal to the sum of zero-plane displacement
height (darspeanidisp.can) and momentum roughness length (Zomean20,m can) Of the canyon. T4y, and gaep are the air temperature
and humidity at the reference height for meteorological inputs, and T} is the prescribed interior building temperature. The graph on the

right shows the resistances applied to calculate shaded and sunlit canopy transpiration, evaporation from interception and soil evaporation
within the urban canyon. 7, shade is the stomatal resistance of shaded vegetation canopy, 7s,surn the stomatal resistance of sunlit vegetation
canopy, r the leaf boundary resistance, 75,4 the soil resistance, rqh ., the vertical aerodynamic resistance within the canyon, and 74, the

aerodynamic resistance above the urban canyon.
2.1 Energy budget

2.1.1 Radiative transfer

The net all-wave radiation R,,, typically referred to simply as net radiation, is the sum of net shortwave and net longwave

radiation:
R,=S]-S1+L}]—-L1% [Wm*Q] 3)

where S | is the incoming and S 7 the reflected shortwave radiation, L | the incoming longwave radiation and L 7 the emitted

and reflected longwave radiation. The incoming shortwave radiation is partitioned into direct beam and diffuse radiation using
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Figure 3. Modelled water fluxes in UT&C. The urban soil is subdivided into three different soil columns according to the impervious
(Ag,imp), bare (Ag,pare), and vegetated (Ag,veq) ground fraction. Vertical (querticar) and lateral (Qiaterar) soil water fluxes are calculated.
Runoff occurs when the maximum ponding storage capacity is exceeded. An user-specified fraction of runoff can be kept in the system as

runon.

a weather generator (Fatichi et al., 2011), and the absorbed shortwave radiation of surface ¢, S, ;, is a function of its albedo:
S = (1= i) (S 4 +5 177y [W m=] “

where o is the albedo of surface i, and .S W" and S wif T are the direct and diffuse incoming shortwave radiation to surface
1. The amount of direct shortwave radiation received by each urban surface is calculated considering shade according to
established methodologies (Masson, 2000; Kusaka et al., 2001; Wang et al., 2013) if trees are absent or according to Ryu
et al. (2016) if trees are present. The diffuse shortwave radiation received from the sky on each surface is calculated with
the respective sky-view-factor. It is assumed that all surfaces are Lambertian with diffuse and isotropic scattering and that
the different ground cover fractions are homogeneously distributed over the ground area. Following these assumptions, infinite
reflections of shortwave radiation are calculated within the urban canyon with the use of view-factors (Sparrow and Cess, 1970;
Harman et al., 2003; Wang, 2010, 2014). The air within the canyon does not interact in the radiative exchange, for example,
the effect of airborne aerosols is neglected (Wang, 2014).
The absorbed and-refleeted-longwave radiation of each surface ¢ is calculated as:

Lyi=¢€(L )i —oT) [Wm™? &)

where ¢; is the emissivity and (1 —¢;) the reflectivity of a surface for longwave radiation, L |; the incoming longwave radiation,
0 ="5.67x107% [W m~2 K] is the Stefan-Boltzmann constant, and 7T; [K] the surface temperature. The incoming longwave
radiation L |; is calculated as a function of the emitted longwave radiation by the atmosphere and the surrounding surfaces.
As with shortwave radiation, infinite reflections of longwave radiation within the urban canyon are calculated with the use

of reciprocal view-factors (Harman et al., 2003). The view factors are caculated with analytically derived equations for an
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urban canyon without trees (Sparrow and Cess, 1970; Masson, 2000; Harman et al., 2003; Park and Lee, 2008; Wang et al.,
2013). If trees are present, the view factors are calculated with a simplified two dimensional Monte Carlo ray tracing algorithm
developed and included in the UT&C code similar to the algorithms described by Wang (2014) and Frank et al. (2016). The
Monte Carlo ray tracing view factors are corrected for reciprocity as to guarantee energy conservation.

The detailed description of shortwave and longwave radiation, view factor, and Monte Carlo ray tracing calculations are

described in Sect. 1 of the TRM.
2.1.2 Turbulent energy fluxes

The total sensible and latent heat fluxes are calculated as the area-weighted average flux of roof and canyon area. The turbulent

transport of sensible and latent heat is calculated according to a resistance parametrization (Shuttleworth, 2012) as:

(T; = T,)
H; = poCprita) 6)
p 2 :Tj
AE; = )\,Da (QSat,(Ti) - qa) (7)

2.7
where p, [kg m~3] is the dry-air density, C,, [J kg~! K~!] the specific heat capacity of air at constant pressure, 7; [K] the
temperature of surface i, T, [K] the air temperature, gy, (1,) [—] the saturated specific humidity of surface 4, g, [—] the specific
humidity of the air, and >_r; [s m™!] the sum of resistances j to the turbulent transport of sensible and latent heat. UT&C
accounts for vertical aerodynamic resistance above and within the urban canyon, horizontal aerodynamic resistance within the
urban canyon, leaf boundary layer resistance, stomatal resistance of sunlit and shaded leaves, and soil resistance (Fig. 2). The
vertical wind speed profile is assumed logarithmic above the urban canopy, exponential within the canyon, and logarithmic
again close to the canyon ground (Masson, 2000; Mahat et al., 2013). Zero-plane displacement height, dgispeanfdisp,cans
and momentum roughness length, 2p m can, Of the urban canopy are calculated according to the formulations developed by
Macdonald et al. (1998), which were modified by Kent et al. (2017) to include the effects of urban trees. The roughness
length for heat and water vapour is assumed to be one tenth of the momentum roughness length. The aerodynamic resistance
above the urban canopy, 7., is calculated according to Mascart et al. (1995) with a simplified parametrization of the Monin-
Obukhov similarity theory. The vertical aerodynamic resistance within the canyon is calculated with an undercanopy resistance
parametrisation, 744, ,, (Mahat et al., 2013). The air volume within the canyon is subdivided into two layers with a height of
equal to the minimum between 4 m and H g0, for the first layer and a-height-ofAHeampom—9-Hunyen — 4 m for the
weighted average of the two layers with only the first layer contributing to the wall sensible heat flux at 2 m canyon height
(TRM Sect. 2.1.4). UT&C allows for an average canyon height Hoguyen lower than 4 m, and, in such case, the sensible heat
flux from the wall is entirely contributing to the 2 m air temperature. The horizontal aerodynamic resistance from the wall to the

canyon air, 74y, 4, is calculated with the respective wind speeds at mid-height of each canyon air layer with the fomulations of
Rowley et al. (1930) and Rowley and Eckley (1932). The leaf boundary layer resistance, r, describing the resistance imposed

by a thin viscous sublayer of air around the leaf surfaces is calculated as a function of wind speed and leaf dimension (Fatichi
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et al., 2012a, b; Leuning et al., 1995; Monteith, 1973; Choudhury and Monteith, 1988; Shuttleworth and Gurney, 1990). The
soil resistance, 7., describes the transport of water vapour from the soil pores to the air above the soil surface boundary

layer and is a function of the atmospheric condictions,

and wetness of the surface layer (Haghighi et al., 2013; Fatichi and Pappas, 2017). The total soil resistance is the sum of the
soil boundary layer resistance and internal capillary-viscous resistance (Haghighi et al., 2013; Fatichi and Pappas, 2017). The
stomatal resistance, 7, describes the transport of water vapour from the leaf interior to the air. UT&C calculates the stomatal
resistance with a biochemical model as a function of photosynthetic activity as described in Sect. 2.3.1. Transpirative fluxes
only occur from the vegetation canopy fraction, which is not covered by intercepted water. Evaporative fluxes occur from
ground, impervious surfaces (except walls) and the canopy fraction covered by intercepted water. The fraction of vegetation
canopy covered by water is calculated according to Deardorff (1978).

The detailed description of all the sensible and latent heaf fluxes, resistance parametrizations, wind profile, displacement

height and roughness length calculations can be found in Sect. 2 and 3 of the TRM.
2.1.3 Conductive heat fluxes

The conductive heat fluxes of wall and roof are calculated with a numerical solution of the heat diffusion equation (Hu and
Islam, 1995; Hillel, 1998; Niinez et al., 2010; Masson, 2000). UT&C considers two physical layers for vegetated roof and one
physical layer for impervious roof, and sunlit and shaded wall. The numerical solution is based on three nodes (two layers)
with the inner boundary condition equal to the interior building temperature T3, which is set equal to the atmospheric forcing
temperature within the range of a specified minimum 7}, ,,,;,, and maximum temperature 7T}, ;.. Below and above T} 5, and
T}, maa» the interior building temperature is fixed to T} 55, and T 4, assuming air-conditioning or heating of the building
interior (de Munck et al., 2018). Furthermore, UT&C is able to account for a fixed prescribed interior building temperature
Ty. The outer boundary condition is given by the prognostic surface temperature and in between an internal wall and roof
temperature is calculated to account for heat storage effects. The ground conductive heat flux is calculated with the force
restore method (Hu and Islam, 1995; Noilhan and Planton, 1989; Fatichi et al., 2012a, b). Soil volumetric heat capacity, and
soil thermal conductivity 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). Further information on the calculation of the

conductive heat fluxes can be found in Sect. 4 of the TRM.
2.1.4 Anthropogenic heat fluxes

UT&C accounts for a prescribed time series of anthropogenic heat flux, which is added to the canyon air, assuming that
heat emissions mostly occur within the urban canyon. Hence, anthropogenic heat emissions caused by air conditioning, car
exhaust, industry, human metabolism, or any other anthropogenic heat source need to be estimated prior to simulation, e.g.
using existing approaches (Sailor and Lu, 2004; Sailor et al., 2015). Anthropogenic heat effects caused by domestic heating or
cooling of building interiors are already accounted for through the conductive heat flux from building interior to canyon air that

is influenced by the fixed interior building temperature as described in Sect. 2.1.3 —and in the TRM Sect. 5. The anthropogenic
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heat inputs used to assess the model performance are based on site specific values (Roth et al., 2016; Chow et al., 2014) and

summarized in the TRM (Sect. 9).
2.2 Water budget
2.2.1 Interception and ponding

UT&C calculates interception of water by vegetation canopies and ponding on impervious surfaces, bare, and vegetated soils.
The interception and ponding dynamics are calculated with a mass budget approach that can be written as (Rutter et al., 1971,

1975; Ivanov et al., 2008b; Fatichi et al., 2012a, b):

‘g—t” =P*—D—FE, [mmh}] (8)
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 infiltration flux from ponding water, and E7,, [mm h~!] the evaporation from intercepted
and ponding water. The maximum water ponding or storage capacity of impervious surfaces is an uncertain but important
parameter to accurately model the latent heat flux after rain events (Wouters et al., 2015; Ramamurthy and Bou-Zeid, 2014).
UT&C accounts for a maximum impervious ponding capacity as well as runon, a fraction of runoff that is kept in the system
(Sect. 2.2.3). The detailed description of interception and ponding dynamics can be found in Sect. 6.1 of the TRM and Sect.
2.3.3 for vegetation canopy. The maximum impervious ponding capacity and the fraction of runoff assigned to runon used in

the model performance assessment are summarized in the TRM (Sect. 9).
2.2.2 Vadose soil moisture dynamics

The canyon ground is discretized into n vertical soil layers and three soil columns corresponding to the impervious, bare, and
vegetated ground fractions (Fig. 3). The vegetated roof fraction is discretized into one column with m vertical soil layers. The
first two layers of the impervious ground fraction are assumed impermeable with negligible porosity and do not participate
in the vadose zone dynamics. Soil underneath buildings is not considered in the current parameterization. The 1D-Richards
equation (Richards, 1931) is first solved in the vertical direction for each soil column using a finite volume approach with the
methods of lines (Lee et al., 2004; Fatichi et al., 2012a, b) as:

do;

dz,jﬁ = (qul - QJ) - Ttree 7At'r‘eej - Tveg 7Aveg_,» - Eg (9)

where d ; [mm)] is the soil layer thickness, and ¢;_; and ¢; [mm h™?] are the vertical inflow and outflow of soil layer j. The
transpirative sinks of ground vegetation and trees, Tycq and Tiy e [mm hfl], are weighted by their root biomass fraction in
each soil layer, ¢y, and r¢cc; [—]. The soil evaporation, £, [mm h~1], is only present in the first (j = 1) soil layer of the
bare and vegetated soil column. In a second step, the 1D-Richards equation (Richards, 1931) is solved laterally as:

db;
7; = (Ql,in,j - Ql,out,j) (10)
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where @ in; and Q) oue,; [mm h™'] are the lateral in-inflow and outflow of soil layer j with respect to the adjacent soil
columns. Exchange of soil moisture between all three soil columns is included in the model resulting in a total of six (factorial
of three) lateral fluxes. The vertical ¢; and lateral ); ; fluxes of water in the soil are calculated according to the gradients of
soil water potentials (see TRM Sect. 6.2.1). The infiltration into the first soil layer is either the maximum infiltration capacity
or the water available at the surface, depending on which is limiting. The maximum infiltration capacity for bare and vegetated
surfaces is calculated based on the hydraulic gradient between ponding water (if any) and water potential in the first soil layer.
The maximum infiltration through the impervious ground surface is a model parameter and the infiltrated water is directly
added to the third soil layer as the first two layers are not interacting with the vadose zone dynamics. The water percolating
from the last soil layer n or m is called deep leakage. The formation of a shallow groundwater table is possible if soil hydraulic
conditions allow or if an impermeable boundary condition is prescribed at the bottom of the soil column (Fatichi et al., 2012a,
b). The soil hydraulic properties are calculated based on the soil textural composition using pedotransfer functions, and soil
hydraulic conductivity and soil water retention curve can either be described with the van Genuchten (1980) or Saxton and
Rawls (2006) parametrizations.

The detailed description of the vadose zone dynamics can be found in Sect. 6.2 of the TRM.
2.2.3 Runoff and runon

Runoff is generated when the maximum infiltration capacity and then interception capacity of a surface are exceeded. The
total roof and ground runoff is calculated as the area averaged runoff of each surface fraction. UT&C allows users to specify
a percentage of runoff that stays in the system for one time step (1 hour) and it is re-added as runon evenly to either roof or
ground areas. Allowing for a runon component is important to model urban areas where excess water from one surface does not
exit immediately the system but remains in place (e.g., flat roof) or is redirected to another surface as for example bioswales.

Further information on the calculation of runoff and runon can be found in Sect. 6.3 of the TRM.
2.2.4 Anthropogenic water

UT&C accounts for anthropogenic water in the form of a prescribed urban irrigation time series for vegetated roof, bare ground,
and vegetated ground. The irrigation can be added to the soil surface underneath vegetation to represent drip irrigation or to
the vegetation surface to represent sprinkler or hose irrigation. The irrigation schemes used during the model performance
assessment are described in Sect. 9 of the TRM. Urban vegetation in Phoenix is heavily dependent on irrigation year round and

the irrigation time series is modelled as described by Volo et al. (2014).
2.3 Vegetation processes
2.3.1 Photosynthesis and stomata behaviour

Plants open their stomata to allow C'O5 exchange between the atmosphere and the chloroplasts inside their leaves and perform

photosynthesis. This leads to an inevitable loss of water vapour from the water-saturated tissue within the plant leaves (Sellers
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et al., 1997). UT&C applies a biochemical model to describe the coupling between stomatal resistance and photosynthesis
(Fatichi et al., 2012a, b). The stomatal behaviour is dependent on the net C'O, assimilation rate (i.e., photosynthesis), atmo-
spheric vapour pressure deficit, and intercellular C'O- concentration (Leuning, 1995). The net assimilation rate is a function
of three limiting rates of enzyme kinetics: the Rubisco enzyme limited carboxylation rate, the rate of photosynthetic active
radiation (PAR) captured by the leaf chlorophyll, and the limiting rate of product export and usage (Farquhar et al., 1980;
Collatz et al., 1991, 1992; Fatichi et al., 2012a, b). The rates of enzyme kinetie kinetics are influenced by the leaf temperature.
The net photosynthetic assimilation rate is further influenced by water stress that is inducing stomatal closure (e.g., Zhou et al.,
2013).

The detailed mathematical formulations of the biochemical model to calculate net C'O5 assimilation rate and stomatal

resistance are described in Sect. 3.6.2 and 3.6.3 of the TRM.
2.3.2 Upscaling from leaf to canopy

UT&C applies a "two big leaves" approach that divides vegetation canopy into sunlit and shaded fractions (Wang and Leuning,
1998; Fatichi et al., 2012a). The photosynthetic activity is calculated individually for the two fractions to account for the light
limitation occuring in the shaded leaves, which only receive diffuse radiation. UT&C uses an exponential decay of direct beam
radiation and leaf nitrogen content with leaf area throughout the vegetation canopy to scale photosynthetic capacity from leaf
to canopy level (Dai et al., 2004; Ivanov et al., 2008a; Fatichi et al., 2012a). The current version of UT&C does not include a
seasonally changing LATyet, but time series of LAI can be supplied as model input if needed.

The detailed description of the leaf to canopy upscaling can be found in Sect. 3.6.1 of the TRM.

2.3.3 Canopy interception

Vegetation canopy interception is modelled using a mass budget approach and the Rutter model as described in Sect. 2.2.1.
The fraction of precipitation arriving onto the canopy foliage and its throughfall is modelled as a function of the projected
leaf area fraction onto the ground. The projected leaf area fraction is a function of leaf area index (LAI) and stem area index
(SAI) (Mahfouf and Jacquemin, 1989). Interception excess drainage occurs if the precipitation on the canopy foliage exceeds
the maximum interception capacity of the vegetation canopy. The maximum canopy interception capacity is calculated as a
function of LAI and SAI according to Dickinson et al. (1993). Dripping from intercepted water on the canopy is calculated
according to the Rutter model (Rutter et al., 1971; Mahfouf and Jacquemin, 1989).

Further description of the canopy interception calculations can be found in Sect. 6.1.1 of the TRM.
2.3.4 Root water uptake and root biomass distribution

The root water uptake from different soil layers is calculated according to the vertical and horizontal plant root biomass
distribution. UT&C allows to distinguish between four different vertical root biomass profiles (Fatichi et al., 2012a, b): (1) an

exponential vertical root profile (Arora and Boer, 2005), (2) a linear dose response root profile (Schenk and Jackson, 2002;
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Collins and Bras, 2007), (3) a constant vertical root profile, and (4) a linear dose response profile with tap roots. The root
biomass profile of short stature roof and ground vegetation is horizontally contained within the roof and ground vegetated
areas while two different horizontal root profiles are distinguished for tree roots: (1) The tree roots are evenly distributed over
the total canyon width, and (2) the tree roots are horizontially restricted to the tree canopy extent, which is assumed to be
mainly located over the vegetated and bare ground fractions. The choice of horizontal tree root distribution is influenced by the
patch size distribution as well as the heterogeneity of the pervious ground cover fraction and this affects soil moisture access
by trees. The root water uptake can be limited by the water availability in the soil or the hydraulic resistance from the soil to the
root (Fatichi et al., 2012a, b). Currently, UT&C does not include a plant hydraulic module and it is assumed that the leaf and
xylem water potential are equal to the soil water potential experienced within the root zone (Fatichi et al., 2012a, b). Hence,
root water uptake is equal to transpiration and water storage in plant tissue is neglected even though in certain conditions it
could be significant (e.g., Mirfenderesgi et al., 2016; Huang et al., 2017).

The detailed description of vertical and horizontal root profiles, soil-to-root resistance, and root water uptake calculations

can be found in Sect. 7 of the TRM.

3 Methods and data

3.1 Model performance assessment sites: Singapore, Melbourne, Phoenix

Table 1. Mean values calculated for the whete-entire time period of the meteorological forcing data time series in Telok Kurau Singapore,

Preston Melbourne, and Maryvale Phoenix.

Tair RHg.»  Precipitation Sl L] Veloeity+-Wind speed U Data period

°C) (%)  (mmyear™') (Wm™?) (Wm?) (ms™1)
Singapore® 275 71 1840 187 420 22 1.5.2013 - 30.4.2014
Melbourne®  13.5 67 741 181 318 48 13.8.2003 - 28.11.2004
Phoenix®) 24.1 28 99 236 352 24 17.12.2011 - 31.12.2012

(1) Velasco et al. (2013); Roth et al. (2016), (2) Coutts et al. (2007a, b), 3) Chow et al. (2014)

UT&C is tested to reproduce tower based eddy covariance measurements from Telok Kurau in Singapore (Velasco et al.,
2013; Roth et al., 2016), Preston in Melbourne, Australia (Coutts et al., 2007a, b), and Maryvale in Phoenix, AZ (Chow et al.,
2014). The measurements at all three sites have been performed according to known guidelines to ensure that the measurements
are representative of the underlying surface at the neighbourhood scale, have followed accepted measurement protocols and,
passed quality control checks as described in detail in Velasco et al. (2013), Roth et al. (2016), Coutts et al. (2007a, b), and
Chow et al. (2014). The measurement sites will afterwards be referred to as Singapore, Melbourne, and Phoenix, respectively.

Singapore experiences a tropical rainforest climate (Koppen classification Af) with uniformly high air temperature through-

out the year (data mean: 27.5 °C), high relative humidity (data mean: 71 %) and abundant rainfall (data mean: ~1840 mm y~ L,
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which is lower than the long-term mean of ~2340 mm y ') (Table 1) (Velasco et al., 2013; Roth et al., 2016). Two monsoonal
wind regimes are observed, the southwest monsoon (June to September) and the northeast monsoon (December to mid-March)
(Velasco et al., 2013; Roth et al., 2016). The meteorological time series used in this study is characterized by an unusual dry
period from mid-January 2014 to mid-March 2014 with an almost complete absence of rainfall (Harshan et al., 2017; Demuzere
et al., 2017). The Singapore measurement site is located in the Telok Kurau district (1° 18 517 N, 103° 54’ 40” E, ~ 10 m
a.s.l.) which corresponds to a ‘compact low rise’ local climate zone (LCZ3) (Stewart and Oke, 2012). It is a residential area
with a mean building and tree height of 9.86 and 7.26 m, respectively, and an area averaged height-to-width ratio (H/W) of
0.61 (Velasco et al., 2013; Roth et al., 2016; Demuzere et al., 2017). The surface cover consists of 39 % buildings, 34 % paved
and gravel, 12 % roads, 11 % trees, 4 % grass and 1 % water (Velasco et al., 2013; Roth et al., 2016). The Telok Kurau eddy
covariance measurement site and set-up are described in detail in Velasco et al. (2013) and Roth et al. (2016).

Melbourne experiences a seasonal temperature cycle with warm summers and mild winters (data mean: 13.5 °C). The mean
observed relative humidity is relatively high (data mean: 67 %) while the precipitation amount is moderate (data mean: ~741
mm y~!) and is evenly distributed throughout the year (Table 1). The flux tower was located in the suburb of Preston (37° 49’
S, 144° 53’ E, ~ 93 m a.s.l.) (Coutts et al., 2007a, b) in a low density, moderately developed residential area classified as an
‘open low rise’ local climate zone (LCZ 6) (Stewart and Oke, 2012; Best and Grimmond, 2015) with mean building height of
6.4 m (Coutts et al., 2007a, b). The land surface is covered by 44.5 % buildings, 4.5 % concrete, 13 % road, 22.5 % vegetation,
15 % grass and 0.5 % bare ground or pools (Coutts et al., 2007a, b; Grimmond et al., 2011; Best and Grimmond, 2015). Further
information on the Preston measurement campaign can be found in Coutts et al. (2007a, b).

Phoenix has a hot arid subtropical desert climate (Koppen classification BWh) (Chow et al., 2014). Its temperature is char-
acterized by a yearly cycle with very high summer and cooler winter temperatures (data mean: 24.1 °C), and very low relative
humidity (data mean: 28 %) (Table 1). The yearly precipitation amount is small and occurs during winter (December-February)
and in summer during the North American monsoon season (July-September) (Templeton et al., 2018). The measured time pe-
riod exhibits lower than average rainfall with 99 mm y—! (Table 1). The eddy covariance measurement tower was set up in the
suburb of Maryvale (33° 29* 2” N, 112° 8’ 35” W, 337 m a.s.l.), which corresponds to an ‘open low rise’ local climate zone
(LCZ6) (Stewart and Oke, 2012). It is a suburban residential area with low-rise, single-family, one-story houses with a mean
building and tree height of 4.5 m and 4 m respectively, and a height to width ratio (H/W) of 0.4 (Chow et al., 2014). The land
cover consists of 26 % buildings, 22 % roads and asphalt, 5 % trees, 10 % grass, 37 % bare soil and <1 % water and pools
(Chow et al., 2014). The landscape is mostly xeric (dry) and hose irrigation is used to water gardens. The detailed information
on the Maryvale eddy covariance study site can be found in Chow et al. (2014).

The exact model parameters used in the UT&C validation in Singapore, Melbourne and Phoenix can be found in Sect. 9 of

the TRM.
3.2 Model performance metrics

The UT&C assessment is based on the comparison between measured and simulated outgoing shortwave radiation S 1, outgo-

ing longwave radiation L T, net absorbed all-wave radiation R,,, sensible heat flux H, and latent heat flux AE. The comparison
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is based on time series of hourly day and night time fluxes, and daily cycles of flux mean and standard deviation. Model per-
formance is assessed considering the coefficient of determination (R?), root mean square error (RMSE), mean absolute error
(MAE), and mean bias error (MBE). Furthermore, the systematic (RMSE;) and non-systematic (RMSE,,) components of the
RMSE error (Willmott, 1982) are calculated and reported in Sect. 10 of the TRM. All model performance indices are calculated
with the available data of the full time period specified for each location (Table 1, 2, and 3) including all weather conditions,
except for hours with instantaneously occuring rainfall (Chow et al., 2014; Roth et al., 2016). Shortwave radiation performance
is assessed only considering daytime values. Seperate-Separate model performance is also calculated for day- and nighttime
and reported in Sect. 10 of the TRM as well as for an exceptional dry period from 15.2.2014 - 16.3.2014 in Singapore (Table 3).
Daytime is defined as 0800-1800 hrs LT for Singapore and as times with positive incoming shortwave radiation for Melbourne
and Phoenix. Nighttime is defined as 2000-0600 hrs LT for Singapore and as times with no incoming shortwave radiation for
Melbourne and Phoenix. The overall model performance results are compared to literature that validates other urban canyon
models using flux tower measurements from Telok Kurau Singapore, Preston Melbourne, and Maryvale Phoenix (Table 2).

The total assessment period in Telok Kurau Singapore is one year (1.5.2013 - 30.4.2014, Table 1). The UT&C model
performance results are compared to the previous studies of Demuzere et al. (2017), Harshan et al. (2017), and Liu et al.
(2017), who used the same eddy-covariance measurements from Telok Kurau. Demuzere et al. (2017) analysed the model
performance of four urban canopy models (SURFEX: Masson et al., 2013; CLM v4.0: Bonan et al., 2011; Lawrence et al.,
2011; TERRA_URB: Wouters et al., 2015, 2016; SUEWS: Ward et al., 2016). Harshan et al. (2017) analysed the performance
of one model (TEB: Masson, 2000) and Liu et al. (2017) used flux tower data to validate a coupled Noah/SLUCM model after
the implementation of tree evapotranspiration. Additionally, the simulation of 2 m air temperature in Singapore is compared to
the measurements (11.11.2013 - 19.4.2014) presented by Harshan et al. (2017), which were digitized for this purpose.

The total observational period in Preston Melbourne is approximately 15.5 months (13.8.2003 - 28.11.2004) (Table 1). The
UT&C model performance results are compared to results from the international urban energy model comparison, Phase 2 by
Grimmond et al. (2011), who analysed the performance of 32 urban land surface models with eddy-covariance measurements
from Preston. The reported RMSE and MBE is the median performance of all the models with radiation budget closure,
while R? values are determined from the reported Taylor diagrams. Furthermore, the UT&C model performance results for
Melbourne are compared to the performance of VTUF-3D v1.0 (Nice et al., 2018), which also includes an ecohydrological
component and was assessed against Preston eddy-covariance measurements (Nice et al., 2018).

The total assessment period in Maryvale Phoenix is approximately 1 year (17.12.2011 - 31.12.2012) (Table 1) (Chow et al.,
2014). The UT&C model performance results are compared to the results of Song and Wang (2015), who assessed a single-
layer urban canopy model (Wang et al., 2011, 2013) in Maryvale Phoenix (Song and Wang, 2015). Song and Wang (2015)
only use a 5 day period for model performance assessment though while the UT&C model statistics are calculated for the full
reported time period. Additionally, the simulation of bare ground temperature at 2 cm soil depth in Phoenix is compared with
soil temperature measurements at the same depth conducted by Chow et al. (2014). Since the soil thermal profile is not a direct

output of the model, the simulated bare ground surface temperature at 2 cm soil depth was calculated using the bare ground
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surface temperature and a numerical solution of the heat diffusion equation with mixed boundary conditions assigning surface

temperature at the top of the soil column and zero ground heat flux at 2 m depth.
3.3 Model capability and sensitivity analysis

The capability of UT&C to describe urban climate, hydrology, and vegetation is further shown through the modelled time
series of soil moisture, the resulting plant water stress, and decrease in latent heat during the dry period of February 2014 in
Singapore. Furthermore, the effect of changes in vegetated ground cover within the urban canyon (Ag,veg), LAL and maximum
Rubisco capacity (V¢ mae) On the long term 2 m air temperature, 2 m relative humidity, and the energy and water budget is
shown through a sensitivity analysis using the background climate, urban fabric, and geometries of Telok Kurau in Singapore
(See Sect. 9 of TRM for parameter set-up of Telok Kurau). Relative humidity is dependent on the saturation vapour pressure
which is directly connected to the air temperature and therefore, relative humidity changes are also linked to temperature
changes and not only the water content in the air. In this study, the analysis of relative humidity is chosen as it plays a key role
in the outdoor thermal comfort of humans. The simulation time series length is one year and the results are analysed as mean
changes over the whole time period, mean changes during an unirrigated dry period (15.2.2014 - 16.3.2014), and mean daily
cycles averaged over the whole year, respectively. Mean changes are computed in comparison to a non-vegetated condition
for the increase of A yeg. to the flux tower baseline condition (Ag yeg = 25 % and Ay = 18 % within the urban canyon)
with a LAI of 0.5 for the LAI increase, and to the flux tower baseline condition with a V_ ;.45 of 20 umol CO4 s~ m~2 for
the V. maz increase. Ag yeq is varied between 0 and 100 % (0 and 1), LAI between 0.5 and 5, and V. 4, between 20 and
120 pmol CO5 s~ m~2 (The Figure of the schematic set-up is presented in Sect. 10 of the TRM). These ranges correspond
to realistic values of biophysical and physiological parameters observed in nature (Wullschleger, 1993; Kattge et al., 2009;
Iio et al., 2014; Paschalis et al., 2018; Manoli et al., 2018). Low values of Ag ,¢4 specify a low amount of ground vegetation
within the urban canyon, low values of LAI specify a thin vegetation canopy, and low values of V, ,,q, specify plants with
small photosynthetic and transpirative capacity. The sensitivity analysis for vegetated ground cover is performed without trees
as a fully sealed ground surface with trees is not a realistic scenario. The increase of LAl and V/ 4, includes vegetated ground

cover and trees and the parameters are simultaneously increased for both vegetation types.
4 Results
4.1 Model performance

4.1.1 Outgoing shortwave and longwave radiation, and net all-wave radiation

Modelled and observed S 1 show good agreement with a high R? of 0.97, 0.99, and 0.98 for Singapore, Melbourne, and
Phoenix, respectively (Table 2). S 1 is generally well predicted in urban climate models with high R? of 0.98 or above as
shown by Grimmond et al. (2011) and Demuzere et al. (2017) in their model inter comparison studies. UT&C is able to

accurately simulate the mean diurnal cycle and variablilty of .S 1 (Sect. 10 of TRM), but slightly underpredicts S 1 in all three
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Table 2. Coefficient of determination (R?), mean bias error (MBE), root mean square error (RMSE), and mean absolute error (MAE) of
the UT&C model performance assessment in Singapore, Melbourne, and Phoenix, and comparison with literature values assessing urban
canopy models in the same locations. The superscript * specifies a similar, ** an improved, and ~ a decreased model performance of UT&C
compared to values reported in literature. 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.

UT&C Literature
R? MBE RMSE MAE Validation period R? MBE RMSE
(=) (Wm™) (Wm™?) (Wm?) % of (h) (=) (Wm™?)  (Wm™?)

S 1 (Singapore) | 0.97 * 557 9.7+ 6.6 84 % of 4015h | ~0.98 ) -10.6 W 17.0 MW

S 1 (Melbourne) | 0.99* -12.5~ 163~ 12.8 65 % of 5747 h >0.98 () 05® 6@

S 1 (Phoenix) 0.98 5.9 10.7 8.1 98 % of 4539 h - - -

L 1 (Singapore) | 0.93* 8.3"* 23.3%* 17.3 86 % of 8760h | 0.92-0.96 ® 133 333 M)

L 1 (Melbourne) | 0.94* 7.8* 14.8* 11.7 62 % of 11376 h | 0.90-0.98 g @ 16 4

L 1 (Phoenix) 0.98 49 115 9.2 98 % of 9144 h - - -

R, (Singapore) | >0.99* -4.9* 20.8** 16.4 84 % of 8760 h >0.99 () 6.1 M 27.6 W

R,, (Melbourne) | >0.99* -0.6* 9.5% 75 62 % of 11376 h >0.98 () 6@ 184
0.99 ® 3.0 19.0®

R, (Phoenix) >0.99 2.1 12.5% 9.7 98 % of 9144 h - - 20 ©
H (Singapore) 0.94 -4* 23.5* 14.9 80 % of 8760h | 0.90-0.92® 531 279 W
H (Melbourne) | 0.90** 14.4~ 36.6** 23.6 93 % of 11376 h | 0.72-0.90 4@ 47 @
0.87 ® -4.0® 40.2 ®

H (Phoenix) 0.92 10.9 27.4%* 20.7 78 % of 9144 h - - 34 ©®
AE (Singapore) | 0.60* -1.2%* 28.1** 15.6 79 % of 8760 h | 0.34-0.61 108 4431
-120® 3873

AE (Melbourne) | 0.62** 1.9* 26.8** 17.8 93 % of 11376 h | 0.30-0.61 D -0.8 @ 40 4@
0.45 ® 95® 33.1®

AE (Phoenix) 0.50 4.1 19.5* 11.5 78 % of 9144 h - - 20 ©

Reference (Validation time series), () Harshan et al. (2017) (18.5.2013 - 19.4.2014), (?) Liu et al. (2017) (18.5.2013 - 19.4.2014), ¢®) Demuzere et al. (2017) (1.6.2013 -
17.4.2014): Taylor diagrams, (4) Grimmond et al. (2011) (August 2003 - November 2004): Coefficients of determination R? are determined from the Taylor diagrams and
specify the performance range of the majority of models. The reported RMSE, MBE, and MAE specify the median model performance in the subset of models with radiation
budget closure, (*) Nice et al. (2018) (10.2.2004 - 10.3.2004), (®) Song and Wang (2015) (12.6.2012 - 17.6.2012)

410 locations with a MBE of -5.5, -12.5 and -5.9 W m~2 for Singapore, Melbourne, and Phoenix, respectively (Table 2). UT&C
shows improved modelling of S 1 for the Singapore site with a MBE = -5.5 and RMSE = 9.7 W m~2 compared to TEB
with MBE = -10.6 and RMSE = 17.0 W m~? (Harshan et al., 2017). The MBE = -12.5 and RMSE = 16.3 W m~2 of the
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Table 3. Same as Table 2 for the dry period (15.2.2014 - 16.3.2014) in Telok Kurau Singapore.

UT&C Literature
R? MBE RMSE MAE Validation period MBE RMSE MAE
(<) Wm™?) (Wm™?) (Wm?) % of (h) (Wm™?)  (Wm™?)
S 1 (Singapore) dry period | 0.97  -13.1** 16.3** 13.3 99 % of 330 h -198M 261 W 203 M
L 1 (Singapore) dry period | 0.98 8.9%* 23.8** 18.2 99 % of 720 h 167 W 371 M 271 W
R., (Singapore) dry period | >0.99 2.3 17.0** 143 93 % of 720 h 4.6 W 243D 19.5 MW
H (Singapore) dry period | 0.95 8.1 30.0** 20.4 99 % of 720 h 119 W 35.7 (1) 210 W
AE (Singapore) dry period | 0.67 2.5+ 16.2** 10.5 97 % of 720 h 202" 33.7 M 217 W

(1) Harshan et al. (2017) (15.2.2014 - 16.3.2014)

UT&C simulation in Melbourne lie within the range reported by Grimmond et al. (2011) but are worse than the median model
(conserving radiation budget) with MBE = -0.5 and RMSE = 6 W m~2. Phoenix overall shows good results with MBE = -5.9
and RMSE = 10.7 W m ™2,

Modelled and measured L 1 show a high R? of 0.93, 0.94, and 0.98 for Singapore, Melbourne and Phoenix, respectively
(Table 2). These values are within the range reported by Demuzere et al. (2017) in Singapore (R? = 0.92-0.96), and the range
reported by Grimmond et al. (2011) in Melbourne (R?=0.90-0.98). The UT&C simulation in Singapore shows an overesti-
mation of L 1 during the day and an underestimation of L 1 during the night (Sect. 10 of TRM). These trends are consistent
throughout the year and similar trends are also observed by Harshan et al. (2017). UT&C shows an improved modelling of L 1
with a MBE = 8.3 and RMSE = 23.3 W m~2 compared to TEB in Singapore with MBE = 13.3 and RMSE = 33.3 W m~2
(Harshan et al., 2017) (Table 2). The MBE = 7.8 and RMSE = 14.8 W m~2 of the UT&C simulation in Melbourne are similar
to the median model (MBE = 8 and RMSE = 16 W m~2) reported by Grimmond et al. (2011). The mean daily cycle and
varibility of L 1 is well represented by the UT&C simulation in Phoenix with a small positive MBE = 4.9 W m~2 and RMSE
=11.5 W m~2 (Table 2 and Sect. 10 of TRM).

The net all-wave radiation R,, shows very good agreement in all three sites with a R? of >0.99, >0.99, and >0.99 for
Singapore, Melbourne, and Phoenix, respectively (Table 2). These results agree with the high R? values of >0.98 reported in
the literature for Singapore (Demuzere et al., 2017) and Melbourne (Grimmond et al., 2011). Similarly, the diurnal cycle, time
series, and correlation plots show a good agreement between model prediction and measurement (Fig. 4). The MBE = -4.9 and
RMSE = 20.8 W m~2 of the UT&C simulation in Singapore shows a slight improvement compared to the values of MBE =
-6.1 and RMSE = 27.6 W m~2 reported by Harshan et al. (2017) (Table 2). The MBE = -0.6 and RMSE = 9.5 W m~2 of the
UT&C simulation in Melbourne shows an improvement compared to the median of the models with MBE = -6 and RMSE
= 18 W m~2 reported by Grimmond et al. (2011) and MBE = 3 and RMSE = 19 W m~2 reported by Nice et al. (2018) for
VTUF-3D (Table 2). The RMSE = 12.5 W m~? of the simulation in Phoenix shows a slight improvement compared to the
RMSE =20 W m~2 reported by Song and Wang (2015) (Table 2).
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Figure 4. Comparison of modelled and measured net absorbed all-wave radiation R,, for the sites in (a) Singapore, (b) Melbourne, and (c)

Phoenix. (i) Ensemble-Average diurnal variation—cycle (lines) +/-1 standard deviation (shaded area). (ii) Time series of mean daytime (solid

lines) and nighttime (dashed lines) fluxes. (iii) Scatter plot of measurements and simulations of hourly daytime and nighttime fluxes.

19



440

445

450

455

460

465

4.1.2 Sensible heat flux

A relatively high R? between measured and simulated sensible heat flux, H, is observed with R2=0.94, R%2=0.90, and R?=0.92
for Singapore, Melbourne, and Phoenix, respectively (Table 2). These values lie within the range reported in the literature with
R2=0.90-0.92 for Singapore (Demuzere et al., 2017), and R? = 0.72-0.90 for Melbourne (Grimmond et al., 2011; Nice et al.,
2018). UT&C overestimates sensible heat flux in Melbourne during daytime, while the daytime sensible heat flux in Singapore
and Phoenix is well predicted (Fig. 5). The overall model performance statistics with MBE = -4.0 W m~2 and RMSE = 23.5
W m~2 for Singapore are similar to the results of MBE = 5.3 W m~2 and RMSE = 27.9 W m~2 reported by Harshan et al.
(2017) (Table 2). The simulation in Melbourne shows an improvement in RMSE with a RMSE = 36.6 W m~2 compared to the
literature values, i.e., RMSE = 47 W m~2 (Grimmond et al., 2011) and RMSE = 40.2 W m~2 (Nice et al., 2018); however,
the UT&C simulation shows a larger bias with MBE = 14.4 W m~?2 compared to MBE = 4 W m~2 (Grimmond et al., 2011)
and MBE = - 4 W m~2 (Nice et al., 2018) (Table 2). Even though the mean daytime cycle is well represented, the simulation
in Phoenix shows a relatively large MBE = 10.9 W m~2 due to a overprediction at night. The simulated RMSE = 27.4 W m 2
shows a slight improvement compared to the literature value of RMSE = 34 W m~2 (Song and Wang, 2015) (Table 2).

4.1.3 Latent heat flux

The latent heat flux AE is commonly the most difficult energy flux to predict in urban canopy modelling (Grimmond et al.,
2011; Ramamurthy et al., 2014), because it is typically of lower magnitude and more variable than the other fluxesin-eities,
with assumptions about frequency and amount of irrigation adding further uncertainty. The R? values of the UT&C simulation
with R2=0.60, R?=0.62, and R2=0.50 for Singapore, Melbourne, and Phoenix, respectively, lie within the reported literature
range of R?=0.34-0.61 (Demuzere et al., 2017) for Singapore, and R?=0.30-0.61 (Grimmond et al., 2011)and-, R?=0.45 (Nice
et al., 2018) for Melbourne (Table 2). The UT&C simulation is able to capture the mean daily cycle of latent heat in Singapore,
Melbourne and Phoenix (Fig. 6). The variability of AE shown as standard deviation in the mean daily cycle plots is well
predicted in Melbourne, whereas it is underestimated in Singapore and Phoenix (Fig. 6). During model development, it was
observed that the variability of AE is heavily influenced by the maximum ponding storage capacity of impervious surfaces,
which is difficult to estimate in a heterogeneous urban environment. UT&C shows an improvement of latent heat simulation in
Singapore with MBE = -1.2 and RMSE = 28.1 W m~2 compared to the MBE = -10.8 and RMSE = 44.3 W m~? reported by
Harshan et al. (2017), and the MBE =-12.0 and RMSE = 38.7 W m~? reported by Liu et al. (2017). Likewise, the simulation in
Melbourne shows a slight improvement in RMSE with a RMSE = 26.8 W m~2 compared to RMSE =40 W m~2 (Grimmond
etal., 2011) and RMSE =33.1 W m~2 (Nice et al., 2018), while the MBE = 1.9 W m~2 of the simulation in Melbourne shows
a decrease and increase in model performance compared to the MBE = -0.8 W m~2 (Grimmond et al., 2011) and MBE = -9.5
W m~2 (Nice et al., 2018). Simulated RMSE = 19.5 W m~2 with UT&C and literature RMSE =20 W m~?2 (Song and Wang,
2015) are relatively similar for Phoenix.

Overall, UT&C shows an equal or improved ability to model the latent heat flux in comparsion to other models applied to

Singapore, Melbourne, and Phoenix. Additionally, UT&C shows an improved modelling of latent heat during the dry period
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Figure 5. Comparison of modelled and measured sensible heat flux H for the sites in (a) Singapore, (b) Melbourne, and (c) Phoenix. (i)
Ensemble-Average diurnal variation—cycle (lines) +/-1 standard deviation (shaded area). (ii) Time series of mean daytime (solid lines) and

nighttime (dashed lines) fluxes. (iii) Scatter plot of measurements and simulations of hourly daytime and nighttime fluxes.

in Singapore with an R? value of 0.67, MBE of 2.5 W m~2, RMSE of 16.2 W m~2 and MAE of 10.5 W m~2 compared to
the results of Harshan et al. (2017) that show a MBE of -20.2 W m~2, RMSE of 33.7 W m~2 and MAE of 21.7 W m~2. The

reason for UT&C’s more accurate prediction of the latent heat flux during prolonged dry periods is its explicit representation of
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soil moisture access by plant roots at different soil depths and modelling of plant response to water stress (see Sect. 4.2). The
improved prediction can also be seen from mid-January to mid-March 2014 when UT&C predicts a latent heat flux comparable
in magnitude to the measured latent heat flux (Fig. 6), whereas other models significantly underpredict AE during this period
(Demuzere et al., 2017; Harshan et al., 2017).

4.1.4 Bare ground surface temperature (Phoenix) and 2 m air temperature (Singapore)

We compare simulated bare ground temperature at 2 cm depth with measured 2 cm soil temperature in Phoenix. Modelled and
measured bare ground temperature show a high agreement with R? of 0.98, MBE of -0.1 °C, RMSE of 2.2 °C, and MAE of
1.7 °C. UT&C slightly underpredicts (overpredicts) ground temperature during the day (night) and shows a slight phase shift
but is overall able to accurately predict bare ground temperature (Fig. 7).

UT&C overpredicts (underpredicts) 2 m air temperature in Singapore during the day (night) compared to the measurement
conducted by Harshan et al. (2017). The overall mean difference (MBE) is -0.05 °C. The mean overprediction during daytime
is 0.9 °C with the maximum value of 2.3 °C occuring at 1300 LT. The overall mean underprediction during nighttime is -1.2
°C with the largest negative value of -1.4 °C occuring at 0600 LT (Fig. 8). This result is not surprising and is coherent with the
biases observed in Singapore for longwave radiation. Furthermore, the 2 m air temperature measured at the flux tower area, an

open grass field, might not be representative of the average urban land cover based on a 500 m radius in Telok Kurau.
4.2 Ecohydrological dynamics during a dry period

UT&C is able to quantify the contribution of energy and water fluxes from different urban surfaces (impervious, bare and
vegetated ground, sunlit and shaded wall, and impervious and vegetated roof) and source mechanisms (e.g. flux of water vapor
from transpiration and canopy interception). The contribution of latent heat from impervious surfaces (roof and ground), bare
ground, vegetated ground and trees to the overall latent heat flux for the simulation time period in Telok Kurau Singapore
is analyzed and shown in Fig. 9. Latent heat from impervious surfaces is highly variable and depends on the amount of rain
fallen in the previous hours. On the other hand, latent heat from vegetated ground and trees varies less and forms the baseline
of the total latent heat flux. Of special interest in this study is the exceptionally dry period observed between mid-January to
mid-March 2014 (Ziegler et al., 2014). During this period, rain was absent and no latent heat from impervious surfaces was
observed besides a spike on 8.2.2014 related to a small rainfall event of 2.2 mm on this day. The latent heat from vegetated
ground is initially high but starts to decrease as the dry period persists while the latent heat from trees remains constant and
high (Fig. 9). This different behaviour of ground vegetation (grass) and trees can be explained by the water stress experienced
by the different vegetation types. Plant water stress is modelled as a function of the overall soil water potential experienced by
grass and tree roots (Fig. 9). In the current parametrization for Singapore, stomata closure due to plant water stress starts at
a soil water potential of -0.5 MPa and -0.9 MPa for grass and trees, respectively, and stomata closure reaches 50 % at a soil
water potential of -1.6 MPa and -1.7 MPa. During the dry period from mid-January to mid-March 2014, the grass experiences
water stress (Fig. 9), which leads to stomata closure and a decrease in latent heat, while trees experience only moderate water

stress and their transpiration continues at high levelsrates. This difference in water stress is caused by the grass and tree root
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Figure 6. Comparison of modelled and measured latent heat flux AE for the sites in (a) Singapore, (b) Melbourne, and (c) Phoenix. (i)
Ensemble-Average diurnal variation—cycle (lines) +/-1 standard deviation (shaded area). (ii) Time series of mean daytime (solid lines) and

nighttime (dashed lines) fluxes. (iii) Scatter plot of measurements and simulations of hourly daytime and nighttime fluxes.

profiles, which allows them to access water at different soil depths. During the dry period, the upper soil layers of the vegetated
soil column dry out while the deep soil layers are barely affected by the weather conditions as shown in Fig. 10. The grass has

only access to the drier top soil layers (Fig. 10) as 95 % of its roots are shallower than 30 cm, while trees are able to access the
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wet deeper soil layers (e.g. from 70 to 175 cm depth, Fig. 10) as their roots are assumed to reach a depth of 1.5 m (Harshan

et al., 2017) (Z Rgs, Sect. 9 of TRM). This explicit representation of soil moisture in different soil layers and the vertical

510 and horizontal root profile are important to eapture-represent the effects of climate and environment on plant performance.
Furthermore, such a modelling solution improves model performance during the dry period from mid-January to mid-March
2014 in Singapore as shown in Sect. 4.1.3 and Fig. 6.
4.3 Singapore sensitivity analysis
4.3.1 Air temperature, relative humidity, evapotranspiration

515

The increase of vegetated ground cover (Ag veq) in Singapore from O to 100 % leads to an overall reduction of 2 m air

temperature (15,,) of 1.1 °C while relative humidity at 2 m (H>,,) and canyon evapotranspiration (£7.qny0n) are increased
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to the additive flux contribution from each surface to the total canyon latent heat flux.

by 6.5 % and 1.8 mm d~!, respectively (Fig. 11,12 and Sect. 10 of TRM). The daily cycle analysis shows a larger average
decrease of Th,,, and increase of RHs,,, and ET gy 0, around solar noon with maximum values of 2.2 °C (1400 LT), 12.9 %
(1300 LT), and 0.33 mm h~! (1300 LT), respectively (Table 4, Fig. 11,12, and Sect. 10 of TRM).

The increase of leaf area index (LAI) from 0.5 to 5 for vegetated ground and trees leads to a reduction of 75,, by 0.2 °C.
The mean maximum decrease of 15, is observed at a LAI of 2.5 while no further decrease occurs at higher values of LAI
(Fig. 11). The overall increase of LAI leads to an increase of RHs,,, and ET¢qnyon by 2.1 % and 0.7 mm d—!, respectively
(Fig. 12 and Sect. 10 of TRM). The daily cycle analysis shows small differences in the decrease of T5,,, and increase of RHa,,
throughout the day with maximum values occuring during morning and evening hours of 0.3 °C (1700 LT) and 2.7 % (0800
LT), respectivley (Fig. 11 and 12). On the other hand, the maximum increase of ET¢ .0 is observed at solar noon with a

magnitude of 0.07 mm h~! (1300 LT) (Sect. 10 of TRM).
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Figure 10. Simulated soil moisture in soil columns underneath impervious ground cover (a) and vegetation (b) at 0.5, 7.5, 25, 70, and 175
cm depth at Telok Kurau Singapore. Residual soil moisture is 0.096 (—) and saturation soil moisture is 0.460 (—). As the top soil layer of

the impervious ground cover is fully sealed, it is displayed here with the residual soil moisture. The time series includes one unusually dry

period from mid-January to mid-March 2014.

The sensitivity to maximum Rubisco capacity (V. a2 ), as indicative of plant photosynthetic capacity, leads to an average
reduction of T3, by 0.3 °Cané-, an increase of RHa,y, and+Fraryonby 1.6 %and, and ETqyy0, by 0.7 mm d ™1, respectivley
(Fig. 11,12, and Sect. 10 of TRM). The daily cycle shows a larger decrease of T5,,, and increase of RHy,, and ET ¢4y 0n around
solar noon and in the late morning hours with maximum values of 0.7 °C (1300 LT), 4.2 % (1100 LT), and 0.09 mm h~! (1300
LT), respectively (Table 4, Fig. 11,12, and Sect. 10 of TRM).

During the dry period (15.2.2014 - 16.3.2014). the mean decrease in 75, and increase in R oy, is lower than the decrease

observed considering all weather conditions (Fi

. 11 and 12). This is expected as no irrigation is applied and the vegetation is
water stressed as described in Sect. 4.2. A stronger reduction in cooling potential is obtained when modifying LALand V. s
as the cooling effect of these parameters relies on an increase in transpiration per unit of ground area, which is not possible
if soil moisture is not available. At high values of Ve sz, the cooling effect even further decreases as high transpiration rates

during a dry period lead to a quick depletion of soil moisture and a longer period with decreased transpiration afterwards.

Increasing the vegetated ground cover (A ) is only slightly less effective during the dry period than over the whole year.
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This is explained by the fact that an increase in vegetated ground cover also increases the total soil moisture available for
540 transpiration within the canyon even though soil moisture available per unit vegetated ground area does not change much.

As expected, the largest changes in Ty, RH2y, and ET¢qpy0n are observed when modifying A 4, While the increase of

LATI and V, ;4. lead to alterations of smaller magnitudes. However, the capability of providing a mechanistically constrained
quantification of these values is a non-trivial result of the UT&C application and opens the doors to test various scenarios

of urban-green arrangements and types in various climates. The increase of Ag ,eq and Ve 4z lead to a steady decrease of

545 T5,, mostly caused by an increase in latent heat. On the other hand, the increase of LAI does not lead to a steady decrease of
T5,,. Mechanisms such as obstruction to turbulent heat exchange with higher LAI, accounted for in the parameterization of

zero plane displacement height and roughness length of the urban canopy (Sect. 3.2 of TRM), increased longwave radiation,

and light limitation to photosynthesis start to counteract or limit the beneficial effects of higher LAI, such as shading and
evpotranspiration. Additionally, the diurnal timing of maximal change is of interest as higher 75,,, reduction during mid day,

550 as for example observed with increasing Az ,e4, can be especially beneficial for outdoor thermal comfort.

Table 4. Mean change over the whole simulation period and maximum change simulated euring-within the mean daily cycle in local time (LT)
of 2 m air temperture (AT5,,), 2 m relative humidity (A R H2., ), and evapotranspirative fluxes (AET canyon) at A@,veg = 100 % compared
0 AG,veg = 0 %, LAI = 5 compared to LAI = 0.5, and V. 42 = 120 umol CO2 s~ m™2 compared t0 V. 142 = 20 umol CO2 s™! m™2,

The hour of the day experiencing the maximum change is reported.

‘ Mean change ‘ Maximum change (Mean daily cycle)

‘ A'ueg LAI Vc,maz )\'Ueg LAI ‘/c,'maz
ATop, [°C] -1.1 -0.2 -0.3 -2.2 at 1400LT -0.3 at 1700LT -0.7 at 1300LT
ARHom [%) +6.5 +2.1 +1.6 +12.9 at 1300 LT +2.7 at 0800LT +4.2 at 1100LT
AETcanyon [mmd~'] | +1.8 +0.7 +0.7
AET.anyon [mmh™?) +0.33 at 1300LT +0.07 at 1300LT +0.09 at 1300LT

4.3.2 Energy and water balance

The increase of vegetated ground cover (Ag,veq) from 0 to 100 % leads to a decrease of runoff (Q) by 4.5 mm d~1!, while
evapotranspiration (E7¢qny0n) and deep ground leakage (Lk) increase by 1.8 mm d~! and 2.8 mm d !, respectively (Fig. 13,
Table 5). These numbers compare with a mean daily rainfall observed during the modelling period of 5.0 mm d ' (Table 1).
555 The increase of LAI and maximum Rubisco capacity (V. ;uqs) do not alter runoff significantly but slightly increase ET¢qnyon
(0.7 mm d~! and 0.7 mm d~') and decrease deep ground leakage (6-5-0.5 mm d~! and -0.5 mm d~') (Fig. 13, Table 5).
As intuitively expected, these results indicate that plant biophysical and physiological characteristics are much less effective in
modifying surface runoff production than the fraction of pervious ground. It has to be noted that these results are dependent on

the soil type, in this case a sandy loam with relatively high hydraulic conductivity.
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Figure 11. Sensitivity-analysis-of-Change in 2 m canopy layer air temperature (72,,) caused by the change in vegetated ground cover fraction
(AG,veg), leaf area index (LAI), and maximum Rubisco capacity (Ve maz) in Telok Kurau Singapore. (a), (b), and (c): Eeng-term-Mean air

temperature change considering all weather conditions (solid line) and mean air temperature change during the dry period (15.2.2014 -
16.3.2014) (dotted line) with respect to the baseline cases {solid-tine)—+/-1 standard deviation (shaded area). The subplots (d), (e), and (f) =
]:eﬂgg@gyyf\lfovrlgvterm mean daily cycle of air temperature for different values of (d) Ag,veg, (€) LAl and (f) Ve, ma2 considering all weather

The increase of ETqpnyon and AE caused by the increase of A yeq, LAl and V,, .4, lead to a decrease in H, while R,, and
G show very minor changes (Sect. 10 of TRM and Table 5). These results are dependent on the albedo of the vegetation for
which a value of 0.27 was chosen as used by Harshan et al. (2017) (Sect. 9 of TRM), which is quite high.

5 Discussion

The model UT&C v1.0 presented in this study is among the first attempts to include in a systematic way physiological and

biophysical characteristics of vegetation in the solution of the energy and water budget in the urban environment. While many
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Figure 12. Sensitivity-analysis-of-Change in 2 m canopy layer relative humidity (RH2,) caused by the change in vegetated ground cover
fraction (Ag,veg), leaf area index (LAI), and maximum Rubisco capacity (V. ma.) in Telok Kurau Singapore. (a), (b), and (c): Long-term

Mean relative humidity change considering all weather conditions (solid line) and mean relative humidity change during the dry period
(15.2.2014 - 16.3.2014) (dotted line) with respect to the baseline cases {sotid-tine)+/-1 standard deviation (shaded area). The subplots (d),
(e), and (f) +Feng-show long term mean daily cycle of air-temperature-relative humidity for different values of (d) Ag,veg, (€) LAI and (f)
Ve,maa considering all weather conditions.

studies have analysed the influence of vegetation on urban climate, UT&C is uniquely capable of answering the question of
how different vegetation configurations and species perform in a given climate.

The inclusion of detailed plant physiological and biophysical characteristics is indeed important to quantify said effects. An
example of model capability is shown through the sensitivity of simulated 2 m air temperature and 2 m relative humidity in
Singapore to the vegetated ground cover fraction, LAI, and maximum Rubisco capacity. The largest decrease (increase) of air
temperature (relative humidity), when compared to the case without vegetation, is observed with a fully grass covered ground
that can generate a change of -2.2 °C (+12.9 %) at solar noon and an overall long-term change of mean air temperature (relative
humidity) of -1.1 °C (+6.5 %). A fully vegetated ground cover might be unrealistic in a normal urban setting but is chosen in

this study to demonstrate the maximum expected effect caused by this intervention and therefore, its physical limit as a heat
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Table 5. Mean change over the whole simulation period of surface runoff within the canyon (AQ canyon), deep-ground-water percolation at
the bottom of the soil (A Lkcanyon), change in water storage on the surface and in the soil (A(AScanyon)), latent heat flux (AXEcanyon),
sensible heat flux (AHcanyon), conductive heat flux into or out of buildings and ground surface (AGcanyon), et absorbed shortwave
radiation (ASn,canyon ), and net absorbed longwave radiaton (AL, canyon) at AGveg = 100 % compared to Ag,veg = 0 %, LAl = 5

compared to LAT = 0.5, and Ve ;max = 120 pmol CO2 s~ m ™2 compared to Vi maz = 20 umol CO2 s~ m™2.

Mean change ‘ Aveg LAl Vemas
AQcanyon [mm d_I] -4.5 0 0
AET:anyon [mm d~?] +1.8 407 407
ALkcanyon [mmd™"] +28 05 -0.5

A(AScanyon) [mmd™t] | -0.1  -0.2 0.2

ANEcanyon [W m™2] +52 +18 +19
AH_ anyon [Wm™2] 44 -15 -16
AG canyon [W m™?] -4 -1 -1
ASp canyon [Wm™2] -17 0 0
ALp canyon [W m™2] +21 43 +2

[=2]
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Figure 13. Water balance components in the urban canyon (E71¢qnyon: Evapotranspiration, Lkcanyon: Deep ground leakage, Qcanyon:
Surface runoff) 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. The mean daily rainfall is 5 mm d-!

mitigation strategy. LAI and maximum Rubisco capacity show an air temperature and relative humidity modification of much
lower magnitude. It is further observed that the increase of maximum Rubisco capacity leads to a steady decrease (increase)
of air temperature (relative humidity) because it does not affect plant structure. Modifying LAI triggers mechanisms, such
as changes in radiation exchange, light limitations of photosynthesis within dense canopy and hindering of turbulent energy

exchanges, which do not lead to a further air temperature reduction once a LAI of 2.5 is exceeded in a low rise setting in the
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climate of Singapore. These results show that UT&C is sensitive and able to account for multiple effects of vegetation on the
local urban climate. It has to be noted that relative humidity is dependent on the water holding capacity of air at a certain
temperature and the herereperted-relative humidity increase reported here is also dependent on air temperature changes.
Nevertheless, the magnitude of relative humidity is important as it influences OTC and might reduce the positive effect of
decreasing air temperature.

The results are-obtained for a low rise neighborhood of Singapore, a hot, humid, tropical city, and-show that maximum
urban greening can lead to a non-negligible decrease in air temperature at sereeninig-screen level (2 m) during speetfie-some
hours, but will unlikely be able to mitigate the UHI effect signifieantly-on its own. Higher magnitudes of urban cooling due to
urban vegetation are reported, for example, by Wang et al. (2018) in the contiguous Unted-United States where tree shading
reduces near surface air temperature by 3.06 °C and by Middel et al. (2015) in Phoenix where a moderate increase in tree cover
can decrease average urban air temperature by 2.0 °C. This is consistent with the global analysis performed by Manoli et al.
(2019) showing that the cooling potential of urban vegetation is mueh-lower in the tropics. Higher air temperature decrease in
drier climates is often linked to urban irrigationthough-, as shown by Broadbent et al. (2018b) in MelbourneMawson Lakes in
Adelaide, where irrigation during a heat wave can reduce average air temperture by up to 2.3 °C. In dry climates, however, the

trade-off between temperature reduction potential of urban vegetation and water use through irrigation needs to be considered
to fully assess the feasability of such a mitigation strategy (Yang and Wang, 2017; Wang et al., 2019).

The increase in green cover is shown to be more effective in reducing 2 m air temperature and ground surface runoff
production than the change in plant types. While changes in urban elimate-air temperature and humidity caused by a change in
plant physiological and biophysical characteristics are minor in the current analysis in the Singapore climate, their inclusion in
urban canopy modelling is very important, as it allows quantification of the order of magnitude of predicted changes and helps
fratming-the-rightto define reasonable expectations of urban planners and landscape designers using vegetation to mitigate the
UHI or to improve OTC.

The explicit inclusion of ecohydrology and subsurface hydrology in urban canopy modelling leads to an improved simu-
lation during dry down periods, as shown in Singapore. This is of particular interest as dry periods may increase in many
cities in the future (Bastin et al., 2018) and allows UT&C to analyse the response of urban vegetation under different climate
scenarios. Furthermore, UT&C is potentially more accurate in predicting relative humidity at pedestrian level given its more
comprehensive inclusion of soil and vegetation processes. This is important to analyse the combined effects of air temperature
and relative humidity alterations caused by urban-the urban fabric and urban vegetation on the outdoor thermal comfort of city
dwellers, which represent one target application of UT&C.

Future studies could focus on the application of UT&C to analyse different types of urban greening to produce guidelines
for urban planners and landscape designers. Possible areas of interest are the study of the effect of urban plant types in different
climates, the analysis of various urban densities, a systematic evaluation of urban irrigation practices as well as the partition of

the vegetation role in shade provision versus evapotranspiration cooling in controlling OTC.
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6 Model limitations

The current version of UT&C does not yet include snow hydrology and, hence, should not be used to investigate the effects of
vegetation during winter in cities with snow dominated climates. Further UT&C developments can also focus on the inclusion
of tree shading onto roofs, green walls, and on seasonal vegetation dynamics and vegetation phenology as in the original T&C
model, rather than using a prescribed LAI as currently done.

Future model performance assessment should also focus on a more extensive use of 2 m canyon air temperature, 2 m
canyon humidity, and surface temperature data as the comparison presented here with air temperature in Singapore and ground
temperature in Phoenix only gives an indication of model performance as these variables are highly location specific and
potentially not representative of the whole footprint areas below the flux-towers modelled here. Additionally, the validation
data from low rise urban climate zones offer only a partial picture of urban conditions and further validations could focus on
high-rise and dense urban settings.

A couple of notable behaviours that were observed during model development and assessment are that the prescribed interior
building temperature can eonstderably-influence the urban canyon air temperature, especially in narrow canyons, and, hence,
realistic time series of interior building temperature are fundamental to obtain accurate results —(See TRM Sect. 5). Further-
more, it was observed during model development that latent heat variability and peaks are highly dependent on the maximum
ponding storage capacity of the impervious surface. The maximum ponding storage capacity of impervious surfaces is difficult
to estimate in the highly heterogeneous urban environment, which contains smooth surfaces but also micro-depressions due to
its complex geometry and may require innovative ways of observing it to constrain model parameterizations (Wouters et al.,

2015).

7 Conclusions

This study introduces the urban ecohydrological model Urban Tethys-Chloris (UT&C), and provides a technical description of
its components, an assessment of model performance against three different case studies, and a sensitivity analysis to illustrate
the model capabilities. UT&C is a fully coupled energy and water balance model that calculates 2 m air temperature, 2 m
humidity, urban surface temperatures and all components of the energy and water balance, including surface runoff. UT&C
includes a detailed representation of plant biophysical and ecophysiological characteristics. It is able to account for the effects
of different plant types and urban-green typologies on the local elimate-microclimate and water fluxes. In turn, it can also
provide information on how the urban environment affects plant well-being and performance.

The model was assessed against eddy covariance measurements in Singapore, Melbourne, and Phoenix, often showing
better performance in terms of model validation indices compared to existing models for these three cities. UT&C shows a
clear advantage in periods of water stress as it solves in detail soil hydrological dynamics and can account for different root
profiles of urban vegetation and its access to soil moisture as shown for the dry-down period in Singapore.

Resolving explieitely-explicitly subsurface hydrology, and including plant biophysical and ecophysiological characteristics

allows the analysis of plant performance under water limiting conditions. Hence, UT&C is especially suited for arid and
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semi-arid climates where urban irrigation is or will be applied. Furthermore, UT&C has a low computational demand and
allows for analyses spanning multiple years with an hourly or sub-hourly time step, thus facilitating long-term and seasonal
anabysisstudies testing multiple scenarios. Hence, UT&C can assess plant performance under different existing and future
climatic conditions, as for example during droughts, responses to increasing temperature, or test the effectiveness of various

irrigation practices.

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
et al., 2007a, b; Nice et al., 2018), and from the Global Institute of Sustainability, Arizona State University (ASU) in Maryvale Phoenix
(Chow et al., 2014; Chow, 2017).
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1 Radiation
1.1 Shortwave radiation

The direct Sgieﬁ’i and diffuse SZ;{’Z solar shortwave radiation absorbed by each urban surface +4 [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 Syt ; 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
Speti = (1—a;) (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 for each urban scene at the beginning of the simulation period (Hoff and Janni, 1989; Wang,
2014; Frank et al., 2016) as 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
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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(f ) [—] the sky-view factor of each surface 7, 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.

14
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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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(79)

(80)

81)
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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.

16



325

330

335

340

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), Fg(f ) [—] the sky-view factor of each surface i, 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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Nnc uniformly distributed random variables-numbers 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 variablesnumbers in the intervall [0,1]. The polar angle 6y, [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

(104)

)

Ft =
7,
J Nrays,tot

Fl=0, (105)

where N,y ; are the number of rays hitting surface j, and N,.qys t0¢ 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-as
obtained from 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-withouttrees-

F,

gs = f(Monte Carlo ray tracing) ,

Fyuw =0.5(1 = Fys) ,

E@g - ng )
Fs"u; - Fg’w )

Fu;g - Fguzwca,n/h(‘,an )

Fws — sww(;an/hcan )

Fu,”m =1- Fu,'g - Fu;s )
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Urban-eanyon-Urban canyon with trees

ng = f(Monte Carlo ray tracing) , (106)
F}, = f(Monte Carlo ray tracing) , (107)
Fay =051~ Fy, — Fp)., (108)
F!, = f(Monte Carlo ray tracing) , (109)
Fl,=F,, (110)
F,=05(1—F;, —Fg), (111)
F!, = f(Monte Carlo ray tracing) , (112)
Fﬁ)g = Fgwwcan/hcan ) (113)
qu}g = szwcan/hcan ; (114)
Fl,=1-F.,, —FL, —F.,, (115)
Ffy = Fywean/Atree (116)
Fttg = F‘gtwcan/Atree ) (117)
Fly = Fighean/Awree (118)
Ff,=1-F,—2F, —F}, (119)
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 (120)
)\Eurb = fr)\Er + fcan)\Ecan y (121)
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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 ) (122)
>\E’l“ = fr,impAEr,imp + fr,vegAEr,veg ) (123)
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 ) (124)
>\Ecan = wcanAEg + hcan/\Ew,sun + hcan/\Ew,shd + 4rtree/\Et7'ee y (125)

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 ) (126)
AE‘g = fg,imp/\Eg,imp + fg,bare)\Eg,bare + fg,veg)\Eg,veg 5 (127)

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. (130)), C,, [J kg~! K~!] the specific heat capacity of air at constant pressure (Eq.

H; = p,C, (128)

(129)), 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 129
P + 3364 ) (129)
The air density p, [kgm 3] is calculated as:

P, €q
po = 55 oap (L= (1-0.622)) (130)

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=Pan—( e )7 (131)

Tah,r

(Tr,veg - Tatm)

Tb,r )

Tah,r + 3LAT, +SAT,)

H; veg = paCp (132)

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:

T im _Tcan
Hg,imp:pacp( Ly ) ) (133)
Tah,g
T, are_Tcan
Hg,bare = pacp(g’b—) ; (134)
Tah,g
T, ve _Tcan
Hy,peq = paCly Daes ~ Teon) » (135)

Tah,g T 2(LAI, veg+SAly veg)
where Ty imp (K], Tg.pare [K], Tgveq K], and Teqr [K] are the surface tempertures of the impervious, bare and vegetated
ground fraction, and the air temperature at canyon ealeulation-reference height (Z.qic = Rdisp,can + 20m,can» se€ Sect. 3.2).
The resistance 74, 4 [s m™'] denotes the aerdoynamic resistance from the ground to the canyon ealeulation-reference height
(Sect. 3.3.2), and 7y, 4 pey [s m™!] the leaf boundary resistance of the ground vegetation (Sect. 3.4). LAI, e, [—] is the leaf
and SAI, ,eq [—] 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 Hyce [W m~2 horizontal tree area] to the canyon air is calculated as:
(Ttree - Tcan)

Tb,tree )
Tahitree T FLAT, oo 5 ATre0)

Hiree = pan (136)

where Tyye. [K] and T, [K] are the tree surface temperature and the air temperature at canyon eatewlation—reference height
(Zcate = hdisp,can+ 20m,can» Sect. 3.2). LAIc. [—] is the leaf and S AT, [—] the stem area index of the trees. The resistance
Tah,tree [ m’l] denotes the aerdoynamic resistance from the tree to the canyon ealeutationreference height (Sect. 3.3.2), and

Thtree [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 Zcqic = Rdisp,can+20m,can (Rdisp,can [m] is the canyon displacement height and 2o, car [m] the
canyon roughness length, see Sect. 3.2) are calculated individually (Fig. 5). The height of the first layer is 225 min(2Z,, Heqpn)
and the height of the second layer Hez—2Z5maz(Heapn — 22,,0). The total sensible heat flux from the sunlit wall Hy, sun
[W m~2], and shaded wall H,, s44 [W m~2] to the canyon air is calculated as the area weighted average of the sensible heat

fluxes from wall layer 1 and wall layer 2.
min(2Zy, Hean) max(Hean —22,,0)

Hw sun — Hw sun Hw sun 137

’ Hcan b Hcan > ( )
min(22Z,, Heqn max(Heqn —22,,0

Hy sha = %Hm,shﬁ ( e ) Ho (138)
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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 geqr are the air temperature and humidity at canyon e&lea%afiefr@g@gg@eight Zcaic- The thickness of the first wall layer
is 225 min(2Z,, Hear) and the thickness of the second wall layer is Heanm—24pmax (Hcan — 2Z,,0). The variables 15, and g2, are
calculated at mid height of the first wall layer while T¢q, and gcqn 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 Zcq;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, Hy,1 shq and Hyo sha [W mfz] 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)

H1 sun = paC, 139
b Patp Tw1 +Tah1,w ( )
Tw s - Tcan
Hopt gha = paCy s~ Tean) (140)
Twl + Tahl,w
(Tw sun Tcan)
Hw sun — aC - 141
> Patp Tw2 + Tah2,w ( )
Tw s - Tcan
Hoz sha = paCy Lottt ~ Tean) (142)

Tw2 + Tah2,w

where Ty, sun [K], T sha K], and T, [K] are the sunlit and shaded wall surface temperatures and the air temperature at
canyon ealeulation-reference height (Zcqic = Rdisp,can + Z0m,can, Sect. 3.2). The resistances 7,1 and 7,2 [s Infl] 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 rqp1,0 and Tgp2 4 [S m~!] are the vertical aecrodynamic 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 : (143)

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 \ [J kg~!] is the latent heat of vaporization (Eq. (145)), p, [kg m~3] the dry-air density (Eq. (130)), sat,(Ty) [—] the

AE; = Apa (144)

specific humidity of surface i at saturation (Eq. (146)), g, [—] the specific humdity of the air (Eq. (148)), 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,) , (145)

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¢ (1)

= 146
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;) = 6112373570 (147)

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

0.622¢,
Y= e 14
9= P 0378, (148)

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) ’ (149)
Tah,r
Er,veg = Er,veg,int + Er,veg,soil + TEr,veg ) (150)

Pa(Gsat,(Ty.0eq) ~ datm)
Er,veg,int: AL LG gz-b.,,. il ’ (151)

Tah,r ¥ (TAL, 7S AL )du.,

Pa (asoil,r 9sat,(Trveq) — Qatm)

E i = (152)
egsot Tah,r + Tsoil,r ’
Pa (q\sat,(Tﬁve ) T qm&m)
TEr,veg,sun = To.r 2 Ts rsun ) (153)
T(Lhﬂ’ + LAITFsun,T(l_dw,r) + LAIrFsun,T(l_dwﬂ')
Pa(ant,(T,.,ve ) Qth)
TE'r',veg,shd = Toor ? T rohd y (154)
Tah,r + TAT Fongr(=duwy) T LAL Fona,r (1—du 1)
TEr,veg = TEr,veg,sun + TEr,veg,shd ) (155)
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 = , 156
LAI Kopt (156)

Fspa=1— Foun » (157)

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)??] | (158)

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 Ey yeq,in, S0il evaporation from vegetated-soit-soil underneath the
vegetation F;. ,eg,s0i1> and transpiration from sunlit T'Ey g, sun and shaded T'Ey yeq sha ground vegetation canopy. All evap-
otranspiration fluxes have the unit of [kg m~2 s™!] and are calculated from the ground to the canyon ealeulation-reference

height (anlc = hdispycan + Z0m,cans Sect. 32) as follows:

pa(Qsa Ty imp) — QCan)
Egimp = Ll ; (159)

Tah,g

pa(dsoil,g ant,(Tg,,me) - qcan)

E = 160
g,bare Tah,g"”"soil ) ( )
Eg,veg = Vg veg,int + Eg,veg,soil +TEg,veg ) (161)
Pa(Gsat (T, eq) — Gean)
Egpuegint = — o etoes) —Zean,__ (162)
Tah,g & (TAT, T5AT,)du g ves
pa(@soil Gsat (Tg,veq) — qcan)
Eg,veq,soil = To.ea , 163
g,veg,soil Tah,g"'?"soilg ( )
TEg,veg = Tqu,veg,sun +TEg,veg,shd ) (164)
Pa(Qsat (T, ,eq) — dean)
TEg,veg,sun == ar:;l (Tg.veg) cn Ts,g,sun ) (165)

Tahg ¥ TAT, Frun s (=du.g) | LA, Foun o(1—dug)

pa(qLeat# Ty veqg _qcan)
TEqyeq,shia = ot (Tsves) : (166)

29
Tah,g + LAl Fang.g(1—dw.g) + LAT, Fana.g(1—duw. )

where geqn, [—] is the specific humidity at canyon ealeutation-reference height, 7,5, 4 [s m™!] the aerodynamic resistance from
ground to canyon ealeulation-reference height (Sect. 3.3.2), rp 4 s m_l] the leaf boundary layer resistance (Sect. 3.4), 150414
[s m™1!] the soil resistance (Sect. 3.5), and 75 g sun and 75 4 spal[s m~!] the stomata resistance of sunlit and shaded canopy
fraction (Sect. 3.6), Gs0ir,q [—] the relative humidity in the soil pores (Sect. 3.5), d,, 4 [—] the vegetation fraction covered by
intercepted water (Eq. (158)), and Fyy,, 4 [—] and Fgpq 4 [—] the sunlit and shaded vegetation canopy fraction (Eq. (156) and
(157)). The evaporative fluxes from interception and ponding are eventually limited by the amount of water intercepted on the
canopy and water 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 Eiyce,in, and transpiration from the sunlit T'E;. yeg, sun

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

Etree = Etree,int + TEt ) (167)
Eopee,imt = Lel0o0tTuree) = dean) (168)
Tah,t + (LAI+SAIL)dy .+
TEt = TEt,sun + TEt,shd ) (169)
TEt sun = pib(,?sat’(Tt) — dean) X ; (170)
Taht ¥ TALFrn s (0du ) T TAL Fann e (—dus)
Pa(Qsat,(T,) — Gean)
TEy sha = o satlly)  Tean : a71)

Taht ¥ LA Fupg o (1—dug) T LAL Fanat(—dut)

where qeqn [—] is the specific humidity at canyon eateulationreference height, 745 ¢ [s m™?] the aerodynamic resistance from
tree to canyon ealewlationreference height (Sect. 3.3.2), 7y [s m_l] the leaf boundary layer resistance (Sect. 3.4), and 7 ¢ sun
and rs ¢ sha [$ mfl} the stomata resistance of the sunlit and shaded tree canopy fraction (Sect. 3.6), d,, ; [—] the canopy fraction
covered by intercepted water (Eq. (158)), and Fiyp ¢+ [—] and Fspq, [—] the sunlit and shaded canopy fraction (Eq. (156) and

(157)). 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,, 54, and E,, s,n, are assumed to be negligible and equal to zero
(Ew,sun =0 and E,, ¢pq = 0). This means that the current version of UT&C does-netinclide-cannot accomodate for green

walls.

2.2.5 Latent heat: Canyon

1 71}

The total latent heat flux from canyon air to atmospheric reference height F.,,, [kg m~* s™'] is calculated as follows:

Ecan = M , (172)

Tah,c
where ¢cqn, [—] is the specific humidity at canyon eatewtationreference height, gq.,, [—] the specific humidity at atmospheric
reference height, and 74, . [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 Zqic = Rdisp,can + 20m,can (Sect. 3.2).
The variables T, [°C] and gcqp [—] refer to the air temperature and specific humidity at canyon ealeslationreference height
Zcaic- The variables Teqp, 2m [°C| and gean,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 typically corresponds to the temperature

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

Hcan = fg,impHg,imp + fg,bareHg,bare + fg,vegHg,veg + hl(Hu)l,sun + le,shd) + hQ(HwQ,sun + Hw2,shd)
+4riree Hipee + Qf , (173)
LEcan = fg,impLEg,imp + fq,bareLEg,bare + fq,vegLEg,veg + 4rtreeLEtree ; (174)

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

2.

The variables Ttqp, 2m and geqn 2 are calculated solving the following equations:

Hcan,Qm = fg,impHg,imp,Qm + fg,bareHg,bare,2m + fg,vegHg,veg,2m + hl (le,sun + le,shd) 3 (175)

LEcan,Qm = fg,i'ranEg,imp,%n + fg,bareLEg,bare,QnL + fg,vegLEg,veg,Q’rn ) (176)

H; o, 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 - f(hdisp,can + ZOm,can) with aerOdynamiC resistance Tah,2m - f(2 m), and Tcan and Gcan with Tcan,Qm and qcan,2m-
The heat fluxes from wall layer 2 and trees are not directly considered in the calculation of T¢4y, 2/ and geqn,2m but they play

an indirect role through T.,,, and qcqp,.

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 75,;; (Sect. 3.5), and stomata

resistance of sunlit and shaded leaves 75 g, and 75 spq (Sect. 3.6). The unit of resistance is the inverse of a 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,ref), 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) - Eu:tmln <Zd’> for Zatm >z Hcan ) (177)
Zom,can
U(Z) =UH 4n eXP<_B(1 - H )) for Hegn > 2 2> ann,ref s (178)
can
1, z
U(Z) = %Uzmn,,,ef In Zom.g for ann,ref >z, (179)

29



620

625

630

Weanyon=0.5 Zatm ~ WRoor=0.25 Zxy
1+ - |

_________________ -
L' Zam

0.9 :

I

0.8 I

— I

I

07 H=0.75 Zum |

_06 I

= I

Los :

g O Hrree=0.5 Zarm |

0.4 I

H1ree=0.375 Zrm :

0.3 |

I

0.2 Hiree=0.25 Zxmm I

I

0.1 HTree=0'125 ZATM :

0 0.2 0.4 0.6 0.8 1
wind speed u [m 5'1]

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.

where k = 0.4 is the von Karman constant, /3 [—] an attenuation coefficient, hg cqp [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),
Hean—hd,can

Zom,can

*

u* [m s~ the friction velocity, ug,,, = 3 U, In ( ) [m s~!] the wind velocity at canyon height, Z,, [m] the

atmospheric reference height, H.,,, [m] the canyon height, and Z.q, re¢ [m] a reference height close to the ground, typically

1.5 - 2 m, where the exponential wind profile changes to a logarithmic wind profile. The friction velocities ,,,, and u7;
ANRAAATTR can,ref
are calculated as:
ku
* atm
Uiy, = (180)
atm ln(Zatm - hd,can)/(zom,can)) ’
k Uz
* can,ref
UZ ey — (181)
cenred In(Zean,ref)/ (Zom.g))
where a4y, [m s7!] is the wind velocity at atmospheric reference height, and uz,,,, ., = 1 u} ,n (@) [m s™!] the
B can,re om,g

wind speed at the canyon reference height Z.4y, e s. 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
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Figure 7. Sensitivity of canyon displacement height hq, cqn (Eq. (183)) and canyon roughness height 2om,can (Eq. (184)) 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-extent of 2 m, and a leaf area index of 5.

height Hq, [m]:

A Inlugem /uw

’= Z[tmt/H{H—l] | (182)
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,,, 4 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:

hd,can = (1 + 042/\? ()\p - 1))Furb 5 (183)
57 hdAcan 1 hd can {Af b+ (P'u) Af v} —08

=H 1-= — | —=0. 1—-= : ’ 184

Zom,can urb ( Hm«b > exp [ <I€2 0 5BACDb ( Hurb ) Atot ) ( 8 )

where x = 0.4 [—] is the von Karman constant, and acy =4.43 [—], 4 =1 [—], and Cpp = 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
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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 A, [—] are calculated as follows (Kent et al.,
2017):

T Hean Apy+ Hipee (1 — P3p) Ay

urb = 5 185
’ Ap,b+(1_P3D)Ap,v ( )
A 1-Pp)A
Ay = ro* (1= Pop) Ay (186)
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 = Wioos + 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 P>p (Guan et al., 2003):

Psp = Pop™*?, (187)
Pyp = exp(—Kop LAI) | (188)
The optical porosity Pop [—] 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

Cp, and building drag C'py is calculated as (Guan et al., 2000):
—1.251P2 489 P .
P - 51P5p +0.489 3D+0803’ (189)
Cpp

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):
Furb

Ap=— Turb  px 190
! Hurb_hd,can ! ( )

where A} [m] is the unsheltered frontal area of buildings A} ; = Heay, [m] and trees A} | = 274¢c [m].
The total roughness length of roof z, » [m] and ground 2.y, 4 [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) s (191)
zom,g = maw(zmn,g,vega Zom,g,bare; Zom,g,imp) ) (192)

where Zom, rveg (] i8 the roughness length of roof vegetation, Zom, r imp [m] Of impervious r00f, Zom,g.veg [m] of ground
vegetation, Zom, g,bare [M] Of bare ground, and Zoy,, g,imp M| of impervious ground. The vegetation roughness length 2y, veg
[m] and vegetation displacement height /4;sp vcq [m] are calculated as a function of the vegetation height .., [m] (Brutsaert,
1982):

Zom,veg — 0-123h1)eg 5 (193)
Rohweg = Row,veg — 0~lzom,veg ) (194)
ha,veg = 0.6Thveq | (195)
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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 , (196)
Roh,road = Zow,road = 0-1Zom7road s (197)
Roh,roof = Row,roof = O-lzom,roof 5 (198)

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-surface 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. 74}, = 4. 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
etal., 2011; Wang et al., 2013; Ryu et al., 2016; Fatichi et al., 2012a, b, c).

3.3.1 Aerodynamic resistance: Above canyon 7qp,., Toh,

The aerodynamic resistance from the roof surface 7,5, [ms~!] and the canyon air r,,. [m s~!] 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
ah = N o T 199
fah CFr(Rip)u, (199)
Where u,, [m s~!] is the wind speed at atmospheric reference height, and C,, and F}, = f(Rip) are calculated as:
k2
Cn= ) (200)

In[(Zatm — d)/zom]2
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. 15Rip ln[(zatm - d)/zom] . .
Frp(Rip)=|1— if Rig <0,
n(ftip) [ 1+cp /7|Ri3|} {ln[(zatm—d)/zoh]} B =
. ]- ln[(zatm - d)/zom] . .
Fy(Rig) = fRip >0, 201
h(Rip) {1 +15RigyI+ 5Ri3] [ln[(zatm —d)/zon) } BB (548
¢y, 1s calculated as:
ln[(zatm — d)/zom}
=1 * n atm —d o b ) 202
en = 15¢,*Cr [ (Zar )/ Zoh] |:1n[(zatm ~ D) /o] (202)
cn® =3.2165+4.3431 1 + 0.53602 — 0.0781 (203)
pn = 0.5802 — 0.1571p + 0.0327,% — 0.00261> (204)
o= ln(zom/zoh) 5 (205)

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(ea - os)(zatm - d)
Ris = e (206)
f2 = [1 - zom/(zatm - d)}z/[l - Zoh/(zatm - d)] 5 (207)

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 (201) for stable conditions is

resented in its modified form 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 aecrodynamic resistance according to Beljaars (1994) at wind speeds u, < 0.05:
=015 [g’/] v (0, — 0,)'/3 (208)
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 7y, is calculated from the canyon ealeulationreference height Z, ;. to the atmospheric reference

height Z,;,, using the canyon temperature 7, to determine boundary layer stability. The canyon ealeulation-reference height
iS Zeaie = hdisp,can + 20m,can [m] (Sect. 3.2)forsimplieity.

3.3.2 Aerodynamic resistance: Within canyon r4p, Tah1,,s Tah2.,

The vertical aerodynamic resistances within the urban canyon, 7, o> Tahlys 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 17, [s m~'] is derived similarly to a vegetation
undercanopy resistance and is calculated as follows (Mahat et al., 2013):

3 4l Zom,can 2
- Heqne” (eBZCI_@}?{l:f B 65%) n 1 n (ann,ref) (209)
ah A k2 )
5KHCM,, uz Zom,g

where H.,, [m] is the canyon height, B=

can,ref

In[uatm /UHean)
Zatm [Hean—1

Ky 2 Hean—hq,con the eddy diffusion coefficient at canyon height (Mahat et al., 2013), Zcgp res [m]

can K" Uatm ln([Zatm,_hd,can]/zonl.can)

the selected reference height within the canyon close to the ground where exponential wind profile changes to logarithmic wind

the attenuation coefficient of the exponential wind profile (Sect. 3.1),

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

can,ref

the wind speed at Zcqp, re £, and 2o, 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 : ;
Tah = W if Ri S 0 5 (210)

!
/ Tah . .
= —== fRi>0 211
"ah = (1Z5Ri)? =, 211
g(Tcan - Ts,av)ann,ref
(0.5(T, +Ty) +273.15)u%,_ ’

an,ref

Ri= (212)

where Ri is the Richardson number within the canyon. Ri = 0.16 is used for R¢ > 0.16 as Eq. (211) 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 cqr, canyon roughness length 2o, cqn, and ground roughness length z,,, 4 (Sect.
3.2).

The aerodynamic resistance 74, is calculated from the ground roughness length z., 4 level to the canyon ealeulation

reference height Z.,;.. The aerodynamic resistances 7451, and rqp2,, are calculated from mid height of layer 1 and 2 to the

35



770

775

780

785

790

canyon caleulationreference height as:

Tahl, = Tah (Zom,g — hd,can + Zom,can) —Tah (Zom,g — Zp,wl,m) ; (213)

Tah2,, = ’rah(zom,g — hd,can + Zom,can) - Tah(zom,g —Z 7w2,7n) 5 (214)
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)?) " 215)

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 formulationsand-the-. The apparent unit incongruence in Eq. (215)
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

T o Ao (216)
9b, free + 9b, forc

Ty

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 @17
1/2
2a UH,,, 5
9b, forc = (B) (dl P ) [1 —e€ B/ﬂ , (218)

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 (217) and (218) are derived under the assumption of a linear distribution of leaf area index over

the vegetation height L(z) = LAI/H,., (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 (219)

The soil internal capillary-viscous resistance 1, accounts for the water vapour transport within the pereus-media-{soil)-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 = 2
sV 4K(95’) ’

(220)

where K [m s1] 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

1= (221)
w g

where egq: 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—1] the water vapor gas constant. The relative humidity in the soil pores @ is calculated as Philip (1957):

v
& = exp [ }%ﬂf } , (222)
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)

223
oo (223)

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 (224)

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°, (225)

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 @ (226)

T Vi0s
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-resistanee-soil resistance is r4o; = 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 C'O, 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 F4 [—] 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 (228)

Fsun =

(227)
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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

F sun — 5 229
N, Kn + Kopr (229)
1— e~ (ENLAD  { _ o=(Kn+Kopt) LAI
855 F'N shd = — , 230
N, shd K Ky + Ko (230)

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

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

FN sun
Vinaz,sun = VT : ) 231
El c,max FsunLAI ( )
Vinaz,shd = VT FN’Shd ’ (232)
, c,max shdLA[
860 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.
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, ¢).

865 AnC = AnC,sun FsunLAI =+ AnC,shd FshdLAI ) (233)
Rac = Ryc,sun Foun LAL + Rqc sha FsnaLAIL , (234)

The stomata resistances, s sun and 7' spq [S 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

870 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 |
is calculated as the inverse of the stomata conductance gs co,:

1

, 235
9s,c0,1.64 (235)

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
875 and Farquhar, 1981). The following expression converts the resistance from biochemical units of [m? s! ymol=! CO, | to
hydrological units [s m~1] (Sellers et al., 1996b):

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

re(sm™h) 10575 m,0(m? s pmol ~* COy) , (236)

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.

880 Experiments have shown a relationship between stomata behaviour and net CO, 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, + a(AF)f(Ae) atm (237)
%5ﬂM)<HA;%), (238)
where
Ane = [umol COy 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.
Pty = [Pa] is the atmospheric pressure.
90,00, = [umol COy m~2 leaf s71] 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 (239 is solved

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

890 A, ¢ =

Cq — Cc

where

239
Pom (1.6475 4+ 1es + 1.3Trp +14) (239)

-2 -1

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

Ce

&

Pal is the leaf internal C'O5 concentration.
Pa] is the atmospheric CO5 concentration at the leaf surface.

241

m? s! ymol~! Hy

[

=

=

= [m? s' pmol~! Hy0] 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-2042a-b;e)-as implemented in Fatichi et al. (2012a, b, ¢) calculates

the net and gross photosynthetic assimilation rate, 4,,c and A* [umolCO, m~2 s71], 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 C3 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 J; 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 CO2 m~2 s71] is calculated solving both quadratic equations for their smaller roots:

eed) — Jp(Je+ Je) + Jede =0,
ps(A*)? = A*(J,+ Js) + JpJs =0, (240)

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

A* = [umol CO5 m~2 s~ 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.

Subsquently, the net assimilation rate at leaf scale A, [umol CO, m~2 s71] 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, (241)
Ac=Bs A", (242)
where

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

Rgc = [pmol CO5 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 (243)
: (Tres RTo) 11 4 cap <%1—%Hd)
—1
Rac = 0.025 Vg 2.001T=25) [1 tel 3T —55>} for Cy , (244)
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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- , 245
Ps 1+exp(ps¥r +4s) (24
where
U, = [MPa] is the leaf water potential.

ps  =1(¥s00, ¥s,50 [MPa]).
gs =f(Ts 00, ¥s50 [MPal]).
Us 00 = [MPa] is the water potential threshold where stomata closure begins (2% of closure).

Us 50 = [MPal 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 ¥, 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 5 246
J.=V, T K.+ 0Ky or C3 (246)
J. =V, for Cy , 247)
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.

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) 249
,C4 ; [ ] 1+exp[0.3(T¢ —40)] | |1 +exp(0.2(15-TF)) |’ @)

Vin, 03 = Veomas ©xb| (248)

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.= K.a5exp [(Tref—RTv)} ) (250)
_ 36.38(T, — Tref)
K, = Ko,25 €xp [%—Rm} , (251)
37.83(T, — Tref)
=13 —_— 252
2 eXp{ (Tres RT,) } ’ (252)

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

945 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*
Je=J|———— for C! 253
‘ [06—1—21"*} ortss (253)
Jo. = PPFD* for Cy , (254)
where
Ce = [Pa)] is the partial pressures of C'Os in the leaf chloroplasts.
950 I = [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:

ayJ?— (PPFD* + ‘{Tm) J + PPFD* ‘{T’” =0, (255)
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with

PPFD* =¢fgPARs , (256)
PARabs,sun .
PAR s = m for sunlit leaves , 257)
PARups s
PAR s = Wbﬁd for shaded leaves , (258)
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) ’ (259)
R
Imaz = Tjv Vemaz (260)
where
Jmaz = [pmol equivalent s~ m~2] is the maximum electron transport capacity at 25 °C.
Ve.maz = [umol COz s~ m™2] is the maximum Rubisco capacity.
Ty = [umol equivalent pmol CO5 1} is a scaling factor between V ;02 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.

261)
(262)

(263)

(264)
(265)

(266)

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):

aT; 0*T,
B = kg (267
2 —1

where T}, [°C] is the temperature of wall or roof layer k, and ki, = A\i/cvg [m? s™'] 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 7} 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 (¢,z) and Ga(t,2) [W m~2], are calculated as:
(Tins () = Ti(2))

Gl (t,Z) = —/\1 A21 (268)
Galt, ) = —AQW , (269)

where A; and Ay [J K~' m~! s7!] are the heat conductivity of numerical 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 7} ,,,q,. In the case of higher or lower air

temperature, the interior building temperature Tj is prescribed equal to Tj in OF T} mqq assuming that heating or cooling of

building interior is occuring (de Munck et al., 2018). Furthermore, UT&C is able to account for an a priori defined interior
building temperature time series 73.

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,

dTg =C1G—Cy(Ty—Ty) , (270)
where T, [K] is the ground surface temperature, and Ty [K] the ground temperature at dampening depth d. C; [m? K J7!]
and Co [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):

_ 1 Ty(t) —Ty(t—1)
Q1) = g [l (1)~ Ta(n)] + o= @7
C1 =2/ (cvsd) = 24/7/(AsCVsTday) , (272)
Cy=tn =2 @73)
Tday

where A\, [J K=! m~! s71] is the bulk ground heat conductivity, cvs [J K1 m~2] the bulk ground volumetric heat capacity,

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

de/dt = (Tq — Td)/Tday , (274)
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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

eanyon—air-at-the-canyon-ecaleulation-height—that contributes to the sensible heat flux from the canyon reference height (=
hgi + Zo.m to_the atmospheric reference 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} ,,,:,, (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 heatemission-inputcooling the canyon. However, when the heat waste of air conditioning is re-emitted

to the canyon air as described above, there is a positive anthropogenic heat effect, which counteract the cooling coming from
heat conduction. 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 envelope back into the urban
canyon air or above the roof (depending on location of aireenditioning-air-conditioning units), with an appropriate adjustement

for efficiency —and potentially even a coupling with a mesoscale meteorological model. Figure 8 and 9 show the effect of
a change in fixed interior building temperature 73 on the air temperature at canyon reference height and the canyon ener:
fluxes without coupling to a mesoscale meteorological model for the Singapore eddy-covariance site. Results are presented

for the case of no re-emission of the anthropogenic heat used for cooling, re-emission without adjustment for air-conditionin

efficiency (infinite coefficient of performance), and re-emission with an air-conditioning coefficient of performance of 2.5

(de Munck et al., 2018). The air temperature at canyon reference height, the location where anthropogenic heat is emitted,
increases with decreasing building temperature in the case of re-emitted anthropogenic heat while decreases if no heat is
re-emitted in the canyon. The further feedback of this increase in sensible heat on the forcing temperature and, therefore, urban
canopy air temperature could be analysed only through a coupling with a mesoscale meteorological model.

6 Urban hydrological model

UT&C solves the urban water mass balance as:

%:P-l-@f—E—R, (275)
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Figure 8. Air temperature at canyon reference height 7., for the Singapore eddy-covariance site as a function of prescribed interior buildin,
temperature 7 if no anthropogenic heat used for cooling is re-emitted, the anthropogenic heat used for cooling is re-emitted to the canyon

air withouth adjustement for air-conditioning efficiency (coefficient of performance (COP) = infinite), and the anthropogenic heat used for

cooling is re-emitted to the canyon air with an air-conditioning COP of 2.5 (de Munck et al., 2018).

where P [mm h™1'] is the incoming precipitation, Qs [mm h~!] the anthropogenic water input, E [mm h™?] the total evapo-
transpiration, R [mm h~1] the total runoff plus deep leakage from the soil column, and d.S/dt [mm h~!] the change of water
storage S in the system. P and Q)¢ 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
251

is constrained by the water availability at the previous timestep (t-1). The obtained evapotranspiration F; kg m~ is then

used as an input to solve the water mass balance.
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—-FE;,, 276
dt ! (276)

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.
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no anthropogenic heat used for coolin

withouth adjustement for air-

A finite difference approximation is used to solve Eq. (276) as suggested by Fatichi et al. (2012a, b, c) where the effects of

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

Iny(t) = In(t — At) + P*(t)At — Ep,(t) At ,
In(t) = Ing(t) — Dr(t)At
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is re-emitted to the canyon air with an air-conditioning coefficient of performance of 2.5 (de Munck et al., 2018).

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:
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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'y,; as follows (Mahfouf and Jacquemin, 1989):

Pioy =P Cyq, (280)
Pthrough =P (]- - Cfol) ) (281)
Cfol —1— efn(LAI+SAI) , (282)

7

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). C'o; = [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+ Drg , (283)

where Dr, [mm h™=!] is the saturation excess drainage, and Dry [mm h~!] the canopy dripping. Dr, and Dr, are calculated
as (Fatichi et al., 2012a, b, ¢):

_ Mazx
D, = L= 1077 djt ") (I > ey (284)

(Ing—InMa=®
Dry= K9 ) ,

(285)

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 [mmfl} 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™ 4 (Fatichi et al., 2012a, b, ¢). The maximum interception capacity of the vegetation canopy In’/%®

[mm] is calculated as (Dickinson et al., 1993):
InM*® =8 1, (LAI + SAI), (286)

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 Py, [mm] is calculated as:
Piown = P<1 - A'ueg) + DTAveg s (287)

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

W = ]Dimp — Lk — EIn ) (288)
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The incoming water flux to the impervious roof fraction P, ;,,,;, and the impervious ground fraction Py ;,,, are calculated as

follows:
Pr,imp =P+ qroof 5 (289)
Pg,imp = Pdown + 4ground » (290)

where Pjo.y, [mm h™!] is the precipitation plus dripping reaching the ground level within the canyon accounting for tree
canopy interception, and gyoo¢ 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, since the roof is considered perfectly impermeable,
whereas the leakage of the impervious ground fraction Lk, [mm h~!] is modelled with a prescribed hydraulic conductivity

K imp, typically a small value corresponding to asphalt or other pavements which is a model input parameter.

M
T,4mp

M

iimp mm] is a model input param-

The maximum storage capacity of the impervious roof I'n [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

= Psoit = Iy soit — Ern » 291
dt P et (291)

where Py [mm h™'] is the incoming water flux to the soil, I s,; [mm h™!] the soil infiltration rate (Sect. 6.2.2), and E,,
[mm h_l] the evaporation from ponding water on the soil. The incoming water flux to the roof P;. 5o;; and ground Py . soil

fractions is calculated as follows:

Pr,soil = Piown + Groof (t - 1) ) (292)
Pg,bare,soil = Pdown,tree + qground(t - ]-) ) (293)
Pg,veg,soil = Pdown,tree,veg + qground(t - ]-) ) (294)

where Py, [mm h™1] is the precipitation reaching the soil level underneath the roof vegetation canopy accounting for
canopy interception (Sect. 6.1.1), Pyoun tree [mm h™1] is the precipitation reaching the canyon ground accounting for tree
canopy interception, Pjiown,tree,veg [mm h_l} is the precipitation reaching the soil level underneath the ground vegetation
canopy accounting for both tree and ground vegetation canopy interception. Finally, g, (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).
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6.2 Vadose zone dynamics

The urban soil and its vertical and horizontal 0(z,z) 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. 10). 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 g (0)
5= 5 |[KelO) = =+ K(6)| -5, (295)

where 6 [—] is the soil water content, K, (#) [mm h~!] the vertical hydraulic conductivity as a function of soil moisture, and
U 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.
10) 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, ¢):

db;
dej gt

where ¢;_1 and ¢; [mm h~!] are the vertical fluxes in and out of soil layer j, and Q; i ; and Q; ot ; [mm h™'] are the lateral

=(¢j-1 = 4;) + (Quinj — Quout,j) —Turu, —Tprr, — By, (296)

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 (j = 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, r H; and r L; [—]. In the absence of trees or ground vegetation, Ty and T, are zero. The calculation
of root biomass fraction in each soil layer, r H; and TL; [—], is described in Sect. 7.1 and 7.2.

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

—_-— Us;—Ps,t1
q =Ky, (1 + 7332”1 ! > ; (297)
where W ; [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;,; [mm] the distance between the center of soil layer j and j+1.
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Figure 10. Soil layer (j) and soil column (vegetated, bare, and impervious) discretization. Q;,j,pare,veg a0d 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.

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—% [IM hfl], with k and i

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

Wi — Vs, d..;
Qlyin,ji—k = Qr |:Kv,j,ik< B0 Dy S’Mﬂ <fk I/Vj > ; (298)

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~1] is the arithmetic average of the vertical
hydraulic conductivity of soil layer j in soil column i and k, and ¥g ; ; and ¥ ; ; [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, ;/(fx Wean) rescales the
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 soil columns origin and destination seil-celumns-to garantuee mass conservation.
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The soil moisture profile is numerically resolved in a mesh with n vertical layers and i = 1, 2, or 3 columns (Fig. 10) 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 Hateral fluxes. No lateral soil water exchange is calculated for the vegetated roof fraction.

The solution of the system of ordinary differential equations (Eq. 296 and 298) is carried out with a modified Rosenbrock
formula of order 2 (Shampine and Reichelt, 1997).

6.2.2 Infiltration

The actual infiltration into the bare and vegetated soil column is calculated as the minimum between infiltration capacity I f

[mm h~1] and water availability at the soil surface q;,s [mm h~!] (Fatichi et al., 2012a, b, c):
Iy =min (gins, I) (299)

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.

Similarly, a maximum impervious infiltration capacity / ﬁimp [mm h~!] is prescribed for the impervious soil column. [ J?:Z-mp

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 1 ]9 [mm h~!] and the maximum allowed ponding depth over bare and vegetated

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

surfaces In
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:

R.=> friRpi, (300)
Ry=> fgiRgi, (301)
where f,; and f; ; [—] are the roof and ground cover fractions, and R, ;, and R, ; [mm h’l] 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.
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A fraction of the total roof and ground runoff can be kept in the system and becomes runon in the next time step R, (¢ + 1)

[mm h=1):
Ron(t+1)=Ag,, R;, (302)
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~3]. Soil hydraulic properties are calculated according to the soil textural 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, ¢).

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
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95 % of the fine root biomass Zg 50 and Zg 95 [mm)], and by the maximum rooting depth Zg 140 [mm]. Zg 50, Zg 95, and
Z R.mag are model input parameters. Note that the maximum rooting depth Zg ., and the rooting depth containing 95 % of
the fine roots Zg g5 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, c).

The average water content available to the roots of a given plant type 8z [—] is calculated according to Fatichi et al. (2012a,
b, ¢) as:
Op = eroj , (303)
j=1
where 7; [—] is the fraction of root biomass in soil layer j, §; [—] 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 U, r [MPa] and the resulting water stress 5 [—] (Sect. 3.6.3).
7.3 Plant hydraulics

Plant hydraulics is currently not implemented in UT&C. It is assumed that leaf water potential U7, [MPa] and xylem water

potential U x [MPa] are equal to the soil water potential felt by the plant ¥, [MPa] (Fatichi et al., 2012a, b, c).
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:
Joz =T = min(Tepopr, soil water, RWUpaz) , (304)

The plant-water uptake J, is distributed within the different soil layers according to the root biomass fractions r; [—]. The
soil-to-root conductance in each soil layer j g, ; [mmol Hy0 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;) R ; 2 log [W} 7 (305)

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, ; = r; Ry, [m root m~2 ground] the root length density in a given soil layer for a given vegetation
type, rroot = 0.5 mm the average radius of fine roots, and r,; = 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 g5, ; [mmol H50 s~ MPa~! m—2 ground] as described in Fatichi et al. (2012a, b, ¢):

RWUmar,j = ‘%gsr,jhys,j - \Ijmzn| ) (3006)
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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(Vy 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. ¥,,,;, 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 ¢ [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 ??-and-22-6 to 10 provide additional model performance results for the total time periodsas—welt-as

» daytime and nighttime fluxes-—, and different seasons. In Singapore, the model performance is analysed for a dry period
15.2.2014 - 16.3.2014) and a wet period (16.11.2013 - 17.12.2013) as defined by Harshan et al. (2017). In Melbourne, the
model performance is analysed for spring (23"? of September to 21" of December), summer (22 of December to 19"
performance is analysed in Phoenix for spring (20" of March to 20" of June), summer (21°" of June to 22" of September),

The following figures show the validation of shortwave radiation (Fig. 11), and longwave radiation (Fig. 12) in Singapore,

Melbourne, and Phoenix as an addition to the validation of net all wave radiation presented in the main article. Figure 14 and
15 show the sensitivity of evapotranspiration and the energy fluxes to the change in vegetated ground cover (Ag,veq), leaf area
index (LAI), and maximum Rubisco capacity (V. ;qz) 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 sphit-in—daytime-and-nighttime—values—for the radiativefluxesoutgoing shortwave radiation (S 7).

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™2) (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 6.1 133 99 % of 330 h
S 1 (Singapore), wet period, daytime | 099 17 36 17 3L 26 86%0f352h
S 1 (Melbourne), full period, daytime | 0.99 -12.5 16.3 159 34 12.8 65 % of 5747 h
§1 (Melbourne), spring, daytime | 099 =143 178 175 32 144 8%of2110h
51 (Melboume), summer, daytime | 099 -156 191 188 36 158 86%0f1200h
51 (Melbourne), autumn, daytime | 098 8. 4 108 33 88 84%0f977h
51 (Mclboume), winter, daytime | 098 77 105 10l 28 82 30%of1460h
S 1 (Phoenix), full period, daytime 0.98 -5.9 10.7 8.8 6 8.1 98 % of 4539 h
51 (Phoenix), spring, daytime 099 116 146 138 47 123 91%of1282h
51 (Phoenix), summer, dayiime [ 099 68 96 82 49 16 9%of1251h
51 (Phoenix), autumn daytime 096 L9 86 47 12 64 99%of1001h
51 (Phoenix), winter, daytime 097 21 8 56 57 55 91%of1045h
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Table 7. Same as Table 6 for outgoing longwave radiation (L 1).

(=) (Wm™) (Wm™) (Wm™) (Wm™) (Wm™?) 7 of (h)

L 1 (Singapore), full period 0.93 83 233 20.4 11.4 17.3 86 % of 8760 h
L 1 (Singapore), full period, daytime 0.93 28.2 33.4 31.6 10.6 28.4 84 % of 4015 h
L 1 (Singapore), full period, nighttime 0.79 -8.3 9.3 8.4 3.9 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 94 9.1 2 9 100 % of 330 h
L1 (Singapore), wet period_ 094 89 29 21 9.1 161 89%of768h

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 18.8 155 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
L1 (Melbourne), spring 093 83 164 99 Bl 27 63%of3768h
L1 (Melbourne), summer 09 37 1“8 99 1 18 86%of2136h
L1 (Melbourne), autumn 093 95 133 10 8.8 105 84%of2232h
L1 (Melbourne), winter 091 109 132 14 67 ILL 30%.0f3240h
L 1t (Phoenix), full period 0.98 4.9 11.5 54 10.2 9.2 98 % of 9144 h
L 1 (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 4.3 7.3 98 % of 4605 h
L1 (Phoenix), spring 097 33 19 4 113 87 971%.of232h
L1 (Phoenix), summer 09 14 13 45 122 105 98%of2256h
L1 (Phoenix), autumn. 098 46 9.1 47 79 71 99%of2280h
L1 (Phoenix), winter 098 10, s 10455 104 98%of2376h
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Table 8. Same as Table 6 for net absorbed radiation (R, ).

(=) (Wm™) (Wm™) (Wm™) (Wm™) (Wm™) %of (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 23.4 84 % of 4015 h
R, (Singapore), full period, nighttime 0.91 11.3 12.2 11.8 3.1 114 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 12.4 12.2 2.4 12.1 87 % of 330 h

Ry, (Singapore), wet period 2099 88 245 238 58 18 89%of768h

Ry, (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 6.6 7.5 61 % of 5629 h
Ry, (Melbourne), spring. 209 06 9.8 23 9.5 77 63%.of3768h
Ry (Melbourne), summer 2099 51 02 63 8 79 86%.0f2136h
Ry (Melbourne), autumn_ 2099 A 8.8 58 6.6 71 $4%of232h
Ry (Melboune), winter 209 66 86 68 52 71 30%.0f3240h
R, (Phoenix), full period >0.99 -2.1 12.5 2.1 123 9.7 98 % of 9144 h
R, (Phoenix), full period, daytime >0.99 -23 15 2.3 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
Ry (Phoenix). spring. 2099 3L B9 44 132106 91%of232h
Ry (Phoenix), summer 2099 24 22 68 10197 98%of2256h
Ry, (Phoenix), autumn_ 2099 4 1 5 9.8 78 99%.0f2280h
Ry (Phoenix), winter 2099 92 27 94 8.5 106 98%of2376h
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Table 9. Same as Table 22-6 for sensible heat fluxes (H)and-atent-(Fr)-heat-fhixes.

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

(-) (Wm™) (Wm™2) (Wm™2) (Wm™?) (Wm?)  %of(h)
H (Singapore), full period 0.93 -33 25.6 33 253 154 82 % of 8760 h
H (Singapore), full period, daytime 0.87 -33 37 33 36.8 26.6 80 % of 4015 h
H (Singapore), full period, nighttime 0.35 -3 8.2 7.5 32 59 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 (Singapore), wet period 091 3 203 19 202 128 89%of768h
H (Melbourne), full period 0.9 14.4 36.6 17.2 32.3 23.6 93 % of 11376 h
H (Melbourne), full period, daytime 0.86 25.5 49.8 26.3 42.3 37.2 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 (Melbourne), spring 09 16 48 187 314 272 9%of3768h
H (Melbourne), summer 093 85 /4164 AT 252 97%of2136h
H (Melbourne), autumn 09 121 288 115 229 18 93%of2232hh
H (Melbourne), winter 084 181 36 0 277 22 90%.0f3240hh
H (Phoenix), full period 0.92 10.9 274 11.6 249 20.7 78 % of 9144 h
H (Phoenix), full period, daytime 0.88 7.6 33.8 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
H (Phoenix), spring 094 119 323 13 296 229 51%of2%2h
H (Phoenix), summer 094 15 2 48 256 184 78%.of2256h
H (Phoenix), autumn 089 1L 48 127 213 188 83%of2280h
H (Phoenix), winter 089 113 3 184 21 28 98%of2376h
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Table 10. Same as Table 6 for latent heat fluxes (AFE).

(=) (Wm™) (Wm™) (Wm™) (Wm™) (Wm™?) 70 of (h)
AE (Singapore), full period 0.58 -0.6 28.7 13.8 252 159 81 % of 8760 h
AFE (Singapore), full period, daytime 0.27 1.4 39.8 27 29.3 26.7 80 % of 4015 h
AE (Singapore), full period, nighttime 0.25 2.1 12.9 11.7 5.5 6.2 81 % of 4015 h
AE (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 (Singapore), wet period_ 054 49 326 196 261 183 88%of768h
AL (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 30.9 235 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 (Melbourne), spring 062 16 326 139 294 207 92%.of3768h
AE (Melbourne), summer 064 68 296 9. 282 194 97%of2136h
AE (Melbourne), winter 047 02 23 95 202 147 90%of3240hh
AL (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 19.5 159 17.8 77 % of 4539 h
AE (Phoenix), full period, nighttime 0.16 1.2 11.7 10.1 5.8 53 78 % of 4605 h
AE (Phoenix), spring 061 81 195 112 16 138 51%0f2232h
AE (Phoenix), summer 038 24 283 214 185 181 78%.0f2256h
AE (Phoenix), autumn. 04 3l 178 104 144 96 83%of2280h
AL (Phoenix), winter 0.62 43 11 43 10.1 6.8 98 % of 2376 h

A~
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Figure 11. Comparison of modelled and measured outgoing shortwave radiation K 7 for the validation sites in a) Singapore, b) Melbourne,
and c¢) Phoenix. (i): Mean daity-diurnal cycle (lines) +/-1 standard deviation (shaded area). (ii): Time series of mean daytime fluxes. (iii):

Correlation of hourly daytime measurements and simulations.

69



L+ (Wm?)

L+ (W m?)

L+ (W m?)

Figure 12. Comparison of modelled and measured outgoing longwave radiation L 1 for the validation sites in a) Singapore, b) Melbourne,

and ¢) Phoenix. (i): Mean daity-diurnal 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.
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Figure 13. 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 14. Sensitivity-analysis-of Change in canyon evapotranspiration (E7anyon) caused by the change in vegetated ground cover fraction
(Aveg), leaf area index (LAI), and maximum Rubisco capacity (Ve maz) in Telok Kurau Singapore. (a), (b), and (c): Leng-term-mean-Mean
evapotranspiration change with-respeet-to-the-baseline-ease-of-no-vegetation—considering all weather conditions (solid line) +/-1 standard
deviation (shaded area). The subplots (d), (e), and (f) +Ferg-show long term mean daily cycle of evapotranspiration —for different values

M Avegis-inereasedfrom0-te1, (QLAIiHﬁefeaseéﬁemﬂ%&é, QD\@\,(QVc,max isinereasedfrom20-to—120-considering all weather

72



120 120 120
5 100 100 100
Z 80 80 80
3 60 60 60
Q
S 40 40 40
< 20 20 20
0 0 0
20 40 60 80 100 120
42
Vc‘max(y.mol COzs m*)
200 200 200
< 150 150 150 -Lnet_.canyon
. s
E 100 100 100 el anyon
% anth.canyon
= 50 50 50
=
2 o0 0
Q
? 50 -50
100 100
0 02 04 06 08 1 1 2 3 4 5 20 40 60 80 100 120
. . A2
AGweg () LAI(-) Vg max (umol CO, s7'm?)

Figure 15. 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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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
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